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ABSTRACT
Credible soil moisture redistribution schemes are essential to meteorological models, as lower boundary
moisture influences the balance of surface turbulent fluxes and atmospheric boundary layer (ABL) development. While land surface models (LSMs) have vastly improved in their hydrologic representation, several
commonly held assumptions, such as free-draining lower boundary, one-dimensional moisture flux, and lack
of groundwater representation, can bias the terrestrial water balance. This study explores the impact of LSM
hydrology representation on ABL development in the Weather Research and Forecasting (WRF) meteorological model. The results of summertime WRF simulations with Noah LSM, characterized by 2-m-thick
soil and one-dimensional flow, are shown for a domain in the Colorado Rocky Mountain headwaters region.
A reference WRF simulation is compared to 1) the same model with soil moisture initialized by the hydrologic
model ParFlow; 2) a deep, free-draining simulation; and 3) WRF coupled to ParFlow, a three-dimensional,
integrated groundwater-surface water model. Results show that both lateral transport of groundwater and the
rate of drainage from the lower soil layer can weaken or reverse the coupling strength between evaporative
fraction and ABL over a 5-month summer period. The resulting shifts in low-level moist convection in river
valleys and thermally driven airflows yield strengthened anabatic upslope winds and perturbations to regional
precipitation.

1. Introduction
Groundwater, soil, vegetation, and the atmosphere
are intimately coupled through complex and highly
nonlinear interactions (Brubaker and Entekhabi 1996;
Entekhabi et al. 1996; Rodriguez-Iturbe 2000). For decades, meteorological models, with land surface models
(LSMs) as their lower boundary, have advanced in
their ability to not only provide dependable predictions of atmospheric states and surface recharge, but
also to diagnose this complicated exchange of moisture
and energy fluxes at the land–atmosphere interface.
LSMs in particular have improved considerably in their
representation of hydrologic and ecological processes
(Henderson-Sellers et al. 1993; Best et al. 2015), having
evolved from first-generation, shallow-depth models
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with bucket hydrology and minimal soil heat conduction
(e.g., Manabe 1969), to multilayer models capturing vegetation conductance, carbon balance modeling, Richardsbased infiltration schemes, snowpack and frozen ground
simulation, and saturation or infiltration excess runoff
generation (e.g., Chen and Dudhia 2001; Dickinson et al.
1998; Lawrence et al. 2011; Sellers et al. 1986). Yet, despite
advancements in model complexity, hydrologic representation in LSMs operates under several assumptions,
discussed below, that may prejudice simulations of soil
moisture and soil–atmosphere exchange. Given the wellestablished influence of soil moisture heterogeneity and
magnitude on the atmosphere (Kim and Wang 2007;
Kollet and Maxwell 2008; Koster et al. 2003; Santanello
et al. 2011; Seuffert et al. 2002), appropriate LSM moisture characterization is an important problem. A growing
number of studies address this issue by improving realism
of LSM terrestrial hydrology and capturing the connection of the groundwater and energy cycles (Anyah et al.
2008; Gulden et al. 2007; Maxwell and Kollet 2008a;
Miguez-Macho et al. 2007; Niu et al. 2007; Rahman et al.
2015; Keune et al. 2016; Maxwell and Condon 2016).
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The limited dimensionality of LSMs traditionally prohibits lateral water flow in the subsurface. Most LSMs, including those used in meteorological and climate models,
route moisture in one vertical dimension and allow no
lateral communication between vertical soil columns. Such
an assumption can lead to overestimates of soil moisture,
and subsequently latent heat flux, in topographic highs
relative to valleys, given that the model omits routing
influenced by geomorphology (Soulis et al. 2000). This
could be particularly problematic in regions of complex
terrain and heavily orographic precipitation. The absence
of aquifer representation and generally shallow soil depth
(2–10 m) in LSMs means that well-known controls of
groundwater on soil moisture and surface energy
(Keune et al. 2016; Maxwell and Condon 2016; Rahman
et al. 2015) may be overlooked. Groundwater’s longterm memory to atmospheric anomalies and known
groundwater–atmosphere feedbacks (Entekhabi et al.
1996) motivate the use of improved subsurface storage
schemes. Choice of soil hydraulic parameterizations are
also important in mesoscale meteorological models;
Braun and Schädler (2005) compared several models,
finding that the soil hydraulic parameterizations based
on van Genuchten (1980) performed better than Clapp–
Hornberger (Clapp and Hornberger 1978; Cosby et al.
1984) models. Free-draining boundary conditions, in
which water may freely drain at the rate of conductivity
of the lowest node or based on slope-informed parameters, are often applied at the bottom of LSM
soils and could bias simulated soil moisture content
and prohibit surface water balance closure (Yeh and
Eltahir 2005), which can further corrupt estimates of
surface turbulent fluxes.
In the past decade, a number of fully coupled platforms have been developed which resolve feedbacks
from bedrock to atmosphere and provide a more holistic
view of the coupled water and energy cycles than some
meteorological models used for operational forecasts.
Recently, Shrestha et al. (2014) coupled the ParFlow integrated hydrologic model (Jones and Woodward 2001)
with the Consortium for Small-Scale Modeling (COSMO;
Baldauf et al. 2011), using the Community Land Model
(CLM; Oleson et al. 2008). The coupled platform, also
known as the Terrestrial Systems Modeling Platform
(TerrSysMP), has shown improved estimates of surface fluxes with incorporation of integrated terrestrial hydrology in idealized and real data simulations
(Shrestha et al. 2014); TerrSysMP was also applied over the
European Coordinate Regional Downscaling Experiment
(CORDEX) domain, with results suggesting strong
surface energy and lower atmosphere dependence upon
subsurface hydrofacies distribution and groundwater
configuration (Keune et al. 2016). In more recent work,
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TerrSysMP simulations over western Germany showed
that augmented subsurface and land surface physics do
not result in consistent improvements in land surface and
atmospheric states (Sulis et al. 2018), although synoptic
forcings were a large uncertainty factor. Earlier coupled
system experiments were performed with the coupled
ARPS-ParFlow (the Advanced Regional Prediction
System), and later with WRF-ParFlow (the Weather
Research and Forecasting mesoscale meteorological model)
(Skamarock et al. 2008; Xue et al. 2000). Maxwell et al.
(2007) showed atmospheric boundary layer development was highly sensitive to soil moisture redistribution
with ARPS-ParFlow, while Maxwell et al. (2011) demonstrated the application of fully coupled, semi-idealized
simulations to both wind-energy and rainfall-runoff
forecasts in WRF-ParFlow. Anyah et al. (2008) found
improved evapotranspiration and even precipitation
estimates in arid regions following the incorporation of
water table dynamics and subsequently wetter soils, using
the Regional Atmospheric Modeling System (RAMSHydro; Anyah et al. 2008; Miguez-Macho et al. 2007).
The WRF-Hydro model was originally developed as a
tool for coupling terrestrial hydrology modeling platforms and LSMs to WRF (Gochis et al. 2015), and the
stand-alone coupled modeling system has been applied to meteorological domains around the world
(e.g., Senatore et al. 2015; Yucel et al. 2015). For example, Senatore et al. (2015) found that the fully
coupled WRF-Hydro model modestly outperformed
WRF-only simulations with respect to observed precipitation. They also showed higher soil moisture content, and consequently higher latent heat flux, in the
fully coupled platform, which may be attributed to 1) the
hydrologic model’s ability to redistribute moisture to
neighboring soil columns and 2) the ability for excess
water to reinfiltrate, rather than be altogether removed
from the water cycle in the uncoupled simulations. A
WRF configuration over the central United States was
also found to yield improved simulated coupling between soil moisture and lifting condensation level (LCL)
when a groundwater component, as well as vegetative
growth, were incorporated (Jiang et al. 2009).
While the sensitivity of meteorological model performance to terrestrial hydrology representation is an
ongoing question, the coupled system platforms described above add to our understanding of groundwater–
atmosphere coupling and allow for the diagnosis of coupling behavior previously unavailable. In this study,
we explore the interaction of lower boundary terrestrial
hydrology representation and topographic complexity
on modeled meteorological states using the ParFlow–
WRF hydrologic–atmospheric model (Maxwell et al.
2011). This modeling platform has previously been used
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to analyze mechanistic relationships between groundwater table depth and moisture and energy in the lower
atmosphere (Maxwell et al. 2011), as well as to highlight
the potential for subsurface hydraulic conductivity realizations to generate ensembles via land energy perturbations (Williams and Maxwell 2011). Here, we
compare a long-range, uncoupled WRF-only forecast
to fully coupled ParFlow–WRF configurations, in order
to test the influence of subsurface soil moisture redistribution parameterizations and dynamic water table
depth on predicted meteorological states. The model
domain of choice, encompassing several headwater
watersheds in the Colorado Rocky Mountain headwaters,
is one characterized by highly complex terrain, which will
induce lateral routing of moisture to topographic convergent zones in the fully coupled model. Below, we describe the experiment in greater detail, focusing on the
major conceptual differences between lower boundary
configurations in section 2a. Section 2b highlights the
governing equations for soil moisture and infiltration
that differ between the WRF-only and fully coupled
ParFlow–WRF simulations. A description of the model
domain, input parameters, and initial and boundary
condition development is given in section 2c, and model
validation datasets are described in section 2d.
The primary goal of this study is to examine the response of atmospheric boundary layer development and
land–atmosphere coupling over complex terrain to assumptions prevalent in LSMs discussed above, namely,
one-dimensional (vertical-only) soil water redistribution; shallow LSM depth and lack of groundwater
component; choice of soil hydraulic parameters; and
choice of initial soil moisture condition. Incorporating
lateral groundwater movement and a dynamic water
table will move soil moisture away from ridges and
into valleys, contrasting the precipitation-dependent soil
water content in the WRF-only model that can leave
topographic lows inappropriately dry. In this way, ridges
(valleys) will experience lower (higher) evaporative
fraction with the addition of dynamic groundwater
components, and land–atmosphere coupling will be affected. We hypothesize that these affects, specifically
applied in a region of complex terrain, will result in
changes to thermally driven orographic convection,
flows, and precipitation. Models are validated against
observed AmeriFlux surface energy and meteorological variables and compared to available radiosonde
measurements (section 3a). After discussing the impact of lower boundary condition on surface energy
variables, convective boundary layer development,
and land–atmosphere coupling (sections 3b and 3c),
we address two important drivers of regional meteorology, including moist convection in valleys and

