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ABSTRACT

The boundary layer, land surface, and subsurface are important coevolving components of hydrologic sys-

tems. While previous studies have examined the connections between soil moisture, groundwater, and the

atmosphere, the atmospheric response to regional water-table drawdownhas received less attention. To address

this question, a coupled hydrologic–atmospheric model [Parallel Flow hydrologic model (ParFlow) and WRF]

was used to simulate the San Joaquin River watershed of central California. This study focuses specifically on

the planetary boundary layer (PBL) in simulations with two imposed water-table configurations: a high water

table mimicking natural conditions and a lowered water table reflecting historic groundwater extraction in

California’s Central Valley, although effect of irrigation was not simulated. An ensemble of simulations in-

cluding three boundary layer schemes and six initial conditions was performed for both water-table conditions

to assess conceptual and initial condition uncertainty. Results show that increased regional water-table depth is

associated with a significant increase in peak PBL height for both initial condition and boundary layer scheme

conditions, although the choice of scheme interacts to affect themagnitudeof peakPBLheight change.Analysis

of simulated land surface fluxes shows the change in PBL height can be attributed to decreasing midday

evaporative fraction under lowered water-table conditions. Furthermore, the sensitivity of PBL height to

changes in water-table depth appears to depend on local water-table variation within 10m of the land surface

and the regional average water-table depth. Finally, soil moisture changes associated with lowered water tables

are linked to changes in PBL circulation as indicated by vertical winds and turbulence kinetic energy.

1. Introduction

The atmosphere and terrestrial hydrosphere contin-

ually coevolve through their interactions at the land

surface. As the lower boundary of the atmosphere, the

planetary boundary layer (PBL) affects heat, moisture,

and momentum fluxes and is an important factor con-

trolling land–atmosphere interactions and much of the

weather we experience (Stull 1988). Studies of the PBL

in the context of land–atmosphere interaction are often

framed as involving near-surface soil moisture and

atmospheric responses like temperature, boundary layer

development, and precipitation. While a growing body

of literature has addressed many of the complexities

associated with such land–atmosphere coupling through

soil moisture (Findell and Eltahir 1997; Patton et al.

2005; Juang et al. 2007; Adler et al. 2011), the role of the

deeper subsurface has received less attention. Similarly,

while the role of groundwater flow systems in main-

taining spatial and temporal structure of soil moisture

and associated surface energy partitioning has been well

explored (Chen andHu 2004; Miguez-Macho et al. 2007;

Kollet and Maxwell 2008; Maxwell and Kollet 2008;

Rihani et al. 2010), significant questions remain re-

garding how such interactions may be influenced by

dynamic atmospheric feedbacks.

A portion of the previous research examining deeper

subsurface–atmosphere interactions has been done
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using simplified representations of the hydrology

(Seuffert et al. 2002; Jiang et al. 2009), the atmosphere

(Bonetti et al. 2015; York et al. 2002), or both (Quinn

et al. 1995). A general finding from such studies has been

that extending the treatment of groundwater in coupled

atmospheric models can improve terrestrial hydrologic

dynamics in the form of a more capacious store and

buffer of atmospheric water (sustaining streamflow and

evapotranspiration) and as a means of distributing

andmaintaining soil moisturemore appropriately across

the modeled landscape. Although constrained in some

aspects by the limited physics used, the insights gained

from such simplified simulations serve as useful com-

parisons to more process-intense modeling studies. Of

specific relevance for this study, Quinn et al. (1995) and

Bonetti et al. (2015) demonstrated a direct correlation

between water-table depth (WTD) and boundary layer

height over a range of effective water-table depths on

the order of several meters, despite using a simplified

slab boundary layer model.

Sophisticated hydrologic and atmospheric models are

increasingly being used together to further explore the

pathways that link groundwater, soil moisture, and at-

mospheric behavior. Such models have been used to

initialize land surface–atmospheric models with soil

moisture profiles consistent with the regional ground-

water and surface hydrology (i.e., historical climate,

terrain, vegetation, etc.). For example, Rihani et al.

(2015) used this approach for an idealized domain sim-

ulated with the Advanced Regional Prediction System

(ARPS) to reveal the transient importance of topog-

raphy, soil moisture, and water-table depth on bound-

ary layer development, noting a correlation between

PBL height and water-table depth extending to 10m.

Rahman et al. (2015) and Shrestha et al. (2014) com-

pared atmospheric response in coupled Parallel Flow

hydrologic model (ParFlow)–CLM–COSMO simula-

tions of real-world domains that alternately reflected

three-dimensional subsurface flow and limited one-di-

mensional flow. They demonstrated the importance of

lateral surface and subsurface flow for mediation of latent

heat flux in time and space and improving matches to

surface energy flux measurements. Similarly, Maxwell

et al. (2007) used the coupled ParFlow–ARPS model to

show that surface fluxes, states, and boundary layer de-

velopment are sensitive to hydrologically consistent soil

moisture initializations, but that the effect of such initial

consistency may decay over extended simulation (;36h)

if not maintained by lateral flow mechanisms. Finally,

Keune et al. (2016) show, through a series of Terrestrial

Systems Modeling Platform (TerrSysMP) simulations

over continental Europe, that different subsurface pa-

rameter and process representations affect land surface

fluxes as well as the coupling and feedback processes

between the subsurface and atmosphere, noting a

complex interaction of sensitivities to the presence of

lateral flow and hydraulic parameter values.

The growing evidence for connection between

groundwater and the atmosphere suggests that anthro-

pogenic impacts to groundwater systems may extend

beyond terrestrial hydrology. Extensive groundwater

extraction to support agriculture, industry, and domestic

use has produced regions of considerable aquifer de-

pletion around the world (Döll et al. 2012; Scanlon et al.

2012; Wada et al. 2010). In particular, groundwater ex-

traction to support irrigation has been linked with sig-

nificant declines in important regional aquifer systems

(Wada et al. 2012), with California’s Central Valley be-

ing a notable example in the United States (Famiglietti

et al. 2011; Scanlon et al. 2012). Although anomalous

soil moisture associated with irrigation in arid and

semiarid regions has been shown to propagate effects to

the atmosphere (Lobell et al. 2009; DeAngelis et al.

2010; Kueppers and Snyder 2012; Lo and Famiglietti

2013), the component effect of water-table drawdown

for the same areas has received little examination and

provides a key motivation for this study. Understanding

the role of the water table in such regions has particular

relevance, as irrigation may be periodically limited as a

result of drought, water-table drawdown beyond the

reach of wells, changes in regulation, or some combi-

nation of factors.

2. Methods

We use the subsurface–land surface–atmospheric

modeling framework that couples ParFlow and the

Weather Research and Forecasting Model (PF.WRF;

Maxwell et al. 2011; Williams and Maxwell 2011) to

analyze the impact of a lowered water table on the

planetary boundary layer over the San Joaquin River

basin in central California. The approach used in this

study comprises a series of simulation components, de-

scribed in the following sections.

a. Domain and time period of interest

The model domain is centered on the San Joaquin

River basin and covers the majority of the contributing

area of the watershed in the Sierra Nevada and the

Central Valley floor. The domain is 270 km in the east–

west dimension and 240km in the north–south di-

mension. The map in Fig. 1 shows the location and

configuration of the domain. The lateral discretization

of the model domain for the coupled simulations is

a uniform 1km in the x and y dimensions. Vertical

discretization differs for the ParFlow and WRF
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components, as described below. Modern vegetative

cover in the region is dominated by irrigated cropland,

pasture, savannah, and shrubland on the valley floor and

edges that grades into evergreen needleleaf and mixed

forests in themiddle elevations of the Sierra Nevada and

sparse or barren cover at higher elevations (NASA

2001). This land-cover distribution is reflected in the

vegetation types assigned to the Noah land surface

model used in the coupled PF.WRF simulations.

