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Incorporating water table dynamics in climate modeling:
2. Formulation, validation, and soil moisture simulation
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[1] In this second part of the two-part series, we discuss the formulation and
implementation of groundwater processes into an existing climate model, by linking a
groundwater reservoir and a rivers-lakes reservoir with its land surface scheme. We
present the parameterization and validation of these processes with river flow and soil
moisture observations. We use the new scheme as a tool to investigate the role of the
groundwater reservoir in controlling the spatial and temporal structure of large-scale soil
moisture fields. We find that where the water table is shallow, the groundwater reservoir is
linked to the soil water reservoir through two-way fluxes. At these locations, the role
of the groundwater shifts from being primarily a sink to being primarily a source for the
soil, as the season progresses from the wet spring to the dry autumn. Through the
two-way fluxes, groundwater exerts a certain degree of control on the root zone soil
moisture fields; there is an apparent spatial correlation between the distribution of shallow
water table and wet soil. Since the water table reflects long-term climatic and topographic
forcing and exhibits strong spatial organization, its link to the soil moisture gives the
latter a certain degree of spatial organization as well. The slow changing nature of the
water table acts to stabilize the temporal variations in soil water, giving the latter stronger

seasonal persistence.
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1. Introduction

[2] Soil moisture is a key participant in land-atmosphere
interaction and an important determinant of terrestrial cli-
mate. In regions where the water table is shallow, soil
moisture can be coupled to the water table. As reviewed
in detail in part 1 [Fan et al., 2007], the role of water table
in climate has been implicitly accounted for in several
studies [e.g., Koster et al., 2000; Decharne et al., 2000;
Walko et al., 2000; Chen and Kumar, 2001; Seuffert et al.,
2002; Gedney and Cox, 2003; Yang and Niu, 2003; Niu and
Yang, 2003] using the TOPMODEL framework [Beven and
Kirkby, 1979]. These studies recognize the role of topogra-
phy in controlling soil water, but the precise mechanisms,
i.e., lateral groundwater flow and discharge to streams, are
not dynamically represented. The water table has also been
explicitly accounted for in several studies aiming to
improve the land surface schemes of GCMs [e.g., Habets
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et al., 1999; Gusev and Nasonova, 2002; Liang et al., 2003;
Maxwell and Miller, 2005; Yeh and Eltahir, 2005a, 2005b].
These studies have demonstrated the importance of the
groundwater reservoir to the simulated soil moisture and
streamflow at grid to watershed scales, using observed
atmospheric forcing. Water table dynamics have also been
directly coupled with the atmosphere [Gutowski et al., 2002;
York et al, 2002] in single column experiments. In this
study, we contribute to this larger community effort by first,
examining the observed water table dynamics (reported in
part 1), second, setting the water table as the lower bound-
ary condition of the soil column, third, explicitly tracking
groundwater mass balance and lateral flow, fourth, directly
accounting for the dynamic exchange of groundwater with
rivers and lakes, and fifth, fully coupling land surface and
subsurface hydrology with the atmospheric dynamics in an
existing regional climate model. Our focus is a self-
consistent modeling framework that will allow us to
systematically explore the implication of including deeper
storage and long-distance groundwater transport to simula-
tions of soil moisture fields at continental scales and soil
water memory at seasonal scales, and the subsequent
implication to evapotranspiration, boundary layer dynamics
and thermal dynamics, precipitation recycling, and further
feedbacks to the land surface and subsurface.

[3] Our findings are reported in three papers. In part 1, we
discussed the likely role of the water table in influencing the
spatial-temporal characteristics of soil moisture, and exam-
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ined the observed water table depth in the lower 48 states of
the U.S. To synthesize the scattered observations, we used a
two-dimensional groundwater model to construct an equi-
librium water table as a result of long-term climatic and
geologic forcing. The model suggests that the water table
depth exhibits spatial organization at watershed, regional
and continental scales, which may have implications for the
spatial organization of soil moisture at similar scales. The
observations suggest that water table depth varies at diurnal,
event, seasonal, and interannual scales, which may have
implications for soil moisture memory at these scales.