thermally driven anabatic flows (section 3d) and their
sensitivity to terrestrial hydrology.

2. Methods
a. Conceptual experiment design
This study examines the influence of the lower boundary condition on simulated atmospheric states, by comparing meteorological model configurations that vary in
their initial soil moisture condition or in their physical
hydrology representation. Figure 1 shows a conceptual
diagram of the controlled experiment. The three models
illustrated here share identical meteorological models,
LSMs, initial atmospheric conditions and lateral atmospheric boundary conditions, and static LSM variables;
they differ only in the way soil moisture was dynamically
redistributed throughout the subsurface.
The default atmospheric model, WRF, employs the
Noah LSM with four soil layers as its lower boundary
condition (Fig. 1a); this model will act as our control.
Noah governs the development of heterogeneous soil
moisture states, and like many LSMs it assumes onedimensional moisture flux, shallow (2-m total) soil depth
without deeper storage or groundwater, and no surface
hydrology component. Water in the subsurface gravitationally drains from the lowest soil moisture layer at a
rate scaled by a factor representing the slope of the cell,
with larger surface slopes representing larger drainage.
Drained moisture from the subsurface is not stored
and may not feedback to soil water through capillarity
at later times. Initial soil moisture conditions in the
baseline WRF Model were supplied by the WRF
Preprocessing System (WPS), which downscales coarserresolution meteorological products, in this case from the 18
gridded NCEP FNL (Final) Operational Global Analysis
data, for WRF’s initial and boundary conditions.
Our perturbed model simulations include 1) WRF
coupled to a hydrologic model (PFWRF3D), 2) WRF
initialized by a hydrologic model (WRFPFIC), and 3) a
simulation with deep, free-draining subsurface moisture
(PFWRFFD) (Table 1). These configurations respectively test three-dimensional groundwater flow, model
initial condition, and lower boundary drainage rate,
relative to the control.
The fully coupled configuration, PFWRF3D, similarly employs the Weather Research and Forecasting
Model with Noah LSM, but while the LSM still handles evapotranspiration and the surface energy budget, its soil moisture calculation is replaced with
ParFlow, an integrated surface–subsurface hydrology
model (Fig. 1c). The model is also deeper, with the
same four Noah soil layers and a 100-m-deep geology
layer, for a total model depth of 102 m, in order to
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FIG. 1. Conceptual model of hydrologic schemes in WRF. (a) Default WRF-only uncoupled model with column-based moisture redistribution is the scheme for WRF and WRFPFIC. (b) PFWRFFD extends the model depth an additional 100 m with an added layer but
maintains one-dimensional (vertical) flux and free-draining lower boundary. (c) PFWRF3D routes moisture in three dimensions, resolves
surface water routing and reinfiltration, and maintains a no-flow lower boundary condition.

capture groundwater–vadose zone exchange. PFWRF3D
therefore differs from WRF in that its simulated, variably saturated moisture flux is three-dimensional, such
that lateral movement of groundwater and a dynamic
water table are resolved. The initial condition for
PFWRF3D is ParFlow’s spun-up hydrologic state for
the region (described in further detail in section 2c).
The free-draining model, PFWRFFD, was designed to
mimic WRF’s vertical-only subsurface moisture flux
while extending the lower boundary condition deeper
into the subsurface and test the influence of drainage
rate on atmospheric states. In this case, ParFlow rather

than Noah again routes water vertically in the subsurface to a depth of 102 m, but lateral water flow is
eliminated and a free draining lower boundary condition
applied. Overland flow in PFWRFFD does not exist,
and water primarily moves downward (never laterally)
through the subsurface, exiting the model domain
through the lower boundary at the rate of hydraulic
permeability in the lowest model layer. The rate of
drainage for the PFWRFFD model is therefore faster
than the baseline WRF Model. To keep the free
draining model as close to the control as possible, the
initial moisture condition was a surface-level initial

TABLE 1. Configurations of the WRF Model tested over the Colorado Rocky Mountain headwaters domain. Note that PFWRF3D and
PFWRFFD contain an additional model layer representing geology and groundwater below the four soil layers.
Model name
WRF
PFWRF3D
PFWRFFD
WRFPFIC

Assumption
tested

Lower boundary
drainage

N/A: Control, baseline Noah LSM: Parameterized
relative to slope category
Lateral flow and
No-flow boundary
groundwater
Free drainage
Free draining (conductivity
of lowest geology layer)
Initial condition
Noah LSM: Parameterized
relative to slope category

Dimensionality
(subsurface)

Initial condition

1D moisture flux WPS

Model
Soil
N soil
depth (m) depth (m) layers
2

2

4

3D moisture flux ParFlow

102

2

4

1D moisture flux Saturated soils,
similar to WPS
1D moisture flux ParFlow

102

2

4

2

2

4
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water table, because initial soil moisture conditions
supplied by WPS were at or near saturation for the
majority of the domain.
Model configurations described in Fig. 1 vary in their
physical governing mechanisms for terrestrial hydrology
calculations. We also tested the influence of initial soil
moisture condition by comparing WRF with WRFPFIC.
While its model physics are identical to WRF’s (Fig. 1a),
the WRFPFIC simulation uses an initial soil moisture
condition supplied by the ParFlow hydrologic model
spinup process (described in section 2c). WRFPFIC and
PFWRF therefore share identical initial moisture fields
in the subsurface.