We selected a 2-week period in July 2003 (14–28 July

2003) as the period of interest for the coupled PF.WRF

simulations. We chose to simulate a 2-week span be-

cause coupled simulation times were short enough to

make completing an ensemble of runs feasible while

allowing the simulation to capture a wider range of day-

to-day variability. The specific 2-week span was chosen

for several reasons. First, this midsummer time period is

sufficiently distant from peak snowmelt season to reduce

the intensity of surface flows discharging from the Sierra

Nevada, flows that might otherwise dominate the Cen-

tral Valley hydrologic regime. Second, midsummer in a

Mediterranean climate such as California’s tends to be

characterized by fairly consistent atmospheric condi-

tions with precipitation in the mountains or valley

driven by local convection rather than dominant

synoptic-scale events, for example, influx of large, moist

Pacific air masses. Third, the 14 days spanning 14–

28 July 2003, while mostly dry, do include some small

precipitation events across the Sierra Nevada crest and

even extending into portions of the Central Valley, as

indicated by station and radar records. These events

introduce some variability into the expected atmo-

spheric structure while the 2-week simulation period

provides an opportunity for coevolution of the

subsurface–land surface–atmospheric system.

b. WRF nests

The 1-km lateral-resolution PF.WRF domain is

forced with lateral boundary conditions derived through

offline downscaling of WRF, version 3.3 (Skamarock

et al. 2008), simulations using three nests at increasing

resolution (27, 9, and 3km). The downscaling runs were

done using WRF and the Noah land surface model but

without the ParFlow simulation component. The extents

and locations of these nests are shown in Fig. 2, with the

1-km PF.WRF domain shown with a thicker outline in

the center. The WRF domains were discretized into 65

vertical layers with hyperbolic tangential stretching ap-

plied to concentrate more layers in the lower portion of

the atmospheric column. Using this scheme, the lowest

2 kmwas discretized into 25 layers. TheNorthAmerican

Regional Reanalysis (NARR) product (Mesinger et al.

2006; NCEP 2005) was used to drive the outermost

(27 km resolution) nest over the period from 1 June

through 1August 2003.One-way nestingwas employed for

the interior domains. The innermost (3km) nest was run in

convection-permitting mode while convection parameter-

izations were employed for the coarser 27- and 9-km nests.

The choice of physics schemes and other input options are

summarized in Table 1. The numbers in brackets corre-

spond to the options used in the WRF input file.

For each nested WRF simulation, a spatial and tem-

poral (14–28 July 2003) subset of the simulated conditions

from the 3-km nest was processed to produce boundary

FIG. 2. Nested domains used for WRF-only downscaling sim-

ulations. The full extent represents the largest (27 km) nest.

Each subsequently smaller nested domain has a resolution 3

times that of the parent, such that the innermost grid has a 1-km

resolution, corresponding to the domain shown in Fig. 1. The

shading shows the increasing resolution of terrain across the

nested domains.

FIG. 1. Coupled PF.WRF domain location centered on the San

Joaquin River basin and the Central Valley in central California. The

red box marks the lateral extent of the 270 km3 240 km model grid

and includes portions of the Sierra Nevada and Coast Ranges. The

thick blue lines highlight the San Joaquin River and selected major

tributaries. The location of the profiler station used for comparison to

the simulations in Fig. 10 is shown as a black dot. The location of the

cross section used in Fig. 13 is shown as a dashed black line.
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and initial conditions for the coupled San Joaquin

basin domain.

c. ParFlow hydrologic model

The ParFlow component of this study simulates var-

iably saturated subsurface flow and overland flow with a

fully implicit solution of the three-dimensional mixed

form of the Richards equation and a kinematic wave

approximation for surface flow (Ashby and Falgout

1996; Jones and Woodward 2001; Kollet and Maxwell

2006; Maxwell 2013). The terrestrial domain is dis-

cretized at a 1-km lateral resolution and a variable res-

olution over a 500-m vertical depth using five layers. The

top four ParFlow layers are discretized according to the

scheme used in the Noah land surface model (Ek et al.

2003, p. 200): 0.1, 0.3, 0.6, and 1.0m, in order of increasing

depth from the land surface. The fifth (bottom) layer

spans 498m and functions as a vertically integrated ap-

proximation of deeper subsurface flow. A terrain-

following transform (Maxwell 2013) is applied to vertical

dimension of the grid such that the topographic variability

of the landscape is represented across all fivemodel layers.

This conceptualization of the subsurface flow system does

not represent variation in vertical gradients in depth be-

low 2m but captures the large-scale horizontal gradients

responsible for lateral transport of water across a regional

subsurface flow system like the San Joaquin River basin.

The San Joaquin ParFlow domain is defined with no-flow

conditions on the lateral and bottom boundaries. An over-

land flow boundary condition is assigned to the top bound-

ary, coincidentwith themodeled land surface.Overlandflow

routing is simulated by the kinematic wave approximation

(Kollet and Maxwell 2006) with inputs comprising surface

slopes in the x and y directions and Manning’s roughness

values. Following the method of Barnes et al. (2016), slopes

are derived from a 1/3-arc-s (;10m)DEMaggregated to the

1-km-resolution grid using the watershed analysis tool in the

Geographic Resources Analysis Support System (GRASS)

GIS (Gesch 2007; Gesch et al. 2002; Ehlschlaeger andMetz

2014) and Manning’s roughness values assigned from refer-

ence values (Chow 2009) based on general vegetation type

and topographic region.

Subsurface properties are assigned according to in-

dicator categories that describe a hydrostratigraphicmodel

of the system. The simplified hydrostratigraphy used here

is based on datasets developed for previous studies of the

region (Faunt 2009; Mansoor 2009) and includes detailed

surface layers and an aggregated deeper subsurface layer

that is the mode of hydrostratigraphic units over that in-

terval. Hydraulic parameter values (permeability, van

Genuchten constitutive relationship parameters, porosity,

and specific storage) are assigned according to the previous

studies where available, that is, near-surface layers and for

the Central Valley, and using reference values for the

portion of the subsurface representing the Sierra Nevada

and Coastal Range mountain blocks.

The ParFlow domain is initialized for use in coupled

PF.WRF simulations through a spinup process whereby

surface and subsurface hydrology is dynamically equil-

ibrated with a given climatological forcing. We initially

applied a constant (in time) precipitation field to the

surface of the dry domain and allowed the subsurface to

wet until a regional water table and surface features

began to form. We continued the spinup process by it-

eratively simulating the same year using an average, but

transient hourly, atmospheric forcing with the CLM-

based land surface model component activated (Kollet

and Maxwell 2008; Maxwell and Miller 2005) until the

TABLE 1.AdvancedResearch version ofWRF, version 3.3, dynamic downscaling nest configurations. The numbers in brackets correspond

to the options used in the WRF input.

Parameter Nest 1 Nest 2 Nest 3 Notes

Horizontal resolution

(km)

27.0 9.0 3.0

Vertical levels 65 65 65

Time step (s) 162 54 18 (Adaptive time step used)

Convection

parameterization

Kain–Fritsch (new eta) [1] Kain–Fritsch

(new eta) [1]

Explicit [0]

Boundary layer scheme Varies Varies Varies Changed as part of experiment

Surface layer Monin–Obukhov [1] or [2] Monin–Obukhov

[1] or [2]

Monin–Obukhov

[1] or [2]

Depends on boundary layer

scheme

Microphysics Thompson et al.

(2008) [8]

Thompson et al.

(2008) [8]

Thompson et al.

(2008) [8]

Land surface Noah LSM [2] Noah LSM [2] Noah LSM [2]

Shortwave radiation MM5 Dudhia

(1989) [1]

MM5 Dudhia

(1989) [1]

MM5 Dudhia

(1989) [1]

Longwave radiation RRTM [1] RRTM [1] RRTM [1]

Scalar advection Positive definite Positive definite Positive definite
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terrestrial hydrology approached dynamic equilibrium

with the forcing, asmeasured by the annual change in total

surface and subsurface storage following documented

metrics for integrated model spinup (Ajami et al. 2014a,b;

Seck et al. 2015). For this study, we applied the spinup

process until the change in total storage between the end

of a spinup year and the beginning was less than 0.1% of

the beginning storage. This criterion was applied to both

hydrology scenarios described in the next section.

TERRESTRIAL HYDROLOGY SCENARIOS FOR

PF.WRF

We developed two terrestrial hydrologic initial con-

ditions for use with the PF.WRF simulations: a pre-

development (natural or no pump) condition and a

modern water-table drawdown (pumped) condition. The

first represents a system driven by modern meteorology

but lacking local anthropogenic hydrologic influences like

surface water impoundments, channel diversions, canals,

groundwater extraction, and irrigation. The second

represents a system with no difference from the first ex-

cept that it has been equilibrated with water-table draw-

downs consistent with historical groundwater extraction.