[4] In this paper, part 2, we discuss the formulation and
implementation of groundwater processes in an existing
climate model, the Regional Atmosphere Modeling System,
or RAMS (see http://rams.atmos.colostate.edu/). As shown
in Figure 1, RAMS includes a detailed land surface scheme,
the Land-Ecosystem-Atmosphere Feedback model (LEAF2),
as discussed by Walko et al. [2000]. In this work, we expand
LEAF2 to include the groundwater reservoir (box 4, Figure 1)
and the rivers-lakes reservoir (box 3), forming a new land
surface scheme called LEAF2-Hydro, as shown in the blue
oval. In this report, we discuss the formulation and valida-
tion of LEAF2-Hydro (sections 2 and 3), followed by a
simulation of soil moisture fields over North America
during the warm season of 1997 for two cases, one with
the groundwater, and the other without (section 4). In the
simulation, we decouple the atmosphere from the land and
use observation-based atmospheric forcing, to isolate the
contribution of groundwater to the simulated soil moisture
fields from that of the forcing. In a subsequent report, we
will apply the fully coupled RAMS-Hydro and discuss the
effect of groundwater reservoir, through its influence on
soil moisture fields, on evapotranspiration, boundary layer
structure, precipitation and further feedbacks on the land
surface.

2. Linking Groundwater With Rivers-Lakes

[s] The following equation describes the groundwater
mass balance in a model cell,

ds,

8
—E= AR+ 0, O, (1)
1

where S, [L*] is groundwater storage in a model column,
R [L/T] is net recharge or the flux between the unsaturated
soil and the groundwater, O, [L*/T] is lateral flow to/from
the nth neighbor, and O, [L*/T] is groundwater-river
exchange. This exchange occurs in two modes. The first
occurs as groundwater discharge into streams where the
water table is higher than the stream. This tends to occur in
a humid climate where the water table receives sufficient
recharge. Such rivers collect groundwater as they travel
down the topographic gradient toward the ocean, and are
referred to as gaining streams. Here, the river network
provides the most efficient drainage for groundwater. The
second mode of exchange occurs where the water table is
below the streams, and groundwater receives leakage from
the rivers above. This tends to occur in a drier climate where
rivers are fed by local surface runoff or upstream inflow.
Such rivers diminish as they travel down the topographic
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Figure 1. Standard RAMS (orange circle) and its land
surface scheme, LEAF2. In this work, we expand LEAF2 to
include the groundwater (box 4) and the rivers-lakes (box 3),
resulting in LEAF2-Hydro (blue oval). The fully coupled
modeling system is called RAMS-Hydro, shown as the green
oval.

gradient, and hence are referred to as losing streams. We
represent both modes of exchange.

[6] Consider a gaining stream. Given a river segment, the
rate of groundwater inflow depends on three factors: the
elevation difference between the water table and the river
stage, the hydraulic connection between the two reservoirs
(river bed thickness and permeability), and the contact area
(length times width of the river segment, neglecting depth).
River channels are more or less linear features in the
landscape, and even the finest grid spacing in climate
models is too coarse for explicit treatment of individual
channels. We adopt a statistical approach and make use of
total length, mean elevation and width of all streams within
a cell. Applying Darcy’s law, we have,

0 =(h-3) ( ’g_[b) (m3L),  forhi-z)>0 ()
where 4 [L] is the water table elevation in the cell, z, [L] is
cell mean river elevation, K,;, [L/T] is cell mean river bed
hydraulic conductivity, b,, [L] is cell mean thickness of
river bed sediments (often different from aquifer), w, [L] is
cell mean river width, and L, [L] is the length of individual
channel segments. The latter two parentheses are often
conveniently combined into a parameter called river
hydraulic conductance, or river conductance, RC, in
groundwater modeling literature, e.g., the widely used
USGS model, MODFLOW [Harbaugh et al., 2000]. We
can write,

RC = (Ko /bn) (w3 L)

(2b)

O, =RC-(h-2z), for (h—2z,)>0 (2¢)
Although RC is physically based and observable, detailed
data on river geometry and bed sediments are difficult to
obtain for the whole continent. Hence we parameterize RC

as discussed below.
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Figure 2. Parameterization of dynamic river conductance,
(a) the dependence of parameter a on terrain slope [ and
(b) the dynamic river conductance (RC/ERC) as a function
of water table deviation from equilibrium (h-ewth) at
several terrain slopes.

[7] For losing streams, the water table — river difference
(first parentheses in equation (2a)) is the same as the
distance of flow (denominator in second parentheses, in-
stead of bed thickness of gaining streams), canceling out
one another. That is, the hydraulic gradient becomes 1. Thus
we have

0 =Ky (w,. ZLr> for (h—z,) < 0 (2d)
We call the right-hand side the “river conductance for
losing streams,” and treat it as a constant. That is, leakage
from the river network to the groundwater is at a constant
rate, the only constraint being that it cannot exceed channel
storage.

