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Abstract Semiarid ecosystems play a critical role in determining the interannual variability of the global
terrestrial carbon sink. Water availability is a critical driver of productivity in semiarid ecosystems, which
often alternate between carbon sink/source functioning during wet/dry years. In this study, we investigate
how groundwater availability resulting from groundwater‐river water exchange influences net ecosystem
exchange of CO2 (NEE), evapotranspiration (ET), and the surface energy balance at two semiarid ecosystems
along the Columbia River in central Washington, USA. We examined 1 year of eddy covariance
measurements from an upland sagebrush ecosystem primarily fed by rainfall without groundwater access
and a riparian grassland ecosystem with groundwater access during the dry season due to lateral
groundwater‐river water exchange. The two sites had distinct seasonal patterns of NEE and ET, driven by
differences in water availability. While NEE at the upland sagebrush site was strongly constrained by water
availability during the dry months, access to groundwater allowed the riparian site to maintain high NEE
magnitude and ET during the same dry months. The riparian site had larger annual gross primary
productivity than the upland site (612 vs. 424 gC/m2), which was offset by higher ecosystem respiration (558
vs. 363 gC/m2). Thus, the magnitude of the annual NEE at the upland site was larger than that at the riparian
site (−62 vs. −54 gC/m2). Our results demonstrate that groundwater access determined by connectivity
between groundwater and surface water can be a critical driver of carbon uptake and ET in
semiarid ecosystems.

Plain Language Summary Semiarid ecosystems play a critical role in determining the
interannual variability of the global terrestrial carbon sink. Water availability is a critical factor
influencing the productivity of semiarid ecosystems, which often alternate between functioning as carbon
sinks during wet years and carbon sources during dry years. In this study, we investigate how groundwater
availability resulting from groundwater‐river water exchange influences carbon uptake and
evapotranspiration at two semiarid ecosystems along the Columbia River corridor in central Washington,
USA. We examined 1 year of measurements from an upland sagebrush ecosystem without groundwater
access and a riparian grassland ecosystem with access to groundwater during the dry season due to lateral
groundwater‐river water exchange. The two sites had distinct seasonal patterns of carbon uptake, driven by
differences in water availability between the two sites. While carbon uptake at the upland sagebrush site was
strongly constrained by water availability during the dry summer months, access to groundwater allowed
the riparian site to maintain high carbon uptake and evapotranspiration during the same dry months. Our
results demonstrate that groundwater access can be a critical factor influencing carbon uptake and
evapotranspiration in semiarid ecosystems.

1. Introduction

Dryland ecosystems in arid and semiarid climate zones constitute around 40% of Earth's land surface and
thus are a major component of Earth's carbon, water, and energy budgets. Investigation of the response of
dryland ecosystems to climatic variability is essential for improving our projections of the global carbon
and water cycles. Global dryland area is projected to expand considerably under climate change (J. Huang
et al., 2015), and recent studies indicate that vegetation productivity in semiarid ecosystems is critically
important in determining interannual variability in the global terrestrial carbon sink (Ahlström et al.,
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2015; L. Huang et al., 2016; Poulter et al., 2014). Climatic and hydrologic shifts have the potential to
significantly impact carbon uptake in dryland ecosystems, as dryland ecosystem productivity is primarily
driven by water availability.

Projections indicate that climate change will significantly alter seasonal precipitation and temperature
regimes (Leng et al., 2016) and increase the extent and severity of droughts (Dai, 2012; Trenberth et al.,
2013). In the Pacific Northwest, summers are projected to become warmer and drier (Mote & Salathé,
2010; Rupp et al., 2017). In addition, climate change will have a significant impact on surface water
resources, with more than 40% of the conterminous United States projected to experience significant
changes in the distributions of summer and winter runoff by the end of the 21st century (Leng et al.,
2016). Changes in precipitation, runoff, and surface water will also impact groundwater recharge and
groundwater‐surface water interactions (Green et al., 2011; Taylor et al., 2013).

Groundwater resources can be an important source of ecosystem water availability (Miller et al., 2010; Scott
et al., 2000; Scott, Cable, Huxman, et al., 2008), and changes in groundwater resources have the potential to
significantly alter ecosystem structure and functioning. Changes in groundwater resources may cause shifts
in vegetation location and species composition (Kløve et al., 2014). In addition, interactions between
vegetation structure and hydrological characteristics play an important role in determining the response
of ecosystem functioning to different climate conditions.

Groundwater can enhance ecosystem carbon uptake by providing a stable water source that allows
ecosystems to maintain high transpiration and productivity during dry periods (Miller et al., 2010; Scott
et al., 2014). A continental‐scale study of the major river basins in North America found that including
lateral groundwater flows in a coupled land surface‐subsurface model increased the fraction of transpiration
to total evapotranspiration (ET) from 47 ± 13% to 62 ± 12% (Maxwell & Condon, 2016). By applying a
coupled land surface‐subsurface model to simulate three‐way interactions among river water, groundwater,
and land surface processes at the same site used in our present study, Bisht et al. (2017) demonstrated that
groundwater‐river water interactions strongly modulate land‐surface energy partitioning at the site by
expanding the periodically inundated fraction of the riparian zone and enhancing moisture availability in
the vadose zone via capillary rise in response to changes in river stage. Therefore, lateral river water‐
groundwater exchange could play an important role in determining how ecosystem fluxes will respond to
changing hydroclimatic conditions in semiarid regions. However, the impacts of climate change on such
ecosystems remains a significant knowledge gap.