The natural condition is created by iteratively simu-

lating water year 2003 (from 1 October 2002 through

30 September 2003) using hourly atmospheric forcing

until the terrestrial hydrology is in approximate dynamic

equilibrium. This initial condition for the coupled PF.WRF

simulations was then extracted from spinup simulation re-

sults corresponding to the 0000UTC14 July 2003 start time.

The pumped condition was created by imposing water-

table drawdown on the natural subsurface pressure field in

the Central Valley portion of the domain. This was ac-

complished by replacing the natural conditions with a

hydrostatic pressure field derived from the water level el-

evation simulated by the Central Valley HydrologicModel

(CVHM;Faunt 2009) for the unconfined aquifer system for

the summer of 2003. The effect of this perturbation was

allowed to propagate and equilibrate with the rest of the

modeled domain through subsequent iterative yearly sim-

ulations using the same hourly atmospheric forcing used in

the natural condition preparation. Comparison of the re-

sulting water-table configuration to that produced by the

CVHM showed the equilibration procedure did not sub-

stantively alter the agreement between the two. Water-

table depths for the natural and pumped conditions are

shown in Fig. 3, with contours highlighting the regions of

drawdown within the Central Valley. Notably, a compari-

son of the plots in Fig. 3 shows the disappearance of much

of the near-surface groundwater (dark blue zones) along

the Central Valley axis and alluvial valleys under the

modern pumped condition.

The soil moisture, defined here as themoisture in the top

2m (four layers) in the model, was controlled by the two

water-table configurations. In the natural (no pumping)

condition, the soil moisture distribution mimicked the

water-table depth: high soil moisture contents along the

riparian areas of the San JoaquinRiver andmain tributaries

(Fig. 3), with drier soils near the Central Valley edge and to

the south along the natural aridity gradient. Under the

pumped water-table condition, soil moisture tended to be

drier across the Central Valley floor in general, with the

most intense drying occurring in the riparian zones where

the natural water table was very near the surface.

d. Suite of three PBL schemes

Boundary layer processes in mesoscale models like

WRF are incorporated through a parameterization that

FIG. 3. Water-table depths for (left) natural (no pump) and (right) drawdown (pump) conditions. Darker blue

colors indicate the water table is nearer the surface. Contours on figure at right show the difference in water-table

depth between the no-pump and pump conditions. Darker contours indicate greater drawdown.
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attempts to account for the subgrid-scale turbulence that

cannot otherwise be explicitly simulated. A range of

parameterizations is available to the modeler and each

encapsulates a particular conceptual representation of

the boundary layer. An ensemble consisting of simula-

tions run with different boundary layer schemes thus

permits a measure of conceptual uncertainty in the

modeling result. To that end, we performed the down-

scaling and coupled PF.WRF simulations over the San

Joaquin basin using three common boundary layer

schemes: the Medium Range Forecast (MRF), the

Yonsei University (YSU), and the Mellor–Yamada–

Janjić (MYJ) schemes. We performed nested offline

WRF simulations for each scheme choice to ensure that

all initial and boundary conditions used in the coupled

PF.WRF simulations were consistent with the scheme

used.

These schemes are well established, commonly used,

and represent different turbulence closure and local/

nonlocal schemes. Specifically, theMRF (Hong and Pan

1996) andYSU (Hong et al. 2006) schemes are both first-

order, nonlocal formulations. In contrast, the MYJ

scheme (Janjić 1994, 1990) includes a 1.5-order closure

scheme in a local formulation. The difference in un-

derlying formulations should result in variation in sim-

ulated boundary layer characteristics. In general, the

nonlocal schemes would be expected to produce deeper

mixed layers and enhanced free atmosphere entrain-

ment compared to local schemes as they capture the

effects of larger eddies (Cohen et al. 2015; Stull 1991).

e. Perturbations

Small variations in initial condition can result in di-

vergent simulated states as a result of the chaotic nature

of the atmospheric system (Lorenz 1963). Given our

imperfect knowledge of the initial state of the atmo-

sphere, performing simulations with an ensemble of

plausible initial conditions allows a means to assess the

sensitivity of a particular result in the context of this

uncertainty. For this study, we adopt the method of

shifted initializations (Walser et al. 2004) to construct an

ensemble of six perturbed initial conditions used as in-

puts to the simulation of the PF.WRF coupled domain.

This method creates a set of perturbed initial conditions

by 1) first initializing and running the model with initial

conditions at increasing times previous to the desired

start, 2) taking the difference of a given variable field

and for each ensemblemember from the ensemblemean

at the desired start time, and 3) scaling that difference

by a user-defined value and adding (or subtracting) that

difference back to the selected ensemble of variable

fields (Walser et al. 2004; Walser and Schär 2004). For
this study we used six hourly shifts in initialization time;

a scaling factor of three; and modified horizontal wind,

humidity, pressure, and temperature variables. We limit

the ensemble variation to the initial condition pertur-

bations: we use identical lateral boundary conditions

and the YSU boundary layer scheme in each of the six

ensemble members. The same six perturbed initial

conditions are used to initialize the coupled PF.WRF

domain for both the predevelopment and pumped

water-table scenarios.

3. Results and discussion

a. Surface energy fluxes

Changes in soil moisture are tied to shifts in the par-

titioning of energy fluxes at the land surface. For

example, a decrease in soil moisture reduces latent heat

flux and increases sensible heat flux. Given that water

exists in a connected continuum in the porous sub-

surface, water-table depth may correlate with energy

flux partitioning by way of groundwater contributions to

soil moisture across a landscape. Previous studies have

demonstrated an inverse relationship between water-

table depth and latent heat flux (LH), with the magni-

tude of flux most sensitive to changes in water-table

depths between 1 and 5m (Kollet and Maxwell 2008;

Rihani et al. 2010; Szilagyi et al. 2013). Such a change in

LH implies a counterbalancing (at least partially) shift in

sensible heat (SH) to maintain a closed energy budget.

The shift in energy partitioning can be summarized by

examining changes in evaporative fraction (EF), the

fraction of incoming radiation that goes to latent heat

flux (Gentine et al. 2011):

EF5
lE

R
net

5
LH

LH1 SH
5

1

11B
,

where l is latent heat of vaporization, E is evaporation

rate,Rnet is net radiation, LH is latent heat flux (Wm22),

SH is sensible heat flux (Wm22), and B is the Bowen

ratio (SH/LH). This formulation assumes that ground

heat fluxes are sufficiently small that Rnet ’LH1 SH.

As a first step in understanding how water-table

changes affect the system, we compute the EF for ev-

ery model cell within the Central Valley portion of the

domain at 30-min intervals for the 2-week simulation

period. It is not uncommon to observe EF values greater

than 1, particularly during deviations from daytime,

clear sky conditions (Gentine et al. 2011; Peng et al.

2013). To improve clarity of the difference between the

pumped and natural water-table conditions, however,

we discard EF values outside the range of 0–1. The time

series plots in Fig. 4 show the temporal variation of the

EF over the Central Valley for the two water-table
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conditions and each of the three PBL schemes used. The

solid lines show the spatial mean and the shaded regions

represent plus/minus one standard deviation from the

mean. Qualitatively, the choice to filter values to the 0–1

range does not affect the mean daytime values or the

difference between the pumped and natural water-table

conditions, but it does substantially reduce the standard

deviation about the mean. The plots demonstrate a daily

pattern in EF evolution: near zero or negative values in

the evening and a positive ‘‘U shape’’ during daylight

hours. The lowering of the water table (increasing

water-table depth) leads to a decrease in the evaporative

fraction during midday, with midday minima reduced

from approximately 0.5 under the natural water table to

0.2–0.4 under the pumped water-table condition.