2.1. River Conductance (RC)

[s] Although RC is physically based and in theory
observable, detailed data on river geometry and bed sedi-
ment are difficult to obtain for the whole continent. For
example, there is no continental database that contains
information on stream length and width up to first-order
streams. Lacking observations, we estimate RC using the
inverse method, constrained by river flow observations.

[o] It has long been recognized that river channels expand
and contract in response to rainfall events and seasonal
hydrologic changes [e.g., Hewlett and Hibbert, 1963;
Dunne and Black, 1970a, 1970b]. During events, a narrow
riparian wetland may develop as subsurface stormflow
saturates the valleys from below, causing the rivers to widen
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in effect. River channels may also grow upstream into
topographic hollows, causing the rivers to lengthen and
branch out. Seasonal change in water table height can
switch on and off headwater streams, causing intermittent
stream flow. Thus the groundwater-river contact area is a
dynamic quantity. These river channel dynamics are ele-
gantly discussed by de Vries [1994, 1995] on the basis of
observations and theory.

[10] We will treat the parameter RC with two parts, an
equilibrium part, and a dynamic part. The equilibrium river
conductance, or ERC, describes the hydraulic connection
between the rivers and the groundwater as a result of long-
term river channel evolution. It is linked to the equilibrium
water table, and represents the equilibrium capacity of the
river network in meeting the drainage demand of the land.
The equilibrium water table is established in part 1 [Fan et
al., 2007]. At equilibrium, the left side of equation (1)
vanishes, and discharge to rivers balances recharge and
groundwater convergence. By replacing RC with ERC and
h with the equilibrium water table head (ewth), equations (1)
and (2¢) give,

8
AxAYR+ 30,
1

ERC = ——7——+—
(ewth —z,)

(3)
where the lateral flow Q, is calculated using ewth from
Darcy’s Law.

[11] We introduce a parameter called the dynamic river
conductance, defined as the product of ERC and a function
of the deviation of the water table from equilibrium,

RC = ERC o F(h — ewth) (4a)
where F denotes a function to be determined, which
constitutes the dynamic part of the river conductance.
Detailed analysis of hydrologic states and fluxes in Illinois
suggests that streamflow dependence on water table is
nonlinear and concave-up, similar to that of a power law or
exponential function [Eltahir and Yeh, 1999]. We assume an
exponential form for the function F,

RC

ERC = F(h — ewth) = expla(h — ewth)]

(4b)
The parameter a determines how fast RC responds to
deviations from equilibrium. It is necessarily a function of
river valley morphology, for the expansion and contraction
of river channels depend on valley profiles [de Vries, 1994,
1995; Marani et al., 2001]. In flat terrain, rivers may widen
during a wet season or event, but it merely causes a swampy
condition where the emergent groundwater is not carried out
quickly. In steep terrain, there is little room for channels to
grow. Hence the parameter ¢ must be a function of local
terrain slope within two thresholds. We adopt the sinusoidal
curve below,

a = amplitudeq 1 — cos |27 M ,
wavelength (4c)

for 0.012 < 5 < 0.04

and a = 0 otherwise. It is plotted in Figure 2a for amplitude =
10, shift = 0.012, and wavelength = 0.028. That is, a is
bounded by terrain slope from 0.012 to 0.04, with a
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maximum value of 10 at slope of 0.026. These values
correspond to relief of 15, 32.5, and 50 m, respectively,
between two adjacent cells. They are the result of manual
calibration to best reproduce the observed daily streamflow
in a 10-year simulation as discussed later.

[12] Figure 2b plots the dynamic river conductance (RC/
ERC = F) in response to water table deviation from
equilibrium (h-ewth) for several terrain slopes. For example,
if the water table rises 10 cm, then at slope = 0.026,
corresponding to the maximum « in Figure 2a, river
conductance will increase by about 3 times, inducing faster
drainage. If the water table drops 10 cm, river conductance
decreases to 1/3, effectively slowing down drainage.
Through this negative feedback, the water table rarely
deviates far away from its equilibrium. We found that the
water table deviation is on the order of centimeters where
the equilibrium water table is deep, to a couple of meters
where the equilibrium water table is shallow. This compares
well with water table observations discussed by Fan et al.
[2007], where point observations over a 10-year period and
at 21 sites show that deviations from the mean ranged from
10 cm to 5 m. As expected, the observed deviations are
larger since they are made at a point, whereas the model
gives a 12.5 km grid value.