Dryland ecosystems commonly demonstrate large interannual variability in net ecosystem exchange of CO2

(NEE = Reco – GPP, where Reco is ecosystem respiration and GPP is gross primary production), and often
alternate between acting as carbon sinks during wet years and as carbon sources during dry years
(Biederman et al., 2017; Kwon et al., 2008; Scott et al., 2015). Drought conditions negatively impact
ecosystem productivity, in large part due to plant physiological responses to both soil drought (low soil
moisture content) and atmospheric drought (high vapor pressure deficit; Kwon et al., 2008). Dryland
ecosystems generally rely on deep water stores to sustain ecosystem functioning during dry periods
(Kwon et al., 2008; Miller et al., 2010; Prieto et al., 2014; Ryel et al., 2004). The distribution of soil moisture
in semiarid ecosystems can be significantly influenced by the vegetation structure. For example, Artemisia
tridenata (sagebrush) has been shown to influence the vertical distribution of moisture within the soil
column through hydraulic redistribution, where the roots transport water fromwetter soil layers to drier soil
layers (Ryel et al., 2002, 2003). This redistribution of soil moisture can occur either upward or downward in
the soil column and can affect the ability of the plant roots to reach deep groundwater. This phenomenon
can have significant effects on ET, helping facilitate ecosystem transpiration under periods of high
evaporative demand (Ryel et al., 2002). Use of deeper water stored by hydraulic redistribution can allow
plants to photosynthesize when surface soils are dry, enhancing ecosystem productivity during periods of
seasonal drought (Prieto et al., 2014; Ryel et al., 2004; Scott, Cable, & Hultine, 2008). Thus, ecosystem
structure is an important driver of productivity in dryland ecosystems, since the rooting characteristics of
the vegetation influence the extent to which plants can access deep soil moisture. The composition of the
plant community influences the rate at which ecosystem carbon pools respond to changes in environmental
drivers, with systems dominated by nonwoody species such as grasses responding more rapidly than
ecosystems dominated by woody species such as shrubs (Scott et al., 2015).
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In dryland ecosystems, moisture can be a significant driver of Reco (Conant et al., 2004). There has been
extensive research on the temperature sensitivity of ecosystem respiration, but in dryland ecosystems,
moisture availability may play a more critical role (Liu et al., 2009). In wetter years, increases in GPP are
often offset by greater Reco (Scott et al., 2014, 2015). In some cases, increased precipitation can actually lead
to decreased NEE magnitude when increases in Reco exceed the increases in GPP (Scott et al., 2014).
Additional research is needed to investigate how GPP and Reco respond to changes in water availability
and thus how this impacts the NEE of the ecosystem.

Despite the importance of dryland ecosystems to the global carbon, water, and energy budgets, land‐surface
fluxes remain relatively poorly studied in these ecosystems compared to mesic ecosystems. In this paper, we
characterize the influence of water availability resulting from lateral groundwater‐river water exchange on
NEE, ET, and the surface energy balance at two distinct semiarid ecosystems located near the Columbia
River in central Washington, USA.We collected 1 year of eddy covariance (EC) measurements from two flux
sites: an upland sagebrush ecosystem fed mainly by rainfall and a riparian grassland ecosystem with
groundwater access resulting from elevated river stage in the dry season. We examine how rooting‐zone
water availability is modulated by rainfall and lateral groundwater‐river water exchange at the two sites,
which consequently influences NEE, ET, and the partitioning of the surface energy balance. We attempt
to address the following science questions: (1) How do rainfall and lateral groundwater‐river water exchange
influence ecosystem water availability and ET in semiarid ecosystems? (2) How might the partitioning of
sensible and latent heat fluxes and seasonal patterns of NEE be modulated by water availability in response
to rainfall and lateral groundwater‐river water exchange at the sites?

2. Methods
2.1. Sites

This study was conducted at two sites located within the Hanford Area in central Washington, USA
(Figure 1). The Hanford Site has a semiarid climate influenced by the Cascade mountain range to the west.
The long‐term average annual precipitation is 17 cm (Duncan et al., 2007). Most of the annual precipitation
occurs during the late fall and winter, and snow accounts for 38% of the total precipitation from December
through February (Duncan et al., 2007). We collected measurements at two distinct semiarid ecosystems
within the Hanford Area located about 35 km apart with access to different levels of groundwater
availability: an upland site (AmeriFlux site US‐Hn1; 46.4089°N, 119.2750°W; Figure 1b) and a riparian site
(AmeriFlux site US‐Hn2; 46.6889°N, 119.4641°W; Figure 1c). The elevations of the upland and riparian sites
are 118.6 and 117.6 m, respectively, based on the North American Vertical Datum of 1988. The upland site is
a sagebrush ecosystem with a deep vadose zone at which the soil moisture input is fed by rainfall. Its
vegetation consists of a mixture of shrubs and grasses. Shrub species include Artemisia tridentata (big
sagebrush; 10% cover) and Chrysothamnus viscidiflorus (green rabbitbrush; <1% cover). Invasive weedy spe-
cies include Bromus tectorum (cheatgrass; 70% cover) and Salsola kali (Russian thistle). Native grasses are

