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Abstract It has long been suspected that root hydraulic redistribution (HR) affects the carbon and
nitrogen cycles. Nitrous oxide (N,O) is an important greenhouse gas and is the primary stratospheric
ozone-depleting substance. To our knowledge, the influences of HR on N,O emissions have not been
investigated. Here we use the HR schemes of Ryel et al. and Amenu and Kumar incorporated into CLM4.5 to
examine N,O emissions at five AmeriFlux sites. The results show that HR reduced N,O emissions by 28-92%
in the four natural ecosystems experiencing a dry season, whereas it had a very limited effect on the Corn
Belt site that has strong emissions but with no distinct dry season. We hypothesize that N,O emissions in
ecosystems with a distinct dry season are likely overestimated by CENTURY-based Earth system models.

Plain Language Summary The findings of this study suggest that hydraulic redistribution (HR) may
play an important role in N,O emissions from agricultural regions that have a clearly defined dry season. For
example, the expansive corn-growing regions of China are all located in the monsoon area with a distinct
dry season. We hypothesize that the HR mechanism acts to significantly reduce N,O emissions in these
regions. HR may also play an important role in limiting N,O emissions in the Amazonian regions with a
tropical monsoon climate, where forests have been converted to agricultural use.

1. Introduction

Nitrous oxide (N,0O) has a lifetime exceeding 100 years (Prather et al., 2012, 2015) and has the third largest
radiative forcing among the long-lived greenhouse gases (Hofmann et al., 2006). It is the primary ozone-
depleting substance in the stratosphere (Ravishankara et al.,, 2009). N,O emissions from terrestrial ecosystems
are characterized by high temporal and spatial variability (Groffman et al., 2009; Wagner-Riddle et al., 2007).
For example, according to the Emission Database for Global Atmospheric Research (EDGAR), the
Southeastern U.S. and the Amazon basin have substantially higher emissions than many other regions
(Tian et al.,, 2010). The heavy use of nitrogen fertilizers in the U.S. Corn Belt makes this region an important
anthropogenic N,O source at the global scale (Miller et al., 2012). In both natural and managed ecosystems,
the spatial and temporal variability of NO emissions is strongly controlled by soil moisture or water-filled
pore space (Grossel et al., 2016; Turner et al., 2016).

In seasonally dry ecosystems, plant roots transfer water from moist soil layers to dry soil layers along the soil
water potential gradient. Such hydraulic redistribution (HR) of soil water via plant roots can be upward
(hydraulic lift), downward (hydraulic descent), or lateral (Horton & Hart, 1998; Neumann & Cardon, 2012;
Prieto et al,, 2012; Sardans & Pefiuelas, 2014; Yu & D'Odorico, 2017). The effects of HR on the hydrological,
carbon, and nitrogen cycles have been demonstrated in numerous field studies (e.g., Cardon et al., 2013;
Ryel et al., 2002; Scott et al., 2008). Several recent modeling studies have investigated the effects of HR on
the hydrological cycle and carbon dioxide exchange between ecosystems and the atmosphere (Baker
et al, 2008; Fu et al,, 2016, 2018; Luo et al,, 2013; Tang et al.,, 2015; Wang, 2011). The effect of HR on N,O
emissions, however, has not been investigated.

This study builds on previous research on the effects of HR on ecosystem carbon and water cycles (Fu
et al, 2016, 2018). Incorporating HR into the National Center for Atmospheric Research Community
Land Model Version 4.5 (CLMA4.5; Oleson et al, 2013) improved simulations of soil moisture,
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Figure 1. Schematic representations of the (a) effects of hydraulic redistribution on N,O emissions and (b) sources and sinks for the soil mineral nitrogen pools.

evapotranspiration (ET), and the Bowen ratio during dry periods at eight seasonally dry AmeriFlux sites (Fu
et al,, 2016). At four of these AmeriFlux sites, HR was found to affect the model ecosystem-atmosphere
CO, exchange during dry periods in two ways: (a) enhancing stomatal conductance and photosynthesis
and (b) affecting soil microbial activity, heterotrophic respiration, and nutrient availability to plants (Fu
et al, 2018).

We hypothesize that HR affects N,O emissions via its effects on soil moisture and subsequently on the
frequency of anoxic conditions, plant growth and uptake of soil N, and microbial mobilization of soil N
(Figure 1). The HR effect is likely to be strong in ecosystems that have a distinct dry season and to be weak
in ecosystems that are persistently wet or persistently dry throughout the year. At wet sites, a soil water
potential gradient sufficient for HR is unlikely to develop. Conversely, dry sites have limited soil moisture
for redistribution (Fu et al., 2016; Wang, 2011; Yu & D'Odorico, 2014).