b. Model characteristics and governing equations
As described above, in this study we examine the influence of initial conditions and dynamics of the lower
boundary condition in WRF, the Weather Research and
Forecasting mesoscale atmospheric model (Skamarock
et al. 2008). WRF solves the nonhydrostatic and fully
compressible Navier–Stokes equations to calculate threedimensional thermal and kinetic energy and moisture flux
in the atmosphere. In all models, the Thompson et al.
(2008) bulk microphysics scheme was used for simulated
formation of cloud droplets and precipitation fallout.
Longwave and shortwave radiation were represented by
the Rapid Radiative Transfer Model (Mlawer et al.
1997) and the Dudhia scheme (Dudhia 1989), respectively. Finally, the Yonsei University (YSU) scheme was
used for planetary boundary layer dynamics (Hong
et al. 2006).
Land surface energy and moisture flux is calculated
by the Noah LSM (Chen and Dudhia 2001), which
calculates evapotranspiration (ET) as the sum of
transpiration from vegetation and direct evaporation
from canopy and ground surfaces. The model consists of
four soil layers of variable thickness, with the top layer
being 0.1 m thick and consecutively deeper layers are
0.3, 0.6, and 1.0 m, for a total model depth of 2 m. The
boundary condition at the bottom is a gravitational flow
that is scaled by a parameter representing the slope
category for that cell; drained water does not accumulate or feedback to the 2-m soil column through capillary
forces. Noah employs a Penman-based approach for
calculating potential evaporation (Penman 1948), and a
simple linear model by Betts et al. (1997) to calculate
direct evaporation. A canopy resistance factor is included
to adjust potential evaporation and resolve vegetation
transpiration based on Jacquemin and Noilhan (1990).
The canopy resistance term, and therefore Noah’s estimate of the soil moisture flux at the surface, is a function
of vapor pressure deficit and temperature in the lower
atmosphere, solar radiation, and soil water content.

The formulation of subsurface moisture content formulation is the key difference between models compared
in this study (Fig. 1). WRF and WRFPFIC both estimate
subsurface moisture redistribution using the Noah
LSM prognostic equations for soil moisture content.
Here, Noah LSM solves Richards’ equation [Eq. (1)]
(Richards 1931), assuming isotropic, homogeneous,
and one-dimensional vertical flow (Chen and Dudhia
2001; Hanks and Ashcroft 1980). The Richards equation may be expressed as a function of volumetric soil
water content u, as shown in Eq. (1) (Chen and Dudhia
2001; Gilding 1991), or in terms of water head potential h (Celia et al. 1990; Hanks and Ashcroft 1980).
In Noah, the u-based form of Richards’ equation is
expressed as


›u ›
›u
›K(u)
5
D(u)
1
1 Q,
›t ›z
›z
›z

(1)

for vertical coordinate (soil depth) z, diffusivity D,
hydraulic conductivity K, and volumetric soil water
content u, at time t. The term Q represents sources and
sinks for soil water, including runoff, precipitation, and
evaporation; WRF-Noah employs the Simple Water
Balance (SWB) model to calculate runoff (Schaake
et al. 1996). It is important to note that K and D are
highly nonlinear functions of the soil water content u.
Diffusivity is given by D 5 K(u)(›c/›u) for the soil water
tension function c, and hydraulic conductivity and soil
retention are calculated based on the Cosby et al. (1984)
equations. These are shown in Eqs. (2) and (3):
 2b13
u
,
us

(2)

 2b
u
,
us

(3)

K(u) 5 Ks
c(u) 5 cs

where Ks is the saturated soil moisture content, us is the
saturated soil matric potential, and cs is the saturated
soil matric potential, which vary for soil class. The empirical parameter b relates to the soil pore size distribution and is used for curve fitting.
PFWRF3D and PFWRFFD replace Eqs. (1)–(3) with
soil, groundwater, and hydraulic properties represented
by ParFlow (Maxwell et al. 2011; Williams and Maxwell
2011). Rather than the u-based or h-based forms, ParFlow
solves the three-dimensional mixed form of Richards’
equation in terms of hydraulic head (Celia et al. 1990),
shown in Eq. (4), and calculates relative saturation and
permeability using the van Genuchten (1980) relationships
[Eqs. (6) and (7)] (Kollet and Maxwell 2006; Maxwell
et al. 2016).
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Ss Sw

›S (h)
›h
1f w
5 =  q 1 qr ,
›t
›t

(4)

where Ss is the specific storage, Sw is the relative saturation, h is the pressure head, and f is the porosity. The
specific volumetric Darcy flux q is given by
q 5 2Ks kr (h)  =(h 2 z) .

(5)

Here, Ks is the saturated hydraulic permeability
tensor and kr is relative permeability. The terrainfollowing grid formulation was used to include a topographic slope component (Maxwell et al. 2016).
The van Genuchten (1980) equations used for hydraulic relationships are given in terms of hydraulic
head h as
Sw (h) 5

kr (h) 5

ssat 2 sres

1 sres ,
1
12
[1 1 (ah)n ]ð nÞ
8
9
<
=
(ah)n21
12
1
:
12 ;
[1 1 (ah)n ]ð nÞ
1

12 /2
[1 1 (ah) ]ð nÞ
b

(6)

.

(7)

ParFlow also applies the two-dimensional kinematic
wave equation as an overland flow boundary condition, and Manning’s equation establishes flow depth–
discharge relationships for surface runoff. The model
simulates subsurface flow by solving the groundwater
flow equation in space, using a cell-centered finite
difference scheme, and in time, using an implicit
backward Euler scheme. Studies have demonstrated
ParFlow’s ability to resolve very tight coupling between
subsurface and surface hydrologic regimes (Kollet and
Maxwell 2006, 2008; Maxwell 2013; Maxwell and Kollet
2008b), and PFWRF3D extends groundwater-surface
water coupling to the atmosphere. The primary source
of coupling between ParFlow and Noah LSM is the qr
term in Eq. (4), which represents the boundary condition and general source-sink to the top four soil layers.
In the top soil layer, qr is given as qr(x, z) 5 P(x) 2 E(x)
for precipitation P and direct evaporation from the soil
E, while in deeper layers from two through four,
qr(x, z) 5 T(x, z) represents the transpiration flux T
in the root zone. Further information regarding coupling between ParFlow, Noah LSM, and WRF may be
found in Maxwell et al. (2011), and detail on governing
equations of energy, momentum, and moisture at the
surface and lower atmosphere is given in Chen and
Dudhia (2001). Note that while PFWRFFD simulates
infiltration and flow in the vertical soil column using
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Eqs. (4)–(7), lateral flow has been removed and redistribution of subsurface moisture is entirely one
dimensional.

c. Region of interest and model domain configuration
Land surface models have been shown to overestimate soil moisture in ridges relative to valleys as a direct result of vertical-only soil water redistribution
(e.g., Anyah et al. 2008; Soulis et al. 2000), and this is
especially true in regions of primarily orographic precipitation. For this experiment, the four models were
compared over a small study domain in the Rocky
Mountain headwaters of Colorado, in order to capture
relative sensitivities of surface and lower atmosphere
states to moisture redistribution in a complex terrain
setting. Figure 2 shows the configured domain, terrain,
major cities and HUC8 (USGS hydrologic unit code)
outlines, land classification, and permeability of soil
and geologic units. This is a topographically intricate,
semiarid region characterized by elevation-dependent
rainfall and an annual hydrograph heavily influenced by
snowpack and melt. The primary Colorado Headwaters,
Blue, and Eagle Watersheds serve as the initial source of
water to the Upper Colorado River basin, and Clear
Creek to the west is a headwater contributor to the
South Platte River (Fig. 2). These waters provide
municipal and agricultural resources to over 30 million people (Christensen et al. 2004; Ficklin et al.
2013). Prevailing winds blow from the west, but locally
strong and divergent wind patterns can occur when the
mountain terrain can funnel wind through valleys.
Precipitation drivers are primarily orographic, with
storms initiating through upslope advection, which
destabilizes the atmospheric boundary layer by lifting
air to saturation. It is also often the case that leeside
boundary layer convergent zones form downwind of
mountain ridges, influenced by the opposing hillslope,
leading to cumulus initiation (Banta 1984).
PFWRF3D has previously been run over this model
domain to diagnose hydrology–land–atmosphere coupling under land disturbance conditions (Forrester
et al. 2018), with results suggesting that the energy and
moisture flux sensitivity to widespread forest mortality
is highly dependent on antecedent moisture conditions.
This study uses the same atmospheric initial and boundary conditions and static soil, geology, and land use variables detailed in Forrester et al. (2018). While they
provide a complete description of the model configuration and development, we provide a brief summary here.
Initial and boundary atmospheric conditions for
WRF were supplied by the National Centers for
Environmental Protection Global Forecast System
(Final) (NCEP GFS-FNL) archive of global gridded
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FIG. 2. (a) Nested domains for the WRF-only nested simulation to provide initial and boundary atmospheric conditions for d04.
(b) Innermost d04 nest, primary model domain, with cities, watershed boundaries, and primary land cover class (evergreen needleleaf).
(c)–(e) Permeability in the top soil layer, lower three soil layers, and lowest geologic layers, respectively. For clarity, only the primary land
cover class is shown, covering 34.2% of model land area; other most common land classes are savanna (25.4%), shrubland (12.4%),
grassland (11.2%), and deciduous broadleaf (6.7%).