Figure 1. (a) Map of the Hanford Site in central Washington, USA, showing the locations of the eddy covariance towers and the Hanford Meteorological Stations
(HMSs 11 and 24). (b) Photo of the upland site eddy covariance tower. (c) Photo of the riparian site eddy covariance tower.
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also present, including Poa secunda (sandberg bluegrass; <1% cover), Pseudoroegneria spicata (bluebunch
wheatgrass; <1% cover), and Stipa comate (needle‐and‐thread grass; <1% cover). Based on previous mea-
surements performed within the Hanford Area, the maximum rooting depths of the shrub species are
2.5 m or shallower (Sample et al., 2015). At this site, the soil texture in the top 30 cm is loamy sand (5% clay,
11% silt, and 84% sand), and the soil texture in the layer from 30 to 45 cm is sand (2% clay, 4% silt, and 94%
sand). The riparian site is a grassland ecosystem at which plant available water is strongly modulated by lat-
eral groundwater‐river water exchange. Its vegetation consists primarily of invasive weedy species such as
cheatgrass (40% cover), Russian thistle (5% cover), and Centaurea repens (diffuse knapweed; 5% cover).
Native grasses are present, including Sporobolus cryptandrus (sand dropseed; <1% cover), Poa bulbosa (bul-
bous bluegrass; <1% cover), and Agropyron dasystachyum (thickspike wheatgrass; <1%). Artemisia dracun-
culus (tarragon), a native subshrub, is also present. Previous measurements in the Hanford area report
maximum cheatgrass rooting depth between 50 and 160 cm (Sample et al., 2015). At this site, the soil texture
in the top 45 cm is sand (2% clay, 8% silt, and 90% sand). For this study, we examined the measurements
collected from January to December 2016 at both flux tower sites. Since measurements were not available
for November–December 2015, we used the 2016 calendar year rather than the hydrologic year for
our analysis.

2.2. EC Measurements

At each site, EC measurements of net ecosystem carbon dioxide and water vapor fluxes were made using an
open‐path infrared gas analyzer (Model LI‐7500A, LI‐COR, Lincoln, Nebraska, USA) and a 3‐D sonic anem-
ometer (Model CSAT3, Campbell Scientific, Logan, Utah, USA). At the upland site, the EC instruments were
located at a height of 5 m. At the riparian site, the EC instruments were located at a height of 2.5 m. Raw 10‐
Hz data were stored on a data logger (CR5000, Campbell Scientific, Logan, Utah). Half‐hourly fluxes were
calculated from the raw data. The data were despiked (Vickers & Mahrt, 1997) and filtered for instrument
malfunctions and out‐of‐range signals. Sonic anemometer data were rotated according to the double rotation
method (Wilczak et al., 2001). Flux measurements were corrected for the effects of air density fluctuations
caused by heat and water vapor transfer (Webb et al., 1980).

Gap filling, u* filtering, and partitioning of the EC data sets were performed using the R package REddyProc
(Wutzler et al., 2018). NEE was partitioned into gross primary productivity (GPP) and ecosystem respiration
(Reco) by fitting an exponential function of air temperature to the nighttime NEE data, as described by
Reichstein et al. (2005).

Seasonal u* thresholds were calculated on a seasonal basis according to the method described by Papale et al.
(2006), and flux measurements below the thresholds were replaced with gap‐filled values. The u* thresholds
ranged from 0.05 to 0.09 m/s (Table S1 in the supporting information). The marginal distribution sampling
method was used to gap fill the flux measurements. Gap‐filled data points were classified into three quality
control (QC) categories in order to assess the reliability of the gap‐filled data (QC 1, QC 2, and QC 3 in Tables
S2 and S3), where QC 1 represents the most reliable values and QC 3 represents the least reliable values.

The percentage of missing flux data at both sites ranged from 15% to 29% in 2016, with the majority of gaps
being less than 1 day. The majority of gap‐filled data points corresponded to the highest‐quality flag for gap‐
filled values (Tables S2 and S3). We estimated the error in NEE and ET associated with gap filling by using
the gap filling procedure to fill artificially added gaps in the data set. For each site, we created two new data
sets with added artificial gaps of the same duration as the original data gaps: one in which added gaps started
the day after the original gaps ended and one in which the new gaps ended the day before the original gap
started. We then compared the annual NEE and ET values for the data sets with artificial gaps added to the
original data sets. Based on this approach, the error associated with data gaps was around ±10% for annual
NEE and ±7% for annual ET.

2.3. Meteorological and River Stage Measurements

A variety of meteorological measurements were conducted at both flux tower sites, including air tempera-
ture, relative humidity, net radiation, soil temperature, soil volumetric water content, soil heat flux, and pre-
cipitation (Table 1). Meteorological data were collected and stored at 1‐min frequency on a data logger
(Models CR1000 and CR5000, Campbell Scientific, Logan, UT, USA). Hourly meteorological data from
the stations nearest to each flux site were also obtained from the Hanford Meteorological Station (HMS)
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Monitoring Network (http://www.hanford.gov/page.cfm/HMS). HMS 11 is located ~5 km from the upland
tower, and HMS 24 is located about 6 km from the riparian tower (Figure 1). In the case of rain gage failure at
one of the tower sites, the precipitation data were filled using measurements from the nearest HMS. Thus,
the hourly precipitation totals for this study period were gap free.

To evaluate the 2016 weather conditions in the context of the long‐term climate of the area, we used
long‐term data from the PRISM Climate Group (http://prism.oregonstate.edu). We obtained the daily total
precipitation and daily mean temperature for the period from 1986 to 2016 at 46.4089°N, 119.2750°W (the
location of the upland tower). The 2016 PRISM precipitation data showed excellent agreement with the
tower rain gage, with the annual total precipitation differing by less than 2 mm. We examined the annual
and monthly anomalies in the 2016 precipitation and temperature relative to the 30 years prior to
2016 (1986–2015).