2.2. River Elevation (Z,)

[13] The river elevation (z, in equation (2c)), a scale-
dependent quantity, requires detailed data on mean river
stage for all orders of streams over the continent. Such data
are yet to be compiled, and we estimate z. from the
equilibrium water table (EWT) obtained in part 1. In
obtaining EWT at 1.25 km resolution, river cells appeared
naturally because of convergent groundwater flow. These
cells function as rivers and the water table elevation at these
cells is taken as the river elevation. When no river cells are
found within a 12.5 km cell, the minimum land elevation is
used. This happens in dry climate where the water table is
below local topography and rivers are disconnected with the
latter, or in thick and coarse sediments where fast subsurface
drainage lowers the water table (e.g., in the High Plains).
These elevated rivers convey surface runoff only and
occasionally leak into the groundwater, but they do not
function as groundwater drainage. Note that the river
elevation is not a constant in time; it rises and falls in
response to surface runoff, water table change, upstream
floods, and downstream tides. For simplicity, we neglect
river stage dynamics, since river processes are faster than
groundwater and any change in the former is relatively
short-lived to affect the latter.

2.3. Rivers-Lakes Mass Balance

[14] We lump all rivers and lakes in a cell into one surface
water storage, with a mass balance as,

ds, -
E:Qh+Qr+ZQi_QO (5)

where S, [L?] is the surface water storage, Q) [L*/T] is
hillslope overland runoft given by LEAF2, O, is exchange
with groundwater, Q; [L°/T] is river inflow from the nth
neighbor, and Q, [L3/T] is the river outflow from this cell to
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the steepest downslope cell. To calculate river flow from an
upstream cell to a downstream cell, the last 2 terms in
equation (5), we use a linear reservoir model, i.e., the
outflow is directly proportional to the storage,

Qo = Ss/ks (6)

where k, [T] is a residence time constant, integrating the
effect of channel roughness and geometry, channel
connectivity, and human regulations. This approach is
similar to the variable velocity routing algorithm by Arora
and Boer [1999] and Lucas-Picher et al. [2003].

2.4. A 10-Year Simulation

[15] We apply daily land surface forcing to the coupled
groundwater and surface water reservoirs and validate the
resulting streamflow with daily observations. Since the
groundwater is not linked to the land surface scheme
(LEAF2) yet, we prescribe the flux across the land surface
using the Variable Infiltration Capacity (VIC) model inte-
gration by Maurer et al. [2002], as J= P — ET — Q, where
P is daily precipitation, ET is daily evapotranspiration, and
O is daily surface runoff. This flux J enters a single soil
layer, extending from the land surface to the water table.
Using the Richard’s Equation, equation (7) below, the net
flux across the land surface from VIC is translated into a net
flux across the water table. This daily flux causes the water
table to rise and fall, initiating streamflow response. Such
groundwater-generated stream flow, plus VIC surface runoff
0, gives the total contribution to streamflow from each cell.

[16] We simulate this groundwater-surface water linkage
for the 10-year period of 1987-1996. Figure 3 plots the
simulated and observed daily flow in the Mississippi
drainage at five USGS gages, the location of which are
given in Figure 4. In general, the simulation agrees well
with observed variability at interannual, seasonal (see inset
in each time series), and large-event scales. The amount of
streamflow is determined by VIC results, which we used to
calculate land surface flux to initiate water table and
streamflow response. However, the timing of events is
affected by our groundwater-river exchange and stream
routing. Because we use uniform parameterization for all
rivers of the continent (no local tuning), the schemes do not
perform equally well in all river basins. We calculate the
error in the amount of river flow as daily simulation minus
observation, averaged over the 10-year period. The results
are given in Figure 3 as “mean error” and Figure 4 in a
spatial context as the red number in each basin. The
difference between flow at Vicksburg and the sum of the
four upstream rivers gives the flow originated in the lower
Mississippi valley (lower part of region 07 and upper part of
08). It appears that streamflow is overestimated on the
western side of the Mississippi drainage, underestimated
on the northern and eastern side, and greatly overestimated
in the lower Mississippi valley (below upper Mississippi
and above Vicksburg) for its small drainage area. The
overestimation in the Arkansas and Missouri basins may
be partially caused by groundwater pumping and stream
diversion which are in the observed river flow but not
accounted for in the model. Groundwater pumping in the
High Plains aquifer over the past decades has significantly
depleted the groundwater storage and associated streamflow
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