The spatial distribution of reduction in EF follows the

pattern of water-table decline across the Central Valley

landscape (Fig. 5). In particular, reduction in averageEF

is more pronounced in locations where the natural water

table was nearer the land surface, like the riparian cor-

ridor along the San Joaquin River and Fresno Slough,

in the southern portion of the domain. Notably, stream

and river channels that maintain surface flows and/or

groundwater connection under the pumped water-table

condition show no change in average EF, highlighting

the importance of including lateral surface and sub-

surface flow when studying changes across a heteroge-

neous landscape.

b. Boundary layer height

The simulated boundary layer follows a diurnal cycle

with the amplitude and timing dependent on the loca-

tion and general atmospheric conditions. The plots in

Fig. 6 show a time series of the spatial mean and stan-

dard deviation about the mean of boundary layer height

for the natural and pumped water-table conditions. The

observed shift in EF (section 3a) suggests that the lower

boundary layer receives more turbulence-generating

sensible heat fluxes under the pumped water-table

condition, helping to promote development of a higher

boundary layer. This connection is born out in the time

series of PBL heights averaged over the Central Valley:

while evening and early morning PBL heights tend to

match in the pumped and nonpumped scenarios, the

midday average peak PBL under the lowered water-

table (pump) condition is consistently greater than that

FIG. 4. Spatial mean and std dev EF for Central Valley cells as simulated using the YSU,

MYJ, andMRF PBL schemes. Blue shaded areas and lines represent simulated EF std dev and

mean, respectively, for the natural (no pump) water-table condition. The red shaded areas and

lines represent the std dev and mean EF for the pumped (pump) water-table condition. Indi-

vidual EF values greater than 1 were filtered out to improve clarity of diurnal signal.
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under the higher, natural water-table condition. The

plots in Fig. 6 also demonstrate the variability among

the three PBL schemes used. TheMYJ scheme produces

the thinnest boundary layer but matches the diurnal

pattern of the YSU while the MRF and YSU schemes

produce comparable peak PBL heights while following

different daily evolution patterns.

Diagnosis of the planetary boundary layer height in

WRF depends on the boundary layer scheme in use. For

example, the nonlocal YSU scheme defines the top of

the boundary layer as the lowest elevation at which the

bulkRichardson numberRib exceeds some critical value

(Hong 2010; Hong et al. 2006). In contrast, the boundary

layer height is defined in the MYJ scheme as the lowest

elevation at which the turbulent kinetic energy falls

below a specified threshold (0.1m2 s22; Janjić 2002).

This difference in diagnosis method has been shown to

increase the variance of simulated PBL height in en-

sembles composed of different PBL schemes (Xie et al.

2012). Acknowledging that this phenomenonmay be the

cause of greater between-scheme difference than amore

unified measure of mixed layer depth would yield, we

still present the scheme-specific diagnosed PBL height

as a valuable metric of atmospheric response to change

in water-table configuration.

A comparison of time-averaged peak PBL height

differences (PBLPump 2PBLNo Pump; Fig. 7) shows the

change in PBL height corresponds closely with the

change in EF shown in Fig. 5. Again, we see the largest

increases in PBL height in locations along the Central

Valley axis where water tables declined from a shallow

natural depth. The plots for each of the different

schemes demonstrate differences in the simulation of

the PBL: theMRF scheme seems to produce a change in

PBL that is most sensitive to heterogeneities in the land

surface, the YSU scheme yields a PBL difference that is

more diffuse but similar in magnitude to that produced

in the MRF scheme, and the MYJ scheme gives the

smallest change in PBL height while matching the

qualitative spatial distribution of PBL change seen in

the other two schemes.

The spatial plots also reveal that changes to the

boundary layer extend into the Sierra Nevada to the east

of the Central Valley. Changes in PBL height appear for

each of the PBL schemes and are characterized by a

spatial pattern of mixed PBL height increases and de-

creases. The apparent lack of a coherent spatial struc-

ture in these changes reflects the impact of the complex

terrain on surface heating, winds, and the resulting

boundary layer development. Thus, while attributing a

direct mechanistic link between water-table changes in

the valley to precise changes in PBL heights in the

mountains may be unjustified, these results suggest the

perturbation of important boundary layer properties

may extend beyond the geographic location over which

the perturbing subsurface change occurs.

c. Variation from PBL scheme and initial condition
perturbations

The differences in simulated PBL height resulting

from choice of scheme and water-table condition are

shown in the time series of spatially averaged daily peak

[taken as the PBL height at 1400 local time (LT)] PBL

height in Fig. 8. The heavy lines show the mean PBL

height response within each water-table condition

group. The differences in mean PBL scheme group

values indicate an average increase of 200–400m in the

peak PBL height as a result of the decline of the regional

water table. The plot also shows considerable variation

in the simulated PBL for the pumped water-table con-

dition that depends on the PBL scheme, with the mean

peak PBL for theMYJ scheme roughly matching that of

the natural water-table scheme ensemble mean. We test

the significance of the differences in PBL height due

to the water-table configuration, choice of scheme, and

the interaction effect of these two factors, using a re-

peated measures analysis of variance (ANOVA). The

daily spatial mean peak PBL heights for the Central

Valley portion of the domain (n 5 15) were used as the

repeated measures within each PBL and water-table

group. The results of the ANOVA (Table 2) show that

FIG. 5. Temporal mean daytime (averaged over daylight hours:

0800–1800 LT) EF difference between the natural (no pump) and

pumped (pump) water-table conditions. Values are averaged over

all three PBL schemes (YSU,MYJ, andMRF).Red values indicate

a reduction in EF.
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both the water-table depth condition and the choice of

PBL scheme have a significant effect on the resulting

peak PBL height at the p , 0.001 level. A small in-

teraction effect is also observed, with a significance level

of roughly 0.05. This means that the choice of PBL

scheme has some effect on the magnitude of the differ-

ence in average peak PBL height resulting from differ-

ent water-table depths, although the strength of this

effect appears to be less than the major effects of PBL

scheme or water-table condition alone.

The differences in simulated daily peak average PBL

heights resulting from initial condition perturbations are

shown in Fig. 9. In contrast to the effects of PBL scheme

(Fig. 8), the variation in peak PBL height during the

simulation due to initial condition perturbation are

minimal. An analysis of variance shows the lowering of

the water table has a significant impact (,0.001) on

average PBL height while the effect of initial condition

perturbation is insignificant. Although the initial con-

dition perturbations had almost no effect on the PBL,

they resulted in variation in other parts of the system.

For example, domain-averaged accumulated pre-

cipitation varied between 2.59 and 2.84mm in the

natural water-table condition and between 2.62 and

2.85mm in the pumped water-table condition. The co-

efficient of variation is approximately 3% in both cases

and is consistent with results from Walser and Schär
(2004) for cases of moderate convection and strong

orographic control.

d. Comparison to observations

Comparing the results of simulations in this study

against observations is complicated by two factors.

First, the hydrology in the modeled system reflects

either a natural groundwater system or one affected by

water-table drawdown absent accompanying irrigation

at the land surface. The atmosphericmeasurement record,

insofar as it exists, captures the effects of both water-table

drawdown and widespread irrigation. Second, measure-

ments that overlap with the spatial extent of the domain

and the simulation period are relatively scarce. A station

featuring collocated radar wind boundary layer profiler

(915MHz) and radio acoustic sounding system (RASS) at

Chowchilla [station identification: CCL, NOAA/ESRL/

Physical Sciences Division (PSD); https://www.esrl.

noaa.gov/psd/data/obs/datadisplay/] provides the only

FIG. 6. Spatial summary of PBL height time series for the Central Valley portion of the

PF.WRF domain. The red line traces the spatial mean while the red shaded region shows

themean plus/minus one std dev for thewater-table drawdown (pump) condition. Similarly, the

blue line and shaded region traces the mean and std dev about the mean, respectively, for the

natural (no pump) water-table condition.
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measure of boundary layer and near-surface dy-

namics over the July 2003 simulation time period.

Hydrologic inconsistencies notwithstanding, a quali-

tative comparison between profiler estimates and

the simulated boundary layer profile (Fig. 10) pro-

vide some confidence that the coupled model cor-

rectly captures some aspects of lower atmosphere

dynamics.

The comparison of measured and simulated (YSU

PBL scheme and natural water-table condition) virtual

temperature in the boundary layer at three times in the

diurnal cycle (Figs. 10a–c) shows that the model and

observations are generally consistent within the range of

observed and simulated variability. Given the impact of

irrigation is embedded in the boundary layer measure-

ments and that such activities are not simulated, an exact

match would not be expected. Figure 10d shows a com-

parison of simulated boundary layer height (YSU–no

pump, solid line; YSU-pump, dashed line) with the

signal-to-noise ratio obtained from the radar profiler, a

measurement that can provide an inexact, qualitative

assessment of boundary layer height (Knupp et al. 2006;

FIG. 7. Temporal mean difference in PBL height (m) at 1400 LT. Difference is between the water-table drawdown (pump) and natural

water-table (no pump) conditions. Red shading indicates an increase in PBL height. Blue shading indicates a decrease in PBL height.