At the upland site, the river stage was monitored by a well located about 4.5 km downstream from the flux
tower (Figure S1). At the riparian site, hourly river stage was measured at one upstream and one
downstream location near the flux tower from 12 October 2016 to 2 August 2017 (Figure S1; INW
LevelSCOUT Sensors, Kent, WA). Total pressure measured by the piezometers was converted to water
elevation by subtracting the barometric pressure. An adjustment was also made to correct for the difference
in elevation between the pressure transducer and the top of the piezometer, which was surveyed using
real‐time kinematic GPS. Since piezometer measurements were not available for the entire year of 2016,
we developed statistical relationships between the available upstream and downstream piezometer measure-
ments and hourly river discharge measurements from the Priest Rapids Dam to estimate the hourly river
stage for the entire year. First, we built a generalized linear model (GLM; McCullagh & Nelder, 1989) using
the GLM function in the statistical computing software R (R Core Team, 2015) for the available data set with
3,873 observations collected during the measured time period. The dependent variable was the river stage at
the riparian site and the predictor variable was the measured river discharge obtained from U.S. Geological
Survey's website (https://waterdata.usgs.gov/nwis/uv?site_no=12472800). The sample cross‐correlation
function (CCF) was applied to determine the time lags between river stage and discharge. Nearly equal max-
imum values of CCF occurred at−6,−5, and−4 hr with correlation values of 0.927, 0.966, and 0.960, respec-
tively. The negative CCF values indicate that the time series of discharge leads the river stage. We
implemented discharge and discharges lagged up to −10 hr as predictor variables in the GLM model

Table 1
Heights of Tower Sensors and Depths of Soil Sensors Installed at the Upland and Riparian Sites

Sensor Variables

Sensor heights or depths

ManufacturerUpland site Riparian site

LI‐7500A Carbon dioxide and water
vapor concentrations

5 m 2.5 m LI‐COR, Lincoln, Nebraska

CSAT3 3‐D wind components 5 m 2.5 m Campbell Scientific, Logan, Utah
HMP45C Air temperature and

relative humidity
1, 2, 5, 8, and 10 m 2.5 m Campbell Scientific, Logan, Utah

CNR2 Net shortwave and net
longwave radiation

8 m (until 18
March 2016)

3 m Kipp & Zonen, Delft,
the Netherlands

CNR4 Net shortwave and net
longwave radiation

8 m (after 18
March 2016)

Kipp & Zonen, Delft,
the Netherlands

RM‐Young 03002 Wind speed and direction 10 m RM Young, Traverse City, Michigan
SI‐111 Soil surface temperature 3.8 m Apogee Instruments, Logan, Utah
109SS Soil temperature 2.5, 5, 10, 15,

and 20 cm
2.5, 5 cm Campbell Scientific, Logan, Utah

CS616 Soil volumetric water
content

2.5, 5, 10, 15,
and 20 cm

5 cm Campbell Scientific, Logan, Utah

HFP‐01 Soil heat flux 5 and 20 cm 5 cm Huskeflux Thermal Sensors, Delft,
the Netherlands

HFPSC‐01 Soil heat flux 5 and 20 cm Huskeflux Thermal Sensors, Delft,
the Netherlands

TE525 Precipitation 2 m 3 m Texas Electronics, Texas
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development. Second, we performed model selection based on Akaike information criterion (Akaike, 1974)
in R's stepwise algorithm using both forward and backward searching directions. Discharge and −1‐hr‐
lagged discharge were dropped as predictor variables during model selection. The lagged‐regression
models were used to predict water elevation at both the upstream and downstream locations near the
riparian flux tower for the entire year of 2016. The goodness of fits were measured using R2 values
(1 − residual sum of squares/total sum of squares), which were 0.994 and 0.995 for the upstream and
downstream locations, respectively. In addition, during 2016 several measurements of the water table
depth were collected from a well located 418 m away from the riparian flux tower (Figure S1). From 16
August 2018 to 20 September 2018 piezometer measurements were also collected in the slough near the
riparian site, 415 m away from the tower (Figure S1).

2.4. Water Balance Calculations

To estimate the groundwater uptake, we calculated the water budget closure at each site based on the pre-
cipitation and flux tower ET measurements. Using this approach, the deficit between the incoming and out-
going water in the system is used to infer the amount of groundwater uptake and stored soil water in
the system.

Figure 2. The annual total precipitation (a) andmean air temperature (b) at the upland tower location for the period from
1986 to 2016. The dashed lines represent the means for the 30‐year period prior to 2016.