analysis products (NOAA/NCEP 2000). These data
products, at a 0.258 3 0.258 grid and provided at 26 pressure levels ranging from 1000 to 10 mb (1 mb 5 1 hPa),
were downscaled using one-way nested dynamic downscaling. The four nested domains, with grid cell spacing of
27, 9, 3, and 1 km, are shown in Fig. 2. All further figures
are for the innermost domain, d04, at 1-km lateral resolution. Simulations ran from 12 April through 30 August
2008. Dynamic downscaling was conducted with WRF
(not coupled to ParFlow) using physics schemes detailed
above in section 2b, and employing the Kain–Fritsch cumulus physics scheme for the coarsest scale (d01) domain
(Kain 2004), in order to provide initial and boundary atmospheric conditions for the domain of interest (d01).
Dynamic downscaling was conducted using an adaptive
time step and solved over 27 meteorological layers. Land
use and vegetation parameters were taken from the USGS
24-class land cover for Noah LSM, and products from the
Snow Data Assimilation System (SNODAS) were used as
the initial snowpack conditions for 12 April (National

Operational Hydrologic Remote Sensing Center 2004).
Soils range from sandy to clay loams, and hydraulic
properties for soil hydrofacies were supplied by the
Soil Survey Geographic Database (SSURGO; Soil
Survey Staff 2019) and from Schaap and Leij (1998).
These soils are sourced from Permian and Carboniferous
sedimentary bedrock in the Front Range and from primarily Precambrian metamorphic rocks in the mountains.
Soil classes are consistent between WRF, WRFPFIC,
PFWRFFD, and PFWRF3D; however, PFWRFFD and
PFWRF3D also require hydraulic properties for their
deeper geologic units. These geologic unit classes were
subset from a continental-scale, integrated hydrologic
simulation of ParFlow (Maxwell et al. 2015), which
used a continental-scale geologic permeability map
adapted from Gleeson et al. (2011a).
As described above, initial subsurface moisture conditions for WRF were supplied by the WRF Preprocessing
System (WPS) and the FNL forcing products, in which the
top soil layer is at or near field capacity for most of the
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domain; in order to keep the free-drainage experiment as close in initial condition to the control as
possible, PFWRFFD was initialized with saturated soil
moisture conditions and a surface-level groundwater
table. However, PFWRF3D and WRFPFIC were both
initialized with a hydrologic spinup of the ParFlow
model domain (Forrester et al. 2018), which was
conducted by running the hydrologic model with repeated annual forcing from the North American Land
Data Assimilation System (NLDAS; Cosgrove 2003),
until the change in subsurface storage was within one
percent of the annual forcing from one year to the
next. Such a spinup method avoids initial moisture
condition bias, as it supplies an equilibrium hydrologic state and reduces the tendency for artificial drift
(Ajami et al. 2014). The spun-up pressure in all five
model subsurface layers was used as the initial condition for PFWRFFD and PFWRF3D on 12 April, while
WRFPFIC received only the soil moisture (calculated
from ParFlow’s simulated pressure head) in its four soil
layers. The period from 12 April to 1 May was treated as
an additional spinup of the coupled hydrometeorological system, and only results after 1 May are analyzed
here. Monthly soil moisture conditions in the top soil
layer are shown in Fig. 7 for all four models.

d. Comparisons to observations
Models were compared to observations at the Niwot
Ridge AmeriFlux site in order to assess performance in
land surface energy and atmospheric states. The Niwot
Ridge AmeriFlux site is located on Arapahoe Moraine
near Nederland, Colorado, between the Continental
Divide (approximately 8 km to the west) and the beginning of the Great Plains (25 km to the east) (Blanken
U.S.-NR1). The tower is situated at 3050-m elevation
within a subalpine forest composed of subalpine fir,
lodgepole pine, and Engelmann spruce (Monson et al.
2002). Prevailing winds from the west flow down the
gently dipping 58–78 slopes during most of the year;
however, thermally induced valley–mountain winds
from the east occur during many summertime days,
and larger synoptic systems can also cause upslope
winds (Turnipseed et al. 2004). Mean annual temperature is 48C, and mean annual precipitation is 800 mm
(Monson et al. 2002). The 26-m-tall tower provides
measurements including (but not limited to) wind
speed and direction (measured by helicoid propeller
anemometers and sonic anemometry), relative humidity, barometric pressure, precipitation (the heated
tipping-bucket rain gauge is rated for temperatures
between 2208 and 508C), and surface turbulent fluxes
(calculated from methods detailed in Webb et al. 1980)
(Burns et al. 2016). We compared these measurements
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to modeled values from the adjacent model cell that
was closest in elevation to the tower location. The
corresponding model cell center is within the fetch of
the prevailing winds (between 1.23 and 3.2 km, depending upon stability conditions; Monson et al. 2002),
and within 7 m of the site elevation. An Earth System
Research Laboratory (ESRL) Global Monitoring
Division radiosonde location was also used to compare to modeled boundary layer structure over Boulder,
Colorado. These radiosonde observations were obtained
through balloon flights carrying ozonesonde telemeters
which measure temperature, pressure, and humidity.

3. Results
a. WRF comparisons to observed meteorology
WRF simulations were compared to available meteorological observations to provide confidence that the
models can appropriately reproduce regional atmospheric conditions and behavior. As a caveat to model
performance results, it is important to consider scale
discrepancies between point observations and predicted
values at individual 1-km model cells. We do not intend
to identify one of the four model configurations as the
best performing model. Further, results from the tested
models at a single grid cell are not meant to evaluate
model sensitivity to soil physics, since differences at a single
point will be impacted by noisy, nonlocal atmospheric and
subsurface processes. Rather, the AmeriFlux and ESRL
observations are used to confirm that WRF Model
configurations described in this study capture large scale
trends, demonstrate appropriate magnitude of meteorological variables, and represent a realistic physical
system appropriate for sensitivity studies of this kind.
Comparisons between modeled daily near-surface meteorological states (including air temperature, relative
humidity, air pressure, and surface turbulent fluxes) and
those observed at the Niwot Ridge AmeriFlux site are
shown in Fig. 3. Performance statistics shown in Fig. 3 are
Spearman’s rank-order correlation [Eq. (9)], which is a
nonparametric measure of both strength and direction,
while mean bias error for each meteorological variable is
also discussed below. Because performance varies seasonally, performance metrics are reported for the whole
simulation period, as well as for only days following 1 July.
The four models perform similarly for air temperature, pressure, and relative humidity (Fig. 3). General
trends in atmospheric states are captured, with the following mean absolute error: modeled air temperature is
1.38C higher after 1 July and 0.48C lower before 1 July
than observed values; modeled relative humidity is
14.7% lower than observed over the simulation period;
and modeled and simulated barometric pressure are
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FIG. 3. Modeled and observed atmospheric states at the Niwot Ridge AmeriFlux site. (a)–(e) Daily time series for air temperature,
relative humidity, barometric pressure, latent heat and sensible heat. (f)–(j) Modeled vs observed values for the entire time series, and
(k)–(o) modeled vs observed values for daily time series after 1 Jul. Spearman rank correlation between simulated and observed values are
shown for each scatterplot.
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FIG. 4. Wind roses at the Niwot Ridge AmeriFlux location for (a) measurements and (b) the WRF baseline model.
Wind roses for PFWRFFD, PFWRF3D, and WRFPFIC are comparable to those of WRF and are not shown.