FIG. 8. Spatial mean boundary layer height at 1400 LT over the Central Valley portion of the

PF.WRF domain. Thin lines trace the mean PBL height values for each of the PBL schemes and

are colored by water-table condition (natural, no-pump water table indicated by blue and low-

ered pump water table indicated by red). Thick lines show the mean PBL heights across all PBL

schemes for the natural no-pump (blue) and lowered pump water-table (red) conditions.
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Heinselman et al. 2009). The comparison shows the

model matches the diurnal cycle of PBL development

fairly well, but tends to overestimate boundary layer

height. This discrepancy would be expected given

the boundary layer sensed by the radar profiler would

have been affected by widespread irrigation (with

the potential to dampen PBL growth) while the sim-

ulated scenarios reflect the natural seasonal (drier) soil

moisture.

e. Water table–PBL relationship

The complexities of the Sierra Nevada and Central

Valley landscapes represented in the PF.WRF Model

introduce variation that helps define the characteristics

of the water table–PBL relationship. First, the terrestrial

hydrologic system simulated by ParFlow yields a spa-

tially varying water-table configuration. Lateral sub-

surface gradients drive groundwater toward the riparian

discharge zones along the axis of the valley while higher

elevations (valley edges and the mountain block) serve

as deep water-table recharge zones. Second, water-table

drawdowns, as represented by the CVHM simulation

results (Faunt 2009), are not uniform in space but rather

represent the combined result of hydrology, climate,

soils, and human decision-making. The combination of

these two factors yields a system characterized by a

range of hydrologic change relative to the natural state

but bounded by the dynamics of the system. This allows

an examination of the sensitivity of the simulated PBL

response to water-table changes using each cell as a

sample from the system distribution.

The plots in Fig. 11 show the relationship between

water-table depth and peak (1400 LT) PBL height,

averaged over the 2-week simulation period, for

the natural [Fig. 11 (top) and blue points in Fig. 11

(bottom)] and pumped [Fig. 11 (middle) and red points

TABLE 2. Results of ANOVA testing significance of differences due to PBL scheme and water-table configuration.

Degrees of freedom Sum of squares Mean square F value p value Significance

Scheme 2 2 739 965 1 369 982 47.171 1.85 3 10214 0.001

Water table 1 2 166 913 2 166 913 74.611 3.18 3 10213 0.001

Interaction (scheme: water table) 2 179 515 89 758 3.091 0.0507 0.1

Residuals 84 2 439 584 29 043

FIG. 9. Spatial mean boundary layer height at 1400 LT over the Central Valley portion of

the PF.WRF domain. Thin lines trace the mean PBL height values for each of the shifted

initial conditions and are colored to denote water-table condition (natural, no-pump water

table indicated by blue and lowered pump water table indicated by red). Thick lines show the

mean PBL heights initial conditions for the natural no-pump (blue) and lowered pump

water-table conditions. Note that individual initial condition lines overlap for much of the

simulation period.
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in Fig. 11 (bottom)] water-table conditions and for each of

the PBL schemes Fig. 11 (left, center, and right). Locations

where thewater table intercepted the surface (wetland and

stream channels) were removed from the plot so that only

positive nonzero values for water-table depth remained.

Figures 11 (top and middle) show a two-dimensional his-

togram (or alternately a ‘‘scatter density’’ plot, with color

intensity indicating higher frequency) plotted with the

water table (the x axis) on a logarithmic scale. Figure 11

(bottom) overlays the data points from Figs. 11 (top and

middle) and plots the water table on a linear scale.

The plots in Fig. 11 indicate a variable relationship

between water-table depth and PBL height. In gen-

eral, the peak PBL height increases with increasing

water-table depth, although much of this change oc-

curs where water tables are more than several meters

deep. From a visual inspection of the PBL height–

water-table depth plots, the relationship can be cate-

gorized into three regimes. The first regime exists over

very shallow water tables and is characterized by gener-

ally lower but variable PBL heights. Based on the results

presented here, we define this regime to exist over the

range of water-table depths from near zero to 7m. This

range is somewhat arbitrary but is chosen here as being

consistent with a visual ‘‘break’’ in the scatter density

plots. Interestingly, there appears to be little overall

correlation between water-table depth and boundary

layer thickness over this water-table depth range, as evi-

denced by the nearly horizontal clustering of points in the

2D semilog histograms and the large spread of points in

the linear scatterplots. The second regime is character-

ized as a zone of approximately log-linear correlation

between water-table depth and peak PBL height and

extends from awater-table depth of 7m to approximately

150m. The envelope of the scatter points tends to con-

dense over this range toward a common positive trend.

The third regime exists where peak PBL heights reach an

asymptotic limit and effectively decouple from boundary

FIG. 10. Comparison of RASS-derived estimates of boundary layer virtual temperature (black lines) and PF.WRF-simulated virtual

temperature at CCL (location shown in Fig. 1).WRF simulations shown use the YSU scheme for the natural (no pump, blue) and lowered

water-table (pump, red) scenarios. Comparisons are shown for three times in the diurnal cycle: (a) 0800 LT, (b) 1400 LT, and (c) 2000 LT.

Shaded areas show the range of variability for that time over the simulation period. Thick lines show the average values for the simulation

period. (d) Radar profiler signal-to-noise ratio (blue color scale) overlain with simulated boundary layer height from the YSU scheme for

both the natural (no pump) and lowered water-table (pump) conditions (black solid and dashed lines, respectively).
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layer processes, at water-table depths of approximately

150m. This regime is the least thoroughly sampled of the

three (given the relative rarity of such deep water tables

in this domain) and thus is less discernible in the scatter

density plots but evident in the linear scatterplots.

The variation in behavior between the MYJ scheme

and the YSU and MRF schemes presents challenges to

generalizations across schemes. The plots for the YSU and

MRF schemes indicate the PBL is more sensitive in the

intermediate water-table depth regime compared to the

MYJ scheme. Given that the shift in EF is similar in all

schemes, this difference in boundary layer sensitivity high-

lights the effect of a local PBL scheme such as the MYJ.

The increase in average peak PBL height with in-

creasing water-table depths beyond 10m is not fully

explained by the results of previous studies that suggest

relative insensitivity of surface fluxes to local water-

table depths exceeding 7–10m (Kollet and Maxwell

2008; Maxwell and Kollet 2008; Szilagyi et al. 2013).

However, the separation of points and shift in log-linear

slope between the pumped and natural water-table

scenarios (Fig. 11) over this water-table depth range

(7–150m) in this study suggests that the regional con-

figuration of the water table determines the intensity of

the water table–boundary layer relationship. Put an-

other way, the frequency distribution of water-table

depths across the simulated Central Valley region ap-

pears to affect how the boundary layer responds to local

land surface–subsurface connections. As an example,

consider that a comparison of the points at a given

water-table depth, say at 20m, shows that the average

peak PBL height value will tend to be greater for the

FIG. 11. Relationship between temporally averaged water-table depths (x axes) and PBL height (m) at 1400 LT for each cell in the

Central Valley portion of the domain. (top),(middle) The relationship is shown as a two-dimensional histogram (or scatter density plot)

for the natural and pumped water-table condition, using the logarithm of water-table depth on the x axis. (bottom) A linear scatterplot is

shown of the natural (blue) and pumped water table–PBL relationship. Results from each of the PBL schemes are shown by column.
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pumped water-table condition than for the natural

water table.

The PBL response to subsurface moisture, then, may

be dependent on a combination of local and regional

conditions. A wetter landscape, as measured by the

higher proportion of locations with a shallow water ta-

ble, may suppress PBL development even in locations

with deep water tables (and locally dry soils) as a result

of mixing of cool, moist near-surface air within the

boundary layer or the production of secondary circula-

tions that moderate boundary layer development, as in

Shrestha et al. (2014). Conversely, as regional ground-

water levels decline and the landscape becomes drier,

net radiation will be partitioned toward sensible heat

flux over a larger portion of the land surface, thus re-

ducing the spatial extent and/or intensity of any in-

hibiting effect on PBL development over comparably

dry soils. Furthermore, the lowering of the water table in

the Central Valley tends to make soil moisture more

uniform (drier) over larger areas, leaving fewer patches

of adjacent wet and dry soil that can generate boundary

layer inhibiting circulations.