Figure 3. (a) The monthly total precipitation in 2016 (blue line) and the 30‐year average monthly precipitation prior to
2016 (orange line, ±SD) at the upland tower location. (b) The monthly average air temperature in 2016 (blue line) and
the 30‐year average monthly air temperature prior to 2016 (orange line, ±SD).
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Previous studies at the Hanford site suggest that the shallow subsurface
material at the site is highly permeable with average hydraulic conductiv-
ity at about 3,100 m/day; thus, surface runoff seldom presents (Thorne
et al., 2006; Williams et al., 2008). Therefore, the water budget can be
represented as

Gw þ P−ET ¼ z
∂θ
∂t

; (1)

where Gw is the net groundwater uptake, P is precipitation, ET is evapo-
transpiration, z is the depth of the soil layer, θ is the volumetric soil water
content in the entire soil layer, and z ∂θ

∂t is the soil moisture storage. Gw

represents the difference between groundwater uptake (U) by the ecosys-
tem and leakage (L) from the soil layer (Gw =U− L). Given that only shal-
low soil moisture was measured at the flux sites, the total z ∂θ

∂t cannot be
accurately calculated. Thus, for our analysis we will examine the residual
in the water balance, given by Res ¼ Gw−z ∂θ

∂t , where the residual repre-
sents both net groundwater uptake and changes in the amount of stored
soil moisture. The residual in this case is calculated as the difference
between the ET and precipitation, as follows:

Res ¼ ET−P: (2)

Since ET was measured as half‐hourly fluxes, a half‐hourly time step was
used for the calculations. The results are reported as aggregated
monthly values.

3. Results
3.1. Meteorological and River Stage Conditions

Based on the long‐term PRISM data set for the site, the annual precipita-
tion in 2016 (222 mm) was greater than the mean annual precipitation
of the 30‐year base period (197 mm; Figure 2a). The 2016 mean air
temperature (12.8 °C) was also greater than the 30‐year mean (12.0 °C;
Figure 2b). To investigate the seasonal anomalies in precipitation and tem-
perature, we compared the monthly total precipitation and mean monthly
air temperature in 2016 to the mean monthly values of the 30‐year base
period. In 2016, there was a large precipitation anomaly in October, which
had much greater precipitation than the base period (Figure 3a). The high
annual mean air temperature in 2016 was largely caused by warmer tem-
peratures during the early growing season (February–June; Figure 3b).
Monthly mean air temperatures for July–October 2016 were very similar
to the base period.

Comparing the meteorological measurements at the two flux tower sites in
2016, the sites had fairly similar meteorological conditions. Net radiation
was similar for the two sites, with the upland site having slightly greater
net radiation than the riparian site (Table 2). Differences in average
monthly net shortwave radiation between the two sites were less than
12 W/m2. Soil temperature was usually slightly greater at the riparian site
compared to the upland site (Table 2). The upland site generally had larger
sensible heat fluxes than the riparian site (Figure 4). The relative humidity
was fairly similar at the two sites (Table 2). The seasonal patterns of pre-
cipitation were very similar at the two sites, although the total annual pre-
cipitation was greater at the upland site than at the riparian site (224 vs.T

ab
le

2
M
on

th
ly
A
ve
ra
ge

V
al
ue
s
of
N
et
R
ad

ia
ti
on

(R
n
,W

/m
2 )
,A

ir
T
em

pe
ra
tu
re
(T

a
ir
,°
C
),
So

il
T
em

pe
ra
tu
re
(T

so
il
,°
C
),
R
el
at
iv
e
H
um

id
it
y
(R
H
,f
ra
ct
io
n
),
F
ri
ct
io
n
V
el
oc
it
y
(u

*,
m
/s
),
W
in
d
Sp

ee
d
(W

S,
m
/s
),
an

d
V
ol
um

et
ri
c
So

il
W
at
er

C
on

te
n
t
(S
W
C
)
at

5‐
cm

D
ep
th

(m
3 /
m
3 )

at
th
e
U
pl
an

d
an

d
R
ip
ar
ia
n
Si
te
s

M
on

th

R
n
(W

/m
2 )

T
ai
r
(°
C
)

T
so
il
(°
C
)

R
H

u *
(m

/s
)

W
S
(m

/s
)

SW
C
(m

3 /
m
3 )