In addition to the HR scheme of Ryel et al. (2002) that was incorporated into CLM4.5 by Fu et al. (2016, 2018),
here we added the physically based method of Amenu and Kumar (2008) to CLM4.5 as an alternative HR
scheme. The modified CLM4.5 with these two different HR formulations was applied to five AmeriFlux sites
with contrasting climates, ecosystem types, and N,O emission strength. We aimed to (a) evaluate the perfor-
mance of the widely used CLM model in simulating ecosystem N,O emissions, (b) investigate the influences
of HR on the N,O emissions of ecosystems with a dry season, and (c) determine whether the HR effect is
important for the U. S. Corn Belt, which is a global N,O emission hot spot that does not have a distinct
dry season.
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Table 1
Study Site Information
Site Location Vegetation Koppen climate Annual precipitation (mm) Study examples
US-Wrc Washington, USA Douglas fir, western hemlock Mediterranean 2,220 (Brooks et al., 2002, 2006)
US-SRM Arizona, USA Mesquite trees, bunchgrass, succulents Cold semi arid 380 (Scott et al., 2008, 2009)
US-SCf California, USA Oak/pine forest Mediterranean 530 (Kitajima et al., 2013)
BR-Sa1 Para, Brazil Macaranduba, Jatoba, Taxi Tropical monsoon 1,910 (Baker et al., 2008)
US-Ro1 Minnesota, USA Corn; soybean Humid Continental 879 (Chen et al., 2015)

Note. Information for US-Wrc, US-SRM, US-SCf, and BR-SaT1 sites is from Fu et al. (2018).

2. Material and Methods
2.1. Study Sites and Data

This study focused on five AmeriFlux sites, including the US-Ro1 site in Minnesota (representing the U.S. Corn
Belt; Chen et al., 2015), the Douglas fir (US-Wrc) site in Washington State (Brooks et al., 2002, 2006), the Santa
Rita Mesquite (US-SRM) site in Arizona (Scott et al., 2008, 2009), the Oak Pine Forest (US-SCf) site in southern
California (Kitajima et al., 2013), and the Amazon evergreen forest (BR-Sa1) site in Brazil (Baker et al., 2008).
The US-Wrc and US-SCf sites have Mediterranean climates, while the US-SRM site has a cold, semiarid climate.
The BR-Sal and US-Ro1 sites have tropical monsoon and humid continental climate, respectively. The
US-Wrc, US-SRM, US-SCf, and BR-Sa1 sites have a dry season, and HR has been reported at all four sites
(Brooks et al., 2006; Kitajima et al., 2013; Oliveira et al., 2005; Scott et al., 2008). In contrast, US-Ro1, which is
a corn-soybean rotation agricultural site, lacks a dry season. No studies have examined HR in the Corn Belt
region, but experimental greenhouse studies have reported the occurrence of hydraulic lift in maize
(4.1-12.6 ul/cm of root per night) using time domain reflectometry (Topp et al., 1996) and isotopic assess-
ment (Wan et al., 2000). Tables 1 and S1 list the detailed site information.

N,O emissions were measured between 1 January and 11 October 2011 during the corn phase of soybean-
corn rotation at US-Ro1. The flux measurements were obtained using six automated chambers (Griffis et al.,
2013). Hourly soil-moisture data since 19 July 2011 were obtained from the COsmic-ray Soil Moisture
Observing System (COSMOS) project (http://cosmos.hwr.arizona.edu%2FProbes%2FStationDat%2F041%
2Findex.php). COSMOS has an effective monitoring depth of 10-25 cm. Annual mean N,O emission data
for the remaining four sites were obtained from the literature or public databases (0.290, 0.080, 0.017, and
0.060 nmol - m™2 - s~" at BR-Sa1, US-Wrc, US-SRM, and US-SCf, respectively). ET data for US-Ro1, US-Wrc,
US-SRM, and BR-Sa1 sites were obtained from the AmeriFlux databases, while ET data for the SC-SCf site were
collected by the Goulden Laboratory (http://www.ess.uci.edu/~california/).