within 0.5 kPa over the simulation period. Major differences can be seen in model performance for turbulent
fluxes at the Niwot Ridge AmeriFlux location. For days
following 1 July, models show total biases of 22.5
(WRF), 27.7 (PFWRF3D), 16.9 (WRFPFIC), and 250.8
(PFWRFFD) W m22 for daily latent heat; mean absolute errors for sensible heat are 17.6 (WRFPFIC),
22.4 (WRF), 27.3 (PFWRF3D), and 47.6 (PFWRFFD).
PFWRF3D performance is best by Spearman’s rankorder correlation metric for latent heat, but worst for
sensible heat (Fig. 3). Models exhibit poor performance for latent and sensible heat during several
warming events in May, during which latent heat
(sensible heat) is inappropriately high (low) (Fig. 3).
Negative sensible heat flux is not unrealistic on winter
days in these regions, particularly given the frequent
occurrence of temperature inversions and cold ponding immediately above snowpack in complex terrain
(Whiteman et al. 1999), but in this case, all models
greatly overestimate this effect. Excessive negative
sensible heat flux and corresponding overestimation of
snow ablation in the Noah land surface model has been
attributed to a cold vegetation–snow layer (Chen et al.
2014). Differences between modeled and observed
sensible and latent heat can be primarily attributed to
the land cover type assigned to the model cell. The
nearest neighbor comparison shown in Fig. 3 uses a
model cell within fetch of the prevailing winds and
within 7 m of the Niwot Ridge tower elevation; however,
the land class index at this location is savanna, contrasting
the fir and pine forest surrounding the AmeriFlux site.
Changing the model comparison location to the nearest
evergreen needleleaf cell (3 km away, approximately 100 m
higher in elevation) considerably reduces error in May
(e.g., 21.1, 217.3, 21, and 224.7 W m22 mean latent heat
bias for WRF, PFWRF3D, WRFPFIC, and PFWRFFD, respectively), but results in lower Spearman rank correlation
for the rest of the summer simulation period.

Comparisons between observed and modeled precipitation and wind speed are shown in Figs. 4 and 5.
Wind roses for WRF and the Niwot Ridge tower are
shown in Fig. 4; wind roses between WRF, PFWRF3D,
WRFPFIC, and PFWRFFD were nearly identical, so only
WRF is shown. Observed winds are on average west or
west-southwest, and modeled are west-southwest; observed wind directions are more variable than modeled
values, and mean observed and modeled wind speeds
are 5.7 and 3.4 m s21, respectively. The higher modeled
wind speeds are a result of several synoptic events in
which high wind speeds are overestimated by the WRF
configurations; however, the most frequent winds blow
between 3 and 4 m s21 for both models and AmeriFlux
observations. All models appropriately capture the
timing of rainfall events at this location (Fig. 5a).
Spearman rank coefficients range between 0.73 and
0.74, and between 0.75 and 0.82, for mean and maximum weekly precipitation, respectively. Mean absolute error is 20.79, 20.81, 20.84, and 20.92 mm day21,
for PFWRF3D, WRF, WRFPFIC, and PFWRFFD, respectively. Snapshots of daytime modeled boundary
layer structure have also been compared to radiosonde
observations. Figure 6 shows simulated humidity and
temperature profiles near Boulder, Colorado, along with
observed conditions from an Earth System Research
Laboratory radiosonde location.

b. Simulated near-surface soil moisture redistribution
and meteorological states
Inaccurate estimates of moisture in the unsaturated
zone can bias the calculation of atmospheric forecasts
(e.g., Findell and Eltahir 2003; Pielke 2001; Braun and
Schädler 2005), by corrupting the surface water balance
and turbulent flux prediction. Similarly, in these experiments, perturbations to WRF-simulated surface and
atmospheric conditions originate in the lower boundary.
Section 3b discusses the primary differences between
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FIG. 5. (a) Observed and modeled daily precipitation at the Niwot Ridge AmeriFlux location. (b) Modeled vs
observed weekly total precipitation. (c) Modeled vs observed weekly maximum precipitation event. Spearman
correlation for each model is shown for weekly sum and maximum time series.

simulated soil moisture, surface turbulent fluxes, and
planetary boundary layer height that are direct results of
adjustments to WRF’s lower boundary hydrologic scheme
(PFWRFFD, PFWRF3D) or initial condition (WRFPFIC).
Figure 7 shows monthly averages of column-averaged
volumetric soil moisture content for atmospheric models
with differing terrestrial hydrology representation. Several
comparisons can be made that highlight the relative influence of hydrologic initial condition, infiltration and
drainage rates, and hydrologic model dimensionality
on lower boundary moisture heterogeneity. WRF and
WRFPFIC share lower boundary physics, including
relaxing assumptions such as column-only flow, a
shallow subsurface, and nonexistent groundwater or
surface water routing. They differ only in their initial
moisture condition, which in WRF’s case was supplied

by the WPS downscaling of meteorological products,
and in WRFPFIC’s by a ParFlow spinup to a hydrologic
equilibrium state. Domain-wide initial moisture conditions supplied by the WRF Preprocessor are near field
capacity in WRFPFIC’s top model layer (0.1 m) on
12 April, while those supplied by ParFlow are highly
heterogeneous, with higher soil moisture in topographic
convergent zones and lower moisture in ridges. Columnaveraged (0–2 m) initial soil moisture is 0.26 and 0.22 for
WRFPFIC and WRF, respectively. The hydrologic spinup’s lateral routing signature is most evident in May,
when WRFPFIC simulates higher (lower) soil moisture in
valleys (ridges) relative to WRF (Fig. 7). The memory of
lateral flow in WRFPFIC’s initial condition is slowly reduced over time, with WRFPFIC’s higher soil moisture
maintained in convergent zones until August.
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FIG. 6. Vertical structure of the convective boundary layer shown as (left) relative
humidity and (right) temperature at various pressure levels. Four daytime profiles
are given for the radiosonde location near Boulder, CO, shown in Fig. 2. Dotted lines
are observed humidity profiles from the Earth System Research Laboratory Global
Monitoring Division (ESRL/GMD), and solid lines are modeled values. Profiles are
reported in local time.

Unauthenticated | Downloaded 01/09/23 06:31 AM UTC

JUNE 2020

FORRESTER AND MAXWELL

1145

FIG. 7. (a)–(d) Monthly and column-averaged soil moisture over domain d04 for summer 2008; monthly difference in column averaged soil
moisture between WRF and (e)–(h) PFWRFFD, (i)–(l) WRFPFIC, and (m)–(p) PFWRF3D.