The scatterplots reveal a complex dependence of peak

PBL height on local and regional water-table depth. We

can examine this relationship further by calculating the

change in peak PBL height between the pumped and

natural water-table scenarios relative to the corre-

sponding change in water-table depths. Plotting this

variable DPBL/DWTD against the pumped water-table

depth summarizes the sensitivity of the boundary layer

as a function of the water-table state (Fig. 12). Despite

considerable scatter in the values, the plotted points

define an envelope of responses that indicates the PBL is

most sensitive to change in water-table depth when that

change leads to a water table that is less than 10m deep.

This lower sensitivity limit is consistent with the idea

that vertical redistribution of water from the phreatic

surface becomes negligible once the water table reaches

some depth threshold of 5–10m, the so-called ‘‘critical

zone’’ (Kollet and Maxwell 2008; Maxwell and Kollet

2008). Notably in contrast to this critical zone concept,

however, is the absence of an upper water-table limit,

that is, a reduction in sensitivity at shallow water-table

depths. Rather, the PBL appears to be themost sensitive

when water-table depths change within 5m of the land

surface. This may be a consequence of the midsummer

simulation period used in this study. The midday evap-

orative demand of the boundary layer is always suffi-

ciently high that evaporation is rarely energy limited, at

least on average across the simulated Central Valley

landscape. This ensures that a change in shallow water-

table depth sufficient to change the ET-supporting ver-

tical flux will necessarily reduce ET and shift surface

energy partitioning toward PBL-enhancing sensible

heat flux. Whether the absence of an upper limit on

boundary layer sensitivity to water-table changes exists

for different seasons or locations remains a question for

future study.

f. Dynamic boundary layer response

As a final analysis of boundary layer response to

changes resulting from a regionally lowered water table,

we briefly examine two measures of boundary layer

dynamics: vertical wind and turbulent kinetic energy

(TKE). Figure 13 shows temporally averaged vertical

cross sections of vertical wind, TKE, and soil saturation

along an east–west profile through the middle of the

model domain (model row 120). Note the vertical axis by

model layer and model component is not to scale. Both

plots show that reductions in soil moisture (driven by a

lowered water table) propagate to boundary layer as

increased turbulence and changes in vertical wind pat-

terns. In the case of TKE, the effect is uniform: across

the Central Valley floor the TKE increases with a low-

ered water table and appears to increase more in asso-

ciation with intense clusters of soil moisture reduction.

In contrast, average vertical wind differences are not

spatially uniform but rather reflect the patterns of soil

moisture difference. Locations with more intense re-

ductions in soil saturation tend to be associated with an

increase in mean vertical wind speed, either more strong

upward wind or weaker downward wind. Likewise, less

intense reductions in soil moisture are associated with

stronger downward wind or weaker upward wind. Be-

cause spatial heterogeneity in soil moisture driven by

FIG. 12. PBL height (temporal mean at 1400 LT) sensitivity to

water-table depth change as a function of water-table depth for the

three PBL schemes.
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groundwater extraction has been shown to instigate lo-

cal circulations in the boundary layer (Shrestha et al.

2014), the results shown here further suggest a mecha-

nism by which local variability may moderate (or

enhance) a regionally dominant change in boundary

layer properties.

4. Conclusions

We simulated the connected terrestrial and atmo-

spheric hydrologic system of the San Joaquin River

basin in central California using a coupled ParFlow–

WRF Model. Using this simulation framework, we

tested the impact of a regional water-table decline,

consistent with historical groundwater extraction in

the Central Valley, on the planetary boundary layer

for a 2-week period in July 2003. Spatial mean

boundary layer heights over the Central Valley in-

crease with the water-table decline. This effect is sta-

tistically significant in results simulated using three

common PBL schemes and six initial condition per-

turbations, although the choice of PBL scheme appears

to affect the magnitude of the mean PBL height dif-

ference between the natural and pumped water-table

conditions. The relationship between peak daily PBL

and water-table depths at individual locations is com-

plex; results suggest the correlation depends on the

water-table depth regime, the regional water-table

FIG. 13. Vertical cross-section along model row 120 (east–west), location marked in Fig. 1.

Vertical axes are split for the WRF and ParFlow portions presented and are not to scale.

(a) Temporal mean difference (pump 2 no pump) in vertical wind speed between the natural

(no pump) and water-table drawdown (pump) scenarios using the YSU PBL scheme, shown

along a soil saturation change plot for the top four layers in the ParFlow portion of the model.

(b) Temporal mean difference (pump2 no pump) in turbulent kinetic energy associated with

soil saturation changes using the MYJ PBL scheme.
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configuration (natural vs historic drawdown), and

choice of PBL scheme.

Scatterplots reveal that the PBL is highly variable

over extremely shallowwater tables, although peak PBL

heights tend to be lowest for water-table depths less than

;7m. Over locations of deep water tables (.150m)

peak PBL height tends asymptotically toward a maxi-

mum value, indicating a decoupling between ground-

water and boundary layer processes. In zones of

intermediate water-table depths, that is, 7–150m, the

relationship between PBL height and water-table depth

is approximately log linear, suggesting a weak coupling

between the saturated subsurface and the atmosphere.

Each of the schemes tested yields qualitatively similar

relationships, but the local MYJ scheme seems to

dampen the intensity of the PBL–water table relation-

ship compared to the nonlocal schemes. In general,

lowering the regional water table, as we did here by

imposing historic drawdowns on an approximation of

the natural system, increases the overall slope of the

PBL–water table relationship. In other words, one

would expect higher peak PBL heights (compared to a

higher water-table configuration) for cases of regional

water-table drawdown even in locations with equivalent

water-table depths. Furthermore, the sensitivity of the

PBL–water table relationship is highest for water-table

changes within the top 10m, despite this region being

comparatively less sensitive to water-table depth for a

given regional water-table configuration.

This study demonstrates the connections between

groundwater and the atmosphere for a real-world sys-

tem. However, the range of atmospheric and terrestrial

conditions tested limits a broader interpretation of this

study’s conclusions. Variation in simulation factors such

as time of year, location, and domain extent would be

valuable in testing the robustness of these findings.

Moreover, including the asynchronous effects of ir-

rigation on soil moisture in coupled groundwater–

atmospheric simulations would provide insight into the

relative role of moisture distribution throughout the

subsurface on land–atmosphere interactions and feed-

backs. Finally, the 1-km lateral and variable vertical

ParFlow model discretization used in this study repre-

sent one of many possible discretizations that could

be used. More finely resolved terrestrial hydrology

may result in more heterogeneity in soil moisture

and surface fluxes that can, in turn, affect boundary

layer development (Shrestha et al. 2015). Finer ver-

tical discretization in the subsurface would permit a

more detailed simulation of water-table dynamics

during transient drawdown periods (e.g., during an

irrigation season). Such refinements in lateral and

vertical subsurface resolution and their impact on

groundwater–atmosphere interactions are important

considerations that warrant further study.

Despite these limitations, the results of this study have

implications for understanding the propagation of im-

pacts associated with anthropogenic groundwater ex-

traction through the connected hydrosphere. First, this

study’s conclusions build upon those in previous work

and provide further evidence in support of including a

physically consistent representation of deeper sub-

surface water in coupled land–atmosphere simulations.

That the variable relationship between peak boundary

layer height and water-table depth extends on the order

of 10m below the land surface suggests that a more

vertically limited representation of subsurface hydrol-

ogy may fail to capture the range of system interactions.

Second, water-table declines are not isolated to Cal-

ifornia’s Central Valley but are a global phenomenon,

with regions of intense irrigation and extraction con-

tinuing to deplete aquifer systems (Döll et al. 2012;

Scanlon et al. 2012; Wada et al. 2010, 2012). Given the

spatial extent of water-table decline, groundwater ef-

fects on the planetary boundary layer may represent

another anthropogenic forcing that warrants consider-

ation for studies of regional weather and circulation.
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Janjić, Z. I., 1990: The Step-Mountain Coordinate: Physical

package. Mon. Wea. Rev., 118, 1429–1443, doi:10.1175/

1520-0493(1990)118,1429:TSMCPP.2.0.CO;2.

——, 1994: The Step-Mountain Eta Coordinate Model: Further

developments of the convection, viscous sublayer, and turbu-

lence closure schemes. Mon. Wea. Rev., 122, 927–945,

doi:10.1175/1520-0493(1994)122,0927:TSMECM.2.0.CO;2.

——, 2002: Nonsingular implementation of the Mellor–Yamada

level 2.5 scheme in the NCEPMesomodel. NCEPOfficeNote

437, 61 pp. [Available online at http://www.emc.ncep.noaa.

gov/officenotes/newernotes/on437.pdf.]