U
pl
an

d
R
ip
ar
ia
n

U
pl
an

d
R
ip
ar
ia
n

U
pl
an

d
R
ip
ar
ia
n

U
pl
an

d
R
ip
ar
ia
n

U
pl
an

d
R
ip
ar
ia
n

U
pl
an

d
R
ip
ar
ia
n

U
pl
an

d
R
ip
ar
ia
n

Ja
n

19
.1
8

12
.8
9

4.
77

1.
28

2.
28

0.
57

0.
83

0.
94

0.
16

0.
12

1.
74

0.
93

0.
12

0.
10

F
eb

41
.6
8

41
.5
2

6.
50

5.
23

6.
31

6.
05

0.
74

0.
78

0.
21

0.
13

2.
24

1.
11

0.
11

0.
09

M
ar

70
.4
5

66
.5
1

9.
25

8.
54

9.
90

9.
29

0.
61

0.
64

0.
26

0.
20

2.
70

2.
15

0.
11

0.
07

A
pr

12
4.
88

10
5.
06

15
.2
7

14
.3
9

18
.4
6

19
.9
5

0.
50

0.
54

0.
22

0.
18

2.
35

1.
62

0.
06

0.
03

M
ay

14
2.
85

12
3.
83

18
.2
8

17
.8
8

23
.7
7

25
.6
0

0.
47

0.
46

0.
27

0.
25

2.
61

2.
49

0.
06

0.
02

Ju
n

16
1.
78

13
8.
70

21
.9
0

21
.3
3

29
.2
1

30
.6
2

0.
40

0.
40

0.
29

0.
23

2.
73

2.
14

0.
05

0.
03

Ju
l

14
6.
37

13
2.
91

24
.0
5

23
.6
8

31
.4
8

32
.5
7

0.
40

0.
41

0.
28

0.
24

2.
54

2.
38

0.
04

0.
02

A
ug

12
4.
32

10
6.
25

24
.1
2

24
.0
3

31
.9
4

32
.7
7

0.
38

0.
37

0.
23

0.
19

2.
19

1.
62

0.
03

0.
02

Se
p

79
.3
6

69
.3
0

18
.0
9

18
.0
4

23
.0
6

23
.6
9

0.
48

0.
47

0.
23

0.
20

2.
29

1.
71

0.
03

0.
02

O
ct

32
.1
9

36
.3
6

12
.6
2

12
.2
1

14
.8
8

13
.2
0

0.
69

0.
71

0.
23

0.
19

2.
5q

2
1.
65

0.
10

0.
07

N
ov

17
.3
1

19
.2
2

8.
71

8.
05

9.
11

7.
57

0.
77

0.
79

0.
21

0.
15

2.
22

1.
26

0.
13

0.
09

D
ec

0.
39

0.
82

−
1.
64

−
2.
06

1.
75

−
1.
49

0.
80

0.
77

0.
20

0.
16

2.
17

1.
47

0.
12

0.
05

A
n
n
ua

l
m
ea
n

83
.6
2

75
.4
2

14
.0
0

12
.8

16
.8
7

18
.0
7

0.
67

0.
58

0.
24

0.
19

2.
40

1.
69

0.
08

0.
05

10.1029/2018JG004666Journal of Geophysical Research: Biogeosciences

MISSIK ET AL. 105



176 mm; Figure 5b and Table 3). The biggest difference in monthly precipitation between the two sites
occurred in May, with the upland site receiving 16 mm more than the riparian site. This discrepancy
between the two sites was likely attributed to the difference in local convective storms early in the
summer. The seasonal patterns of shallow soil moisture were similar at the two sites (Figures 5 and 6 and
Table 2), with the upland site having slightly greater soil water content than the riparian site. This is
likely due to the differences in precipitation at the two sites, as well as differences in soil texture.

At the upland site, the mean river stage in 2016 was 105.34 m (standard deviation: 0.4265 m), which is 13.2 m
below the tower elevation. The annual mean river stage at the riparian site, as represented by the average of
the river stage at the upstream and downstream locations, was 114.51 m (standard deviation: 0.6424 m),
which is 3.1 m below the tower elevation. Measurements collected at a well near the riparian site demon-
strate that there was close agreement between the water table depth and the river stage (Figure 10).
Additional piezometer measurements collected in the slough near the riparian site in August–September
2018 also demonstrate the similarity between the river stage and water table depth at the site (Figure S6).

3.2. Comparison of Water and Energy Balance Components at the Upland and Riparian Sites

Although the two sites had similar seasonal patterns of precipitation, they had very distinct seasonal patterns
of ET. At the upland site, the monthly ET was largest in April and then declined through the growing season
(Figures 7 and 8). In contrast, the riparian site maintained more consistent monthly ET values throughout
the growing season, and the monthly total ET was the largest in July (Figure 7). At the riparian site, the resi-
dual in the water balance accounted for the majority of the ET during April–September (Figure 9). At both
sites, during the spring and summer months the total ET exceeded the total precipitation and the residual in
the water balance was positive (Figure 9). Both sites had negative residuals in January and October, when
large precipitation pulses greatly exceeded the monthly ET (Figure S5). At both sites, the residual accounted
for a large fraction of the total ET during the spring and summer months (Figure 9). The ratio of the residual
to the total ET (Res/ET) was greater at the riparian site than at the upland site during April–July. In August,
there was no precipitation at either site, resulting in a Res/ET ratio of 1. During the summer months (June–
August), the ET at the riparian site was 1.3 to 2.7 times greater than that at the upland site. On an annual
basis, the total ET was slightly higher at the riparian site than at the upland site (277 vs. 250 mm,
Table 3). At the riparian site, the total annual ET was 1.57 times the total annual precipitation. In contrast,
at the upland site the total annual ET was comparable to the total annual precipitation (250 and
224 mm, respectively).

The distinct patterns of ET (and latent heat flux) at the two sites corresponded to a large difference in the
energy balance partitioning between the two sites. The upland site had a larger annual Bowen ratio than

Figure 4. Comparison of the monthly diurnal average sensible heat flux (H) at the upland and riparian flux sites in 2016.
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the riparian site (2.4 vs. 1.7). The largest differences in the Bowen ratios between the two sites occurred
during the summer months. During these months (June–August), the riparian site had higher latent heat
fluxes (Figure 8) and lower sensible heat fluxes (Figure 4) during the daytime compared to those at the
upland site. Thus, the riparian site had a lower Bowen ratio than the upland site during the summer months
(Table 3), with the largest difference between the two sites occurring in August (9.9 vs. 2.7).