WRF differs from PFWRFFD primarily in its infiltration schemes [see Eqs. (1)–(3) for Noah LSM and
Eqs. (4)–(7) for ParFlow in section 2b] and lower
boundary drainage. Both models share one-dimensional
(vertical) soil column redistribution and complete removal of drained water from the subsurface. PFWRFFD
exhibits significantly lower moisture in the soil column
layer than WRF, which can largely be ascribed to soil
hydraulic parameters: water infiltrates and drains more
efficiently in the PFWRFFD simulation, resulting in the
largest reductions in soil moisture over the summer
relative to other models. Notice that the difference between PFWRFFD and WRF increases throughout the
summer, as the region becomes less energy limited.
Unlike WRFPFIC or PFWRFFD, which respectively
decrease and increase in their difference from WRF
through the summer, PFWRF3D is temporally consistent
in its distinction from WRF’s simulated soil moisture

(Fig. 7). Some studies have suggested that the tendency
for LSMs to remove water from the soil water balance
through free-draining assumptions or saturation/infiltration
excess runoff (e.g., Senatore et al. 2015; Yeh and Eltahir
2005), allows hydrologic models as lower boundary conditions (e.g., with deep, no-flow impermeable bedrock and
the ability to reinfiltrate surface routed water) to retain
more moisture in the soil column than LSMs. Throughout
these simulations, despite evaporative drying of soils in
an arid climate, PFWRF3D continues to route soil
moisture laterally to maintain higher volumetric soil
moisture in topographic convergence areas. Ridges in
Noah LSM receive the highest amounts of orographic
precipitation; in PFWRF3D, this recharge is routed to
topographic lows, but PFWRFFD, WRF, and WRFPFIC
can only route the water downward.
Spatial heterogeneity and dynamic redistribution of
soil moisture in the lower boundary has an important
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impact on near-surface meteorological states. Surface
turbulent fluxes, latent and sensible heat, are in particular
strongly tied to the availability of soil moisture: Moisturelimited environments are characterized by high evaporative fraction, which is simply the portion of the surface
turbulent flux dedicated to latent heating. Evaporative
fraction is given as
EF 5

lE
.
lE 1 H

(8)

In (8), lE is latent heat, H is sensible heat, and these
quantities are traditionally summed during daylight hours
when calculating daily evaporative fraction. High evaporative fraction implies a dominance of latent heating, which
provides evaporative cooling and facilitates moist, cool
boundary layer development. The opposite is true of low
evaporative fraction. In general, higher evaporative fraction
implies lower boundary layer height, if no other external
drivers such as topography or synoptic systems are in play.
Figures 8 and 9 show WRF-simulated daytime evaporative fraction (EF) and atmospheric boundary layer
height (ABL, also known as planetary boundary layer
height), respectively, along with the difference between
WRF and simulations with adjusted hydrologic schemes.
WRF evaporative fraction is highest during the spring and
in regions characterized by evergreen needleleaf cells,
likely influenced by late spring snowmelt and root zone
transpiration (Fig. 8). Boundary layer height peaks in late
June, but decreasing late summer temperatures and rising
humidity and pressure (see, e.g., observations from Niwot
Ridge AmeriFlux site in Figs. 3a–c) result in lower simulated boundary layer height in August. Differences in
spatial patterns between WRF and PFWRF3D are most
obvious and easily explained. In valleys and streambeds,
PFWRF3D increases soil moisture relative to WRF, while
the opposite is true in ridges. Evaporative cooling increases
EF in PFWRF3D valleys relative to WRF. The resulting
cool, moist (warm, dry) air in topographic lows (highs)
yields shallower (deeper) daytime atmospheric boundary
layer. Similar patterns occur in the WRFPFIC model, but
as mentioned above, the initial condition pattern of
streambed wetness has degraded considerably as lateral
flow was not maintained. PFWRFFD experiences considerably lower EF and correspondingly higher ABL as a
result of lower soil moisture; and, as in Fig. 7, the difference
between PFWRFFD- and WRF-simulated atmospheric
states increases throughout the summer (Figs. 9, 5e–h).

c. The interaction between complex topography and
hydrologic representation on land–atmosphere
coupling
Figures 7–9 show that the incorporation of lateral
groundwater component in the lower boundary condition
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routes water to topographic lows, which promotes higher
atmospheric boundary layer height in ridges and lower
in valleys, relative to Noah LSM soil water configuration. The pattern of higher moisture yielding higher
evaporative cooling and a subsequently lower boundary
layer thickness is a pattern very well established in the
literature (Santanello et al. 2009, 2011, 2015). In this
section, we discuss how these impacts to boundary layer
interact with local topography to affect regional drivers
of land–atmosphere coupling, and in section 3d we will
discuss feedbacks to thermally driven flows and potentially regional precipitation patterns.
Topographic controls on atmospheric boundary layer
development are shown in greater detail in an east–west
topographic cross section (transect shown in Fig. 2), of
soil moisture, surface skin temperature and atmospheric
boundary layer height for all model configurations (Fig. 10).
Notice that soil moisture in WRF clearly follows model
elevation, while soil moisture in PFWRF3D is highly variable, with the complex topography inducing steep gradients
in soil moisture along slopes. If microtopography, slope
aspect and slope magnitude were not factors, higher elevations should indeed have larger soil moisture values that
persist through the summer given their higher relative
precipitation, cooler temperatures and later snowmelt.
However, given the influence of complex terrain on
hydrologic flowpaths (Bachmair and Weiler 2011), topographic wetness index, upslope-accumulated area, or
depth to water index may be more appropriate drivers to
regional soil moisture heterogeneity and topographically sensitive soil–atmosphere exchange than elevation
alone (e.g., Riveros-Iregui et al. 2012). Models have
estimated that equilibrium water table depth in the
Rockies is highly spatially heterogeneous, varying over
multiple orders of magnitude (Fan et al. 2007; Gleeson
et al. 2011b; Maxwell et al. 2011). Manning et al. (2013)
estimated that for a 2.5-km cross section across the
continental divide, depth to the saturated zone varied
from 0 to over 100 m in the two small bordering catchments; seasonal variations in water table depth were
over 30 m. We believe the steeper soil moisture gradients introduced by PFWRF3D may be physically representative of a region of high topographic complexity.
The relationship between ABL height and topography, in which higher elevations yield lower temperatures
and lower ABL height, is dampened by the inclusion of
lateral flow in PFWRF3D (Figs. 10, 11), because EF
becomes more sensitive to slope and topographic index
than on elevation alone. Figure 11 shows atmospheric
boundary layer height as a function of evaporative
fraction for the four model configurations. Plotted are
temporally averaged (for months May–August) daytime
evaporative fraction and daytime atmospheric boundary
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FIG. 8. (a)–(d) Monthly and column-averaged evaporative fraction over domain d04 for summer 2008; monthly difference in column
averaged evaporative fraction between WRF and (e)–(h) PFWRFFD, (i)–(l) WRFPFIC, and (m)–(p) PFWRF3D.

layer height; each point on the scatter represents a cell in
the primary Colorado Headwaters Watershed (Fig. 2),
and locally weighted scatterplot smoothing (LOWESS)
has been added. Notice that PFWRF3D, and to a lesser
extent WRFPFIC, exhibits lower slope and greater scatter for the ABL–EF relation.
PFWRFFD showed the largest relative differences in
magnitude of surface energy and ABL height relative to
the WRF baseline simulation (Figs. 7–9), as moisture is
allowed to gravitationally drain from the lowest node
based on conductivity alone, resulting in considerably
less soil water content. Notice that while the overall
magnitude of EF was most sensitive to the free-draining
condition, the slope and variability of the ABL–EF relationship is maintained relative to the WRF baseline,
indicating that a free-draining condition (PFWRFFD)
maintains topographic controls on ABL surface moisture dependency (Fig. 11c).

We also explore the temporal, rather than spatial,
dependence of boundary layer height on EF with
Spearman’s rank test, which is a nonparametric test
given as
n

rs 5 1 2

6 å d2i
i51

n(n2 2 1)

.

(9)

The test was conducted to see if EF and boundary
layer height time series, for a given cell, have similar
shapes. In Eq. (9), then, di is the independent ranking
difference between daytime EF and boundary layer
height time series at day i and n is the number of days in
the simulation. Figure 12 shows the value of rs for each
cell in the domain for the four model configurations.
Blue regions indicate that trends in EF and boundary
layer height were opposing predictors of one another,
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FIG. 9. (a)–(d) Monthly and column-averaged daytime planetary boundary layer height over domain d04 for summer 2008; monthly
difference in column averaged daytime planetary boundary layer height between WRF and (e)–(h) PFWRFFD, (i)–(l) WRFPFIC, and
(m)–(p) PFWRF3D.