Jiang, X., G.-Y. Niu, and Z.-L. Yang, 2009: Impacts of vegetation

and groundwater dynamics on warm season precipitation over

the Central United States. J. Geophys. Res., 114, D06109,

doi:10.1029/2008JD010756.

Jones, J. E., and C. S. Woodward, 2001: Newton–Krylov-multigrid

solvers for large-scale, highly heterogeneous, variably satu-

rated flow problems. Adv. Water Resour., 24, 763–774,

doi:10.1016/S0309-1708(00)00075-0.

Juang, J.-Y., A. Porporato, P. C. Stoy, M. S. Siqueira, A. C. Oishi,

M. Detto, H.-S. Kim, and G. G. Katul, 2007: Hydrologic and

atmospheric controls on initiation of convective precipita-

tion events. Water Resour. Res., 43, W03421, doi:10.1029/

2006WR004954.

Keune, J., F. Gasper, K. Goergen, A. Hense, P. Shrestha, M. Sulis,

and S. Kollet, 2016: Studying the influence of groundwater

representations on land surface–atmosphere feedbacks during

the European heat wave in 2003. J. Geophys. Res. Atmos., 121,

13 301–13 325, doi:10.1002/2016JD025426.

Knupp, K. R., J. Walters, and M. Biggerstaff, 2006: Doppler pro-

filer and radar observations of boundary layer variability

during the landfall of Tropical StormGabrielle. J. Atmos. Sci.,

63, 234–251, doi:10.1175/JAS3608.1.

Kollet, S. J., and R. M. Maxwell, 2006: Integrated surface–

groundwater flow modeling: A free-surface overland

flow boundary condition in a parallel groundwater flow

model. Adv. Water Resour., 29, 945–958, doi:10.1016/

j.advwatres.2005.08.006.

——, and ——, 2008: Capturing the influence of groundwater dy-

namics on land surface processes using an integrated, distrib-

uted watershed model. Water Resour. Res., 44, W02402,

doi:10.1029/2007WR006004.

Kueppers, L. M., and M. A. Snyder, 2012: Influence of irrigated

agriculture on diurnal surface energy and water fluxes, surface

climate, and atmospheric circulation in California. Climate

Dyn., 38, 1017–1029, doi:10.1007/s00382-011-1123-0.

Lo, M.-H., and J. S. Famiglietti, 2013: Irrigation in California’s

Central Valley strengthens the southwestern U.S. water cycle.

Geophys. Res. Lett., 40, 301–306, doi:10.1002/grl.50108.

Lobell, D., G. Bala, A. Mirin, T. Phillips, R. Maxwell, and

D. Rotman, 2009: Regional differences in the influence of ir-

rigation on climate. J. Climate, 22, 2248–2255, doi:10.1175/

2008JCLI2703.1.

MAY 2017 G I LBERT ET AL . 1487

http://dx.doi.org/10.1002/2014WR016431
http://dx.doi.org/10.1016/j.jhydrol.2004.04.019
http://dx.doi.org/10.1175/WAF-D-14-00105.1
http://dx.doi.org/10.1029/2010JD013892
http://dx.doi.org/10.1016/j.jog.2011.05.001
http://dx.doi.org/10.1175/1520-0469(1989)046<3077:NSOCOD>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1989)046<3077:NSOCOD>2.0.CO;2
http://grass.osgeo.org/grass70/manuals/r.watershed.html
http://grass.osgeo.org/grass70/manuals/r.watershed.html
http://dx.doi.org/10.1029/2002JD003296
http://dx.doi.org/10.1029/2002JD003296
http://dx.doi.org/10.1029/2010GL046442
http://pubs.usgs.gov/pp/1766/
http://dx.doi.org/10.1029/96WR03756
http://dx.doi.org/10.1029/96WR03756
http://dx.doi.org/10.1175/2011JHM1261.1
http://dx.doi.org/10.1175/2008JTECHA1091.1
http://dx.doi.org/10.1002/qj.665
http://dx.doi.org/10.1175/1520-0493(1996)124<2322:NBLVDI>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1996)124<2322:NBLVDI>2.0.CO;2
http://dx.doi.org/10.1175/MWR3199.1
http://dx.doi.org/10.1175/1520-0493(1990)118<1429:TSMCPP>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1990)118<1429:TSMCPP>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1994)122<0927:TSMECM>2.0.CO;2
http://www.emc.ncep.noaa.gov/officenotes/newernotes/on437.pdf
http://www.emc.ncep.noaa.gov/officenotes/newernotes/on437.pdf
http://dx.doi.org/10.1029/2008JD010756
http://dx.doi.org/10.1016/S0309-1708(00)00075-0
http://dx.doi.org/10.1029/2006WR004954
http://dx.doi.org/10.1029/2006WR004954
http://dx.doi.org/10.1002/2016JD025426
http://dx.doi.org/10.1175/JAS3608.1
http://dx.doi.org/10.1016/j.advwatres.2005.08.006
http://dx.doi.org/10.1016/j.advwatres.2005.08.006
http://dx.doi.org/10.1029/2007WR006004
http://dx.doi.org/10.1007/s00382-011-1123-0
http://dx.doi.org/10.1002/grl.50108
http://dx.doi.org/10.1175/2008JCLI2703.1
http://dx.doi.org/10.1175/2008JCLI2703.1


Lorenz, E. N., 1963: Deterministic nonperiodic flow. J. Atmos.

Sci., 20, 130–141, doi:10.1175/1520-0469(1963)020,0130:

DNF.2.0.CO;2.

Mansoor, K., 2009: Estimation of subsurface hydraulic properties:

LLNLCentral Valley hydrologic model. Lawrence Livermore

National Laboratory Rep., 9 pp.

Maxwell, R. M., 2013: A terrain-following grid transform and

preconditioner for parallel, large-scale, integrated hydrologic

modeling. Adv. Water Resour., 53, 109–117, doi:10.1016/

j.advwatres.2012.10.001.

——, and N. L. Miller, 2005: Development of a coupled land sur-

face and groundwater model. J. Hydrometeor., 6, 233–247,
doi:10.1175/JHM422.1.

——, and S. J. Kollet, 2008: Interdependence of groundwater dy-

namics and land-energy feedbacks under climate change.Nat.

Geosci., 1, 665–669, doi:10.1038/ngeo315.

——, F. K. Chow, and S. J. Kollet, 2007: The groundwater–land-

surface–atmosphere connection: Soil moisture effects on

the atmospheric boundary layer in fully-coupled simula-

tions. Adv. Water Resour., 30, 2447–2466, doi:10.1016/

j.advwatres.2007.05.018.

——, J. K. Lundquist, J. D. Mirocha, S. G. Smith, C. S. Woodward,

and A. F. Tompson, 2011: Development of a coupled

groundwater-atmosphere model. Mon. Wea. Rev., 139, 96–

116, doi:10.1175/2010MWR3392.1.

Mesinger, F., and Coauthors, 2006: North American Regional

Reanalysis.Bull. Amer.Meteor. Soc., 87, 343–360, doi:10.1175/

BAMS-87-3-343.

Miguez-Macho, G., Y. Fan, C. P.Weaver, R.Walko, andA. Robock,

2007: Incorporating water table dynamics in climatemodeling: 2.

Formulation, validation, and soil moisture simulation.

J. Geophys. Res., 112, D13108, doi:10.1029/2006JD008112.

NASA, 2001: MCD12Q1: Land cover type yearly l3 global 500m

SIN grid. NASA EOSDIS Land Processes DAAC, accessed

10 June 2016. [Available online at https://lpdaac.usgs.gov/

dataset_discovery/modis/modis_products_table/mcd12q1.]

NCEP, 2005: NCEP North American Regional Reanalysis (NARR).

Research Data Archive at NCAR, accessed 1 July 2015.

[Available online at http://rda.ucar.edu/datasets/ds608.0/.]

Patton, E. G., P. P. Sullivan, and C.-H. Moeng, 2005: The influence

of idealized heterogeneity on wet and dry planetary boundary

layers coupled to the land surface. J. Atmos. Sci., 62, 2078–

2097, doi:10.1175/JAS3465.1.

Peng, J., M. Borsche, Y. Liu, and A. Loew, 2013: How represen-

tative are instantaneous evaporative fractionmeasurements of

daytime fluxes? Hydrol. Earth Syst. Sci., 17, 3913–3919,

doi:10.5194/hess-17-3913-2013.