3.3. Comparison of CO2 Fluxes at the Upland and Riparian Sites

The proximity and similar meteorological conditions of the two flux tower sites allow us to examine the
effects of groundwater availability and vegetation structure on the ecosystem fluxes. Despite having similar
meteorological conditions, the two sites demonstrated very different seasonal patterns in the ecosystem CO2

fluxes. The two flux tower sites had distinct seasonal patterns of NEE. At the upland site, the magnitude of
NEE was maximized in April (−32 gC·m−2·month−1, with NEE < 0 indicating net carbon uptake) and then
declined as the growing season progressed (Figures 5 and 11 and Table 3). In contrast, NEE at the riparian
site was fairly consistent during the spring and early summer, and its magnitude was maximized during

Figure 5. Data collected at the upland and riparian sites in 2016. (a) Monthly average (±SD) volumetric soil water content
(SWC) at 5‐cm depth. (b–f) Monthly total precipitation (P, mm/month), evapotranspiration (ET, mm/month), net eco-
system carbon flux (NEE, gC·m−2·month−1), gross primary productivity (GPP, gC·m−2·month−1), and ecosystem
respiration (Reco, gC·m

−2·month−1). (g) Monthly average (±SD) river stage (m) near the riparian site.
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August (−29 gC·m−2·month−1; Figure 5 and Table 3). NEEwasmore nega-
tive at the upland site than at the riparian site from January–April; how-
ever, from May to August, NEE was more negative at the riparian site
than at the upland site.

The partitioning results indicate that the distinct seasonal patterns in NEE
at the two sites were driven primarily by differences in GPP during the
growing season. At the upland site, GPP was maximized in April, while
at the riparian site GPP was the largest during July and August (Figure 5
and Table 3). At the end of the growing season, the magnitude of the
cumulative NEE was larger at the riparian site than at the upland site
(Figure 6). The magnitude of the cumulative NEE experienced substantial
reductions at both sites with the onset of the fall precipitation, but the
largest change occurred at the riparian site (Figure 6). In November, the
riparian site was a carbon source, while the upland site was a carbon sink
(Figure 5 and Table 3). Although the riparian site had greater GPP than the
upland site in November, it also had much greater Reco (Figure 5 and
Table 3). The total annual GPP was greater at the riparian site than at
the upland site (612 vs. 424 gC/m2; Table 3). However, the annual total
ecosystem respiration was also greater at the riparian site than at the
upland site (558 vs. 363 gC/m2; Table 3). Thus, the magnitude of the
annual NEE in 2016 was larger at the upland site than at the riparian site
(−62 vs. −54 gC/m2).

4. Discussion
4.1. Impacts of Lateral Groundwater‐River Water Exchange on
Ecosystem Water Availability

Our results indicate that the riparian site was dependent on groundwater
uptake from sources in addition to rainfall for a large portion of its water
balance, while the upland site was not. The differences between the total
precipitation and the total ET on an annual basis can provide information
about the amount of water uptake at each site. It should be noted that
although surface runoff could occur when precipitation is very high (e.g.,
during the large precipitation event in October; Figure 6), such events were
rare and should not have a large impact on the annual water balance
components. Moreover, such events did not occur during the growing
season, which was characterized by small and intermediate rainfall events.
Since the change in soil water storage should not be large on an annual
basis, the difference between the total annual ET and precipitation
indicates the extent to which the ecosystem depends on groundwater
uptake for its water usage. The similar values for total annual ET and
precipitation at the upland site (250 vs. 224 mm) suggest that there was
not a significant amount of groundwater uptake. In contrast, the large
difference between the total annual ET and precipitation at the riparian
site (277 vs. 176 mm) suggests that groundwater uptake accounted for a
large portion of the ET.

The strong relationship between water table depth and river stage
(Figure 10) suggests that plant available water to support ET at the riparian
site is directly driven by the lateral exchange of river water and
groundwater. That is, during the dry season (i.e., May to August) when
rainfall is nearly absent, river water intrudes into the subsurface in
response to elevated river stage, which increases the groundwater table
and hence soil moisture to support ET. The phenomenon of groundwaterT
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Figure 6. Daily precipitation (P, mm), volumetric soil water content (SWC), and cumulative net ecosystem carbon flux
(NEE, gC/m2) at the upland and riparian flux sites in 2016.

Figure 7. Comparison of the total precipitation (P, mm/month) and evapotranspiration (ET, mm/month) at the upland
and riparian flux sites in 2016.
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uptake enhancing ET during the dry season in sites with a shallow water table was also observed in a
previous study that compared a semiarid riparian shrubland, woodland, and grassland to a nearby upland
grassland ecosystem (Scott et al., 2014). At our site, the close agreement between the river stage and water
table depth measurements indicates that the river stage is a good proxy for the water table depth. During
2016, the river stage at the riparian site ranged from 1.1 to 4.4 m below the tower elevation. Previous
studies in sites with shallow water tables have demonstrated that the capillary rise of groundwater can
recharge soil moisture in shallower layers above the water table, allowing vegetation to access
groundwater resources even when the water table is deeper than the vegetation rooting depth (Chimner
& Cooper, 2004; Thorburn & Walker, 1993).

The monthly water balance components demonstrate that groundwater uptake was a critical driver of the
seasonal patterns of ET. At the upland site, where groundwater uptake was not observed, the residual in
the water balance indicates the amount of water storage in the soil. At this site, there were large negative
residuals in January and October corresponding to the large precipitation pulses, indicating soil water sto-
rage. From February through September, the positive residuals indicate the portion of the ET from stored
soil moisture. The total ET decreased at the upland site every month from April through September, suggest-
ing that ET became increasingly constrained by water availability as the stored soil water was depleted. In
contrast, the riparian site maintained high ET during the spring and summer, with the greatest monthly
ET occurring in July. During the summer months, the residual accounted for the majority of the total ET
at the riparian site (70–100%, Figure 9). Since it is unlikely that the stored soil moisture was drastically dif-
ferent between the two sites, and the annual total ET greatly exceeded the annual precipitation at the ripar-
ian site, this indicates that groundwater uptake played a critical role in supporting ET during the spring and
summer months.