while red regions indicate that boundary layer development and evaporative fraction trended together. This
latter instance (red) represents known EF controls on
turbulent fluxes discussed above (Santanello et al. 2009);
however, positive rs values may indicate that the same
external forcing directly influenced both EF and the
boundary layer. For example, in all models, EF and atmospheric boundary layer height trend positively along
the east side of the Front Range, a region influenced by
convective storm formation caused by boundary layer
convergence on the leeward side of topographic highs.
These convective storm events are responsible for large
summertime precipitation events in the uppermost High
Plains regions, and large storms can increase evaporative fraction by increased recharge.
Gray regions in Fig. 10 represent nonsignificant rs
values ( p . 0.05). Importantly, Fig. 10 suggests that not

only does the PFWRF3D hydrologic scheme increase the
number of cells in which the EF–boundary layer correlation is insignificant, it can actually reverse the correlation of trends. This is the case for many cells within the
Colorado Headwaters watershed, with Spearman’s rs
shifting from negative (expected) to positive. This has
implications for choice of hydrologic scheme and its
control on averages and spatial patterns of lower atmosphere states (e.g., Figure 4), but it also implies that
lower boundary representation and soil moisture redistribution methods can shift the direction of modeled
land–atmosphere coupling mechanisms. Topographic
convergence regions where the correlation is not statistically significant for PFWRF3D may indicate that
lateral flux from nonlocal regions (e.g., streamflow following snowmelt in June) changes EF timing and allows
soil water to persist longer in the summer, constraining
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FIG. 10. Horizontal profiles of (top) modeled planetary boundary layer height, (top middle) surface skin temperature, (bottom middle) soil moisture, and (bottom) terrain height, along the cross section shown in Fig. 2. Values
given for WRF (black), WRFPFIC (red), PFWRFFD (yellow), and PFWRF3D (blue) model results.

moisture limitation. WRFPFIC shows some of these
added regions where EF and ABL are not monotonically correlated. Also notice the similarities for some
regions in red between PFWRF3D and PFWRFFD. In
these regions, infiltration and drainage rate may play a
more important role in ABL–EF coupling relative to
lateral routing.

d. Feedbacks from subsurface hydrology to moist
convection and anabatic flows
Perturbations to land surface and atmospheric states
propagate into regional patterns of wind and moisture
caused by microtopography. In this section we address
the influence of LSM hydrology on the diurnal cycle and
on regional circulation and precipitation, suggesting two
primary mechanisms for changes to rainfall events:
upslope flows on warm summer days and moist convection in valleys.

Figures 13 and 14 show the development of the convective boundary layer during an average diurnal signal
for the four model configurations. Shown are mean diurnal signals of specific humidity Q, potential temperature u, and vertical wind speed W, averaged over valleys
(Fig. 13) and ridges (Fig. 14) west of the Continental
Divide. Diurnal signals were averaged during the month
of June due to the higher frequency of clear sky days
relative to other months of the simulation. We define
ridges and valleys in terms of groundwater convergence
to discharge zones: Fig. 13 shows diurnal signals over
grid cells containing major streambeds in the Colorado
Headwaters, Blue, and Eagle Watersheds, while Fig. 14
subsets topographic local maxima with water table
depths of at least 30 m.
The grouping of June diurnal signals based on topographic convergence zones highlights differences in
radiative convection development and mountain and
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FIG. 11. Atmosphere boundary layer height as a function of evaporative fraction for four model configurations.
Each point represents the temporal mean for a cell in the primary Colorado Headwaters watershed. The solid line
represents LOWESS smoothing with a smoother span of f 5 1/3.

valley breezes. While maximum ABL height is over
200 m lower than valleys than ridges, the temporal development of WRF convective boundary layer height,
humidity and temperature is similar in both locations,
with boundary layer height peaking at approximately
1500 local time (LT; Figs. 13a,b, 14a,b). Ridges show a
mountain and valley breeze signal, with daytime radiative heating causing upward (Fig. 14c). Daytime vertical
wind speed over valleys is slower and characterized by
downward movement in the lower convective layer
(Fig. 13c). These anabatic mountain–valley circulations, typical systems of mesoscale thermal convection in the Rocky Mountains, occur when mountain
slopes warm from radiative forcing, causing warm air
to rise upslope, which eventually cools and sinks to
collect in valleys (Defant 1951; Rampanelli et al. 2004).

Turnipseed et al. (2004) identify buoyancy-driven daytime upslope winds as a primary driver of regional atmospheric flow in this region, along with mountain
gravity waves and strong wintertime winds.
For the PFWRFFD (free draining) and WRFPFIC
(hydrologic model initialized soil moisture) configurations, perturbations to humidity and temperature do
not heavily depend on valley or ridge classification.
PFWRFFD simulates lower humidity and higher temperatures than WRF, and these differences are most
pronounced during the morning hours (1000–1100 LT),
facilitating higher ABL height, especially around noon
(Figs. 13d,e, 14d,e). WRFPFIC simulates moister, cooler,
and lower ABL than WRF throughout the day, with
differences peaking at 1400–1500 h (Figs. 13g,h, 14g,h).
Nighttime boundary layer is also impacted, with WRFPFIC
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FIG. 12. Spearman’s rs value for the correlation between atmospheric boundary layer height and evaporative
fraction time series at every cell in the domain. Correlations were calculated using time series from 1 May through
31 Aug. Results from (a) WRF, (b) PFWRFFD, (c) WRFPFIC, and (d) PFWRF3D. Blue colors represent opposing
trends in shape, while red indicates time series that positively correlate. Gray regions represent nonsignificant
values (p . 0.05).

exhibiting higher potential temperature, especially during
the early morning hours (Figs. 13h, 14h). PFWRF3D shows
similar behavior to WRFPFIC, with a dramatic decrease
in boundary layer height over valleys; however, changes
to humidity, temperature and vertical wind speed are
dampened over ridges. In a water-limited environment
such as this, increased moisture availability in valley floors
(a function of lateral groundwater transport and water
table convergence) leads to a more efficient evaporative
cooling than in ridges (Figs. 13j,k) for PFWRF3D. In June,
the lateral routing scheme results in no significant change
in mean boundary layer height over ridges (Figs. 9n, 14j),
contrasting the more than 200-m decrease in ABL height
over valleys relative to WRF (Fig. 13j).
Subsurface-driven perturbations to vertical winds
suggest sensitivity of mountain–valley breeze patterns to soil moisture distributions. PFWRFFD simulates higher upward winds over ridges relative to WRF, a
result of higher surface temperatures and rising eddies
(Fig. 14f); however, the free-draining model shows
noisy perturbations to vertical winds over valleys, likely
dampened and more chaotic due to leeward valley turbulence. In valleys, both PFWRF3D and WRFPFIC have
reduced upward air movement compared to WRF, a