Quinn, P., K. Beven, and A. Culf, 1995: The introduction of

macroscale hydrological complexity into land surface-

atmosphere transfer models and the effect on planetary bound-

ary layer development. J. Hydrol., 166, 421–444, doi:10.1016/

0022-1694(94)05090-K.

Rahman, M., M. Sulis, and S. J. Kollet, 2015: The subsurface–land

surface–atmosphere connectionunder convective conditions.Adv.

Water Resour., 83, 240–249, doi:10.1016/j.advwatres.2015.06.003.

Rihani, J. F., R. M. Maxwell, and F. K. Chow, 2010: Coupling

groundwater and land surface processes: Idealized simulations

to identify effects of terrain and subsurface heterogeneity on

land surface energy fluxes. Water Resour. Res., 46, W12523,

doi:10.1029/2010WR009111.

——, F. K. Chow, and R. M. Maxwell, 2015: Isolating effects of ter-

rain and soil moisture heterogeneity on the atmospheric bound-

ary layer: Idealized simulations to diagnose land–atmosphere

feedbacks. J. Adv. Model. Earth Syst., 7, 915–937, doi:10.1002/

2014MS000371.

Scanlon, B. R., C. C. Faunt, L. Longuevergne, R. C. Reedy, W. M.

Alley, V. L. McGuire, and P. B. McMahon, 2012: Ground-

water depletion and sustainability of irrigation in the US High

Plains and Central Valley. Proc. Natl. Acad. Sci. USA, 109,

9320–9325, doi:10.1073/pnas.1200311109.

Seck, A., C. Welty, and R. M. Maxwell, 2015: Spin-up behavior and

effects of initial conditions for an integrated hydrologic model.

Water Resour. Res., 51, 2188–2210, doi:10.1002/2014WR016371.

Seuffert, G., P. Gross, C. Simmer, and E. F. Wood, 2002: The in-

fluence of hydrologicmodeling on the predicted local weather:

Two-way coupling of a mesoscale weather prediction model

and a land surface hydrologicmodel. J.Hydrometeor., 3, 505–523,

doi:10.1175/1525-7541(2002)003,0505:TIOHMO.2.0.CO;2.

Shrestha, P., M. Sulis, M. Masbou, S. Kollet, and C. Simmer, 2014:

A scale-consistent terrestrial systems modeling platform

based on COSMO, CLM, and ParFlow. Mon. Wea. Rev., 142,

3466–3483, doi:10.1175/MWR-D-14-00029.1.

——, ——, C. Simmer, and S. Kollet, 2015: Impacts of grid reso-

lution on surface energy fluxes simulated with an integrated

surface–groundwater flow model. Hydrol. Earth Syst. Sci., 19,

4317–4326, doi:10.5194/hess-19-4317-2015.

Stull, R. B., Ed., 1988: An Introduction to Boundary Layer Mete-

orology. Springer, 670 pp.

——, 1991: Static stability—An update. Bull. Amer. Meteor.

Soc., 72, 1521–1529, doi:10.1175/1520-0477(1991)072,1521:

SSU.2.0.CO;2.

Szilagyi, J., V. A. Zlotnik, and J. Jozsa, 2013: Net recharge vs. depth to

groundwater relationship in the Platte River Valley of Nebraska,

United States.GroundWater, 51, 945–951, doi:10.1111/gwat.12007.

Thompson, G., P. R. Field, R.M. Rasmussen, andW.D.Hall, 2008:

Explicit forecasts of winter precipitation using an improved

bulk microphysics scheme. Part II: Implementation of a new

snow parameterization. Mon. Wea. Rev., 136, 5095–5115,

doi:10.1175/2008MWR2387.1.

Wada, Y., L. P. H. van Beek, C. M. van Kempen, J. W. T. M.

Reckman, S. Vasak, and M. F. P. Bierkens, 2010: Global de-

pletion of groundwater resources. Geophys. Res. Lett., 37,

L20402, doi:10.1029/2010GL044571.

——, ——, and M. F. P. Bierkens, 2012: Nonsustainable ground-

water sustaining irrigation: A global assessment. Water Re-

sour. Res., 48, W00L06, doi:10.1029/2011WR010562.

Walser, A., and C. Schär, 2004: Convection-resolving precipitation
forecasting and its predictability in Alpine river catchments.

J. Hydrol., 288, 57–73, doi:10.1016/j.jhydrol.2003.11.035.

——, D. Lüthi, and C. Schär, 2004: Predictability of precipitation

in a cloud-resolving model. Mon. Wea. Rev., 132, 560–577,

doi:10.1175/1520-0493(2004)132,0560:POPIAC.2.0.CO;2.

Skamarock, W. C., and Coauthors, 2008: A description of the

Advanced Research WRF version 3. NCAR Tech. Note

NCAR/TN-4751STR, 113 pp., doi:10.5065/D68S4MVH.

Williams, J. L., and R. M. Maxwell, 2011: Propagating subsurface un-

certainty to the atmosphere using fully coupled stochastic simu-

lations. J.Hydrometeor.,12, 690–701, doi:10.1175/2011JHM1363.1.

Xie, B., J. C. H. Fung, A. Chan, and A. Lau, 2012: Evaluation of

nonlocal and local planetary boundary layer schemes in theWRF

Model. J. Geophys. Res., 117, D12103, doi:10.1029/2011JD017080.

York, J. P., M. Person, W. J. Gutowski, and T. C. Winter, 2002:

Putting aquifers into atmospheric simulation models: An

example from the Mill Creek watershed, northeastern

Kansas. Adv. Water Resour., 25, 221–238, doi:10.1016/

S0309-1708(01)00021-5.

1488 JOURNAL OF HYDROMETEOROLOGY VOLUME 18

http://dx.doi.org/10.1175/1520-0469(1963)020<0130:DNF>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1963)020<0130:DNF>2.0.CO;2
http://dx.doi.org/10.1016/j.advwatres.2012.10.001
http://dx.doi.org/10.1016/j.advwatres.2012.10.001
http://dx.doi.org/10.1175/JHM422.1
http://dx.doi.org/10.1038/ngeo315
http://dx.doi.org/10.1016/j.advwatres.2007.05.018
http://dx.doi.org/10.1016/j.advwatres.2007.05.018
http://dx.doi.org/10.1175/2010MWR3392.1
http://dx.doi.org/10.1175/BAMS-87-3-343
http://dx.doi.org/10.1175/BAMS-87-3-343
http://dx.doi.org/10.1029/2006JD008112
https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mcd12q1
https://lpdaac.usgs.gov/dataset_discovery/modis/modis_products_table/mcd12q1
http://rda.ucar.edu/datasets/ds608.0/
http://dx.doi.org/10.1175/JAS3465.1
http://dx.doi.org/10.5194/hess-17-3913-2013
http://dx.doi.org/10.1016/0022-1694(94)05090-K
http://dx.doi.org/10.1016/0022-1694(94)05090-K
http://dx.doi.org/10.1016/j.advwatres.2015.06.003
http://dx.doi.org/10.1029/2010WR009111
http://dx.doi.org/10.1002/2014MS000371
http://dx.doi.org/10.1002/2014MS000371
http://dx.doi.org/10.1073/pnas.1200311109
http://dx.doi.org/10.1002/2014WR016371
http://dx.doi.org/10.1175/1525-7541(2002)003<0505:TIOHMO>2.0.CO;2
http://dx.doi.org/10.1175/MWR-D-14-00029.1
http://dx.doi.org/10.5194/hess-19-4317-2015
http://dx.doi.org/10.1175/1520-0477(1991)072<1521:SSU>2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1991)072<1521:SSU>2.0.CO;2
http://dx.doi.org/10.1111/gwat.12007
http://dx.doi.org/10.1175/2008MWR2387.1
http://dx.doi.org/10.1029/2010GL044571
http://dx.doi.org/10.1029/2011WR010562
http://dx.doi.org/10.1016/j.jhydrol.2003.11.035
http://dx.doi.org/10.1175/1520-0493(2004)132<0560:POPIAC>2.0.CO;2
http://dx.doi.org/10.5065/D68S4MVH
http://dx.doi.org/10.1175/2011JHM1363.1
http://dx.doi.org/10.1029/2011JD017080
http://dx.doi.org/10.1016/S0309-1708(01)00021-5
http://dx.doi.org/10.1016/S0309-1708(01)00021-5