Figure 8. Comparison of the monthly diurnal average latent heat flux (LE) at the upland and riparian flux sites in 2016.

Figure 9. Ratio of the residual in the water balance (Res) to the total evapotranspiration (ET). (a) The monthly values of
Res/ET for each month in 2016. (b) The values for March–September in greater detail.
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Although the two sites had very different seasonal patterns of ET, the seasonal patterns of shallow soil water
content were very similar for the two sites (Figure 5a). This result indicates that the shallow volumetric soil
water content was a poor indicator of ecosystem water availability and did not capture changes in water
availability due to groundwater uptake or changes in moisture storage in deeper soil layers.

4.2. Water Availability Modulates Ecosystem ET and NEE

Our results demonstrate that lateral groundwater‐river water exchange had a substantial impact on the par-
titioning of the surface energy budget at the riparian site, particularly during the summer months. During
the summer months, at the riparian site the increased water availability from groundwater uptake enhanced
the latent heat flux and reduced the Bowen ratio relative to the upland site. These results are consistent with
previous modeling studies demonstrating the impact of shallow water tables on the latent heat flux and
energy balance partitioning (Bisht et al., 2017; Maxwell & Condon, 2016).

The relationship between NEE and ET suggests that water availability was a critical driver of NEE in these
ecosystems. The distinct seasonal patterns of NEE at the upland and riparian sites corresponded well to the

Figure 11. Comparison of the monthly diurnal average net ecosystem exchange of CO2 (NEE) at the upland and riparian
flux sites in 2016.

Figure 10. Daily average river stage (m) measured at the upstream and downstream piezometer locations near the ripar-
ian flux tower and water table elevation (m) measured at a nearby well. The dashed line indicates the elevation of the
ground surface at the riparian flux tower location.
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seasonal patterns of ET (Figure 11). The upland site had greater NEE magnitude and ET during the spring
but lower NEE magnitude and ET during the summer months. In contrast, the riparian site maintained
greater values of both NEE magnitude and ET during the drier summer months. Our results suggest that
NEE at the upland site was restricted during the drier summer months due to lack of available water, as indi-
cated by the reduced ET during these months. In contrast, the riparian site was able to maintain higher GPP
during the dry months due to greater water availability than the upland site, as indicated by the greater
values of ET. The pattern of enhanced ET and carbon uptake at the riparian site compared to the upland site
is similar to that observed in Scott et al. (2014).

In determining the factors driving the enhanced ET at the riparian site during the dry months, it is important
to consider differences in both meteorological conditions and vegetation structure. The upland site received
more annual total precipitation than the riparian site (224 vs. 176 mm), indicating that the enhanced ET at
the riparian site was not caused by differences in precipitation. In addition, the differences in vegetation type
were unable to explain the enhanced ET at the riparian site relative to the upland site during the summer
months. Previous studies have demonstrated that the rooting characteristics of shrub species such as sage-
brush help enhance plant available soil moisture and facilitate higher transpiration and productivity during
periods of water limitation (Prieto et al., 2014; Ryel et al., 2002, 2004). Thus, in the absence of groundwater
availability, we would expect the upland site to be more resistant to water limitations than the riparian site,
since the shrub species at this site have deeper roots to access stored soil moisture during periods of
water stress.

Our results demonstrate that the response of Reco to available moisture is a critical driver of annual NEE and
that increases in GPP in response to increased water availability can be offset by enhanced Reco. This result is
consistent with previous studies demonstrating the sensitivity of ecosystem respiration in dryland ecosys-
tems to precipitation events and changes in moisture availability (Conant et al., 2004; Jenerette et al.,
2009; Liu et al., 2009; Scott et al., 2014). Both the upland and riparian sites experienced substantial respira-
tion pulses with the onset of fall precipitation. Although the riparian site had larger cumulative NEE at the
end of the growing season than the upland site, this was offset by larger Reco in response to fall precipitation.

5. Conclusions

In this study, we have investigated the relationship between ecosystem available water and land‐surface
water, energy, and carbon fluxes using 1 year of EC data from two semiarid ecosystems. Our results demon-
strate that groundwater access resulting from lateral groundwater‐river water exchange can be a critical dri-
ver of NEE and ET in semiarid ecosystems. Due to the lack of water sources apart from rainfall, NEE at the
upland site was strongly constrained by moisture availability during the summer months. In contrast,
groundwater uptake resulting from river water intrusion into the subsurface allowed the riparian site to
maintain high NEEmagnitude and ET during the drymonths, whenNEEwould be restricted by water avail-
ability in the absence of groundwater access. In areas where groundwater is available as a result of
groundwater‐river water exchange or convergence of groundwater driven by topography, it can account
for a large portion of the water budget during the growing season and can dramatically alter the surface
energy balance and the seasonal patterns of NEE and ET.

Improving our understanding of the role of groundwater in ecosystem carbon cycling is crucial to under-
standing how semiarid ecosystems will respond to future changes in climate. Water availability in many eco-
systems is driven not only by precipitation but also by groundwater availability in response to large‐scale
hydroclimatic conditions. Thus, groundwater availability can fundamentally alter how an ecosystem will
respond to changes in climate conditions. Longer‐termmeasurements of the interannual variability in these
ecosystems are needed to further examine the relationships between the ecosystem fluxes and the ground-
water and climate conditions.
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