function of cooler surface temperatures (Figs. 13i,k).
However, unlike WRFPFIC, PFWRFFD shows increased
upward breezes above ridges during morning hours;
such a combination could strengthen the morning development of mountain–valley circulation patterns.
These systematic changes in diurnal thermal regimes,
vertical airflow, and spatial organization of surface
moisture (Figs. 7–9) result in perturbations to regional
convection and precipitation. Figure 15 shows differences in cumulative precipitation fields between the
baseline WRF Model and PFWRFFD, WRFPFIC, and
PFWRF3D. Largest magnitude changes are focused on the
leeward side of the continental divide for all four models,
highlighting the sensitivity of solenoidal circulation, in
which both thermally driven flows and horizontal convergence of the ABL drive convection over mountain ridges
(Kirshbaum et al. 2018), to lower boundary condition hydrology. However, precipitation differences between model
configurations and the WRF baseline are inconsistent not
well organized. Below, we discuss possible and opposing
forces driving increases or decreases in precipitation.
Moist orographic convection can occur when a saturated, rising air parcel accelerates away from its initial
position, causing moist static instability. Figure 15e shows
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FIG. 13. Mean diurnal vertical profiles of (a) WRF-simulated humidity, (b) potential temperature, and
(c) vertical wind speed, averaged spatially over valleys and temporally during the month of June. Difference
between WRF-simulated diurnal values and those simulated by (d)–(f) PFWRFFD, (g)–(i) WRFPFIC, and (j)–(l)
PFWRF3D. Diurnal cycles are shown in local time, such that hour 0 indicates 0700 UTC.
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FIG. 14. Mean diurnal vertical profiles of (a) WRF-simulated humidity, (b) potential temperature, and
(c) vertical wind speed, averaged spatially over ridges and temporally during the month of June. Difference
between WRF-simulated diurnal values and those simulated by (d)–(f) PFWRFFD, (g)–(i) WRFPFIC, and (j)–(l)
PFWRF3D. Diurnal cycles are shown in local time, such that hour 0 indicates 0700 UTC.
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FIG. 15. (a) Cumulative precipitation and (e) mean 1400 LT daily maximum convective potential energy for WRF.
Difference from WRF baseline for (b)–(d) cumulative precipitation and (f)–(h) maximum convective available
potential energy for PFWRFFD, WRFPFIC, and PFWRF3D, respectively.
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WRF mean 1400 LT maximum convective available potential energy (CAPE) averaged over the summer simulation. CAPE is the buoyancy between the level of free
convection and the level of neutral buoyancy (Kirshbaum
et al. 2018) and is a measure for the potential for lifting,
convection, storm generation and severe weather. Note
that for this domain, while the mean afternoon CAPE
typically ranges between 100 and 300 J kg21, large synoptic storms in the late summer can cause CAPE to reach
over 1500 J kg22 in some locations; we have found that
perturbations to these large convective events from
the lower boundary to be highly noisy and disorganized. However, low levels of CAPE persist from April
through June, with domain-averaged afternoon CAPE
approximately 55 J kg22. Only 6 individual days in May
experience a domain maximum CAPE of over 400 J kg22.
The largest CAPE values on average occur at 1400 LT.
Differences between mean WRF 1400 LT CAPE and
the three lower boundary tests are shown in Figs. 15f–h.
Kirshbaum et al. (2018) suggest that in order for moist
convection initiation to occur for cloud generation along
mountain ridges, convective energy must be sufficient
enough to overcome adverse forces, such as ABL entrainment, which can reduce cloud buoyancy through
evaporative cooling. By reducing available moisture at
the surface, the PFWRFFD simulation reduces CAPE
compared to WRF. PFWRFFD also may have resulted in
perturbed entrainment of dry air from the troposphere
and exhibited an overall drier convective boundary
layer. WRFPFIC shows the opposite effect: an overall
wetter initial soil moisture condition increases 1400 LT
CAPE by up to 38 J kg22 across the domain relative to
WRF, and the boundary layer is generally wetter.
PFWRF3D exhibits more variability in its influence on
CAPE from the control WRF simulation: PFWRF3D
CAPE is higher on ridges along the Colorado Headwaters
boundary but lower along the east slope of the Front
Range. To highlight where these changes occur, Fig. 16
zooms in on a ridge and valley on the northern of the
Blue Watershed, showing the difference between the
WRF control simulation and PFWRFFD, WRFPFIC, and
PFWRF3D. Shown are evaporative fraction, CAPE and
wind speed in the direction of the prevailing winds. Notice
that PFWRF3D experiences higher latent heating and correspondingly higher CAPE (up to 40% higher) in the Blue
Watershed valley (Fig. 16c), while CAPE along the southwest ridge decreases by 5%–15% (Fig. 16f). This effect is
noisy, indicating that latent heating is not the only driver
impacting convective energy. To some extent, WRFPFIC
shows a similar pattern, but the effect is much less clear.
In general, higher CAPE creates more favorable conditions for ascending cloudy thermals and potential orographic precipitation, suggesting that WRFPFIC, and ridges
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in PFWRF3D may have slightly higher potential for precipitation; however, thermally driven flows can also cause
cloudiness over ridges by ABL convergence from prevailing winds and upslope flows (Kirshbaum et al. 2018).
Figures 16g–i shows the difference between WRF 10-m
wind speed (in the direction of the prevailing westerly
winds) and that of the three other hydrologic schemes. In
PFWRFFD, lateral winds speed is higher, with the leeward
side of ridges being less sensitive to perturbations from the
free-draining condition. WRFPFIC shows reduced wind
speed in valleys, possibly an effect of increased vertical
lifting of moist air through latent heating. In Fig. 16,
PFWRF3D exhibits slower mean westerly winds within the
valleys and especially on the northeast slopes, which could
indicate that daytime upslope flows are stronger or more
frequent. Given that westerly winds on the windward
slope in Fig. 16 are higher in the PFWRF3D case, it
suggests that incorporating lateral groundwater flow
increases the strength of prevailing and opposing upslope winds converging over ridges in this location,
which could increase ABL convergence over ridges.
These results, as well as those in Figs. 13 and 14,
corroborate the idea that surface moisture and temperature anomalies, which are highly dependent upon
soil moisture redistribution schemes, can affect the
strength of regional anabatic flows. Other studies have
shown sensitivity of mesoscale mountain-breeze circulations to subsurface moisture: in 2D, idealized
models, Ookouchi et al. (1984) showed that soil moisture spatial heterogeneity could affect mountain-breeze
strength, and Bossert and Cotton (1994a,b) found similar sensitivity of Front Range upslope flows to soil
moisture-induced temperature anomalies. These effects
can have complicated and contrasting impacts to regional precipitation; we recommend that the coupled
hydrology–atmosphere community continue to explore
these possibilities with controlled, idealized experiments and realistic mesoscale simulations.

4. Conclusions
This study presented results from summertime WRF
simulations in the Rocky Mountain headwaters region
in 2008. A suite of four models were run with various
adjustments to the Noah LSM representation of soil
moisture redistribution and terrestrial hydrology: a default WRF control case; a deep, free-draining model
with an adjusted infiltration scheme and soil hydraulic
parameters (PFWRFFD); a default WRF Model initialized with a hydrologic model spinup for soil moisture
(WRFPFIC); and a fully coupled, three-dimensional representation of integrated subsurface–surface hydrology
(PFWRF3D).
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FIG. 16. Difference between the control WRF simulation and (left) PFWRFFD, (center)
WRFPFIC,and (right) PFWRF3D values for (a)–(c) evaporative fraction, (d)–(f) maximum convective
available potential energy, and (h)–(j) prevailing wind speed. Topographic contours between 2000
and 3500 m are overlain and a wind rose for the prevailing flows is shown.
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Results showed considerable differences in soil moisture
and evaporative fraction, planetary boundary layer characteristics and land–atmosphere coupling. Lateral subsurface flow routes moisture from hilltops to valleys, resulting
in comparatively cooler, moisture, and lower ABL in regions of topographic convergence. For a region of predominantly orographic precipitation, in which topographic
highs receive the greatest amount of recharge, the
ability for water in the soil column to flow in response
to complex terrain influences local circulation patterns
and meteorological forecasts. Unlike many traditional
LSMs, PFWRF3D transports the elevation-dependent
precipitation to topographic lows. Lateral groundwater
flow incorporation in the atmospheric model was shown
to affect low levels of convection, particularly by increasing the mean afternoon convective available potential energy in river valleys, and it may increase the
strength of anabatic mountain–valley circulation.
The results are of major consequence to studies of
groundwater–atmosphere coupling and feedbacks; in particular, there is much work to be done in examining the
impact of LSM hydrologic physics on convection and
precipitation. Vivoni et al. (2009) showed that antecedent
moisture conditions significantly influence precipitation
predicted by WRF during the North American monsoon
in the southwest United States. They found that simulated
cumulative rainfall was sensitive to a multiplier applied to
the initial soil moisture fields, with higher antecedent
moisture portending higher evapotranspiration and
precipitation rates. The results of this study also implicate the use of hydrologic models to establish initial soil
moisture conditions, for 1) mechanistic representation of
local moisture redistribution, to supplement downscaled
conditions from coarse-resolution atmospheric products
(Peng et al. 2017), 2) initializing moisture at an equilibrium state in order to minimize initial condition bias, and
3) limiting the higher computational demands of a fully
coupled, hydrology–atmosphere modeling platform.
Our comparison of meteorological simulations that
employ different lower boundary conditions highlights a
fact already well established in the literature: that both
soil moisture and groundwater provide important controls on planetary boundary layer development. Given
that incorporation of a lateral flow component not only
changes the magnitude and spatial heterogeneity of both
turbulent fluxes and ABL height, but also mechanistically
adjusts the physical coupling between land and atmosphere, the results here warrant further investigation of
LSM hydrologic assumptions.
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