2.2. Land Surface Model

The CLM4.5 (Oleson et al., 2013), which is part of the Community Earth System Model (CESM) version 1.2.0,
was used in this study. The CLM4.5 was implemented using the CENTURY-based soil carbon pool kinetics
(CLM45BGC) to simulate plant growth and mortality, carbon, nitrogen, and water cycles of the four natural
ecosystems (US-Wrc, US-SRM, US-SCf, and BR-Sa1 sites). At the agricultural US-Ro1 site, CLM45BGC coupled
with the crop algorithm (CLM45BGCCROP) was used to simulate these biogeophysical and biogeochemical
processes. CLM45BGCCROP can simulate the management (e.g., fertilization) and phenology (e.g., leaf emer-
gence and grain fill) for crops of rainfed and irrigated corn, temperate cereal, winter cereal, and soybean
(Oleson et al,, 2013). At US-Ro1, we used the model’s default fertilizer application rate and timing. The land
use at US-Ro1 is corn-soybean rotation, and we simulated the corn phases for 2007, 2009, and 2011 (Chen
et al, 2015). The specific data sources and model setup parameters, including land coverage, maximum soil
depth, soil texture, and root fraction profile, are shown in Text S1 and Table S2 and reported in Fu et al. (2018).

2.3. HR Schemes

There are two primary approaches to HR modeling: the scheme proposed by Ryel et al. (2002) (e.g., Fu et al.,
2016; Li et al,, 2012; Wang, 2011) or its variations (e.g., Lee et al.,, 2005; Yu & D’Odorico, 2015), and the
approach proposed by Amenu and Kumar (2008) (e.g., Luo et al., 2013; Quijano & Kumar, 2015; Tang et al.,
2015). Ryel et al.'s scheme is an empirical method that describes HR flux based on the soil water potential
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gradient, while Amenu and Kumar’s approach is a physically based method that calculates HR flux using a
steady state Richards equation for roots.

The Ryel et al. HR scheme was incorporated into various versions of CLM including CLM3.5 (Wang, 2011;
Zheng & Wang, 2007) and CLM4.5 (Fu et al.,, 2016). In the Ryel et al. scheme, the HR-induced soil water flux
gurli, j) (cm/hr) between a receiving soil layer i and a giving soil layer j is quantified as

Froot(i)'Froot(j)
11— Froot(j)

where Cgr is the maximum radial soil-root conductance of the entire active root system for water
(em-MPa~'-hr Ay, is the water potential difference between two soil layers (MPa) simulated using a
non-steady state Richards equation in CLM; F,..: (/) is the root fraction in soil layer i, which is a weighted aver-
age of the root fractions of subgrid vegetation types (Zeng, 2001); and D is a switching factor, set to 1.0 during
the night and 0.0 during the daytime. The factor that reduces soil-root conductance for water in the giving
layer ¢; is

Aur(i,j) = —Crr-dy G -D M

1
G — - P)

b
7
L + (Wso)
In equation (2), y; is the soil water potential in layer j (MPa), v, is the soil water potential at which soil-root

conductance is reduced by 50% (MPa), and b is an empirical constant. The parameters used in Ryel et al.’s
scheme are shown in Table S3.

In this study we incorporated the Amenu and Kumar scheme into CLM4.5 as an alternative HR formulation.
The Amenua and Kumar approach is based on the non-steady state Richards equation for soil and a steady
state Richards equation for roots:

00 0 Oy o
& {Ks ( oz~ )} = —Kroa s — ;) ®
0 Oy, _ _
oo (1) | = sty ) ¥

where 8 is volumetric soil water content; K, K, aq, and K, »x are soil hydraulic conductivity, and root system
hydraulic conductivity in the radial and axial directions, respectively; and v, and y, are the water potentials
in soil and roots, respectively. We replaced the default Richards equation in CLM with equation (3), added
equation (4), and moved the transpiration term from the Richards equation for soils to the Richards equation
for roots. Equations (3) and (4) are discretized into two tridiagonal systems, and the solution is obtained using
a method similar to that of Tang et al. (2015). The HR flux in a soil layer at a specific time step is calculated
using the right-hand side of equation (4) when y is smaller than y,. Root system hydraulic conductivity in
the radial (K, .q) and axial (K; ,x) directions are two empirical parameters in the Amenu and Kumar method.
Because the root system hydraulic conductivity is directly related to ET, we used observed ET to calibrate
these two parameters (Table S3 and Figure S1).

We labeled the CLM4.5 modeling including the Ryel et al.’s HR scheme and the Amenu and Kumar method as
“CLM4.5 + HR_Ryle” and “CLM4.5 + HR_AK,” respectively, and labeled the default CLM4.5 modeling as
“CLM4.5noHR.” To obtain a stable vertical soil carbon distribution as initial conditions for these simulations,
we performed an accelerated decomposition spin-up run longer than 1,000 years and then a normal spin-
up run longer than 200 years (Kluzek, 2013). The decomposition rates of the second and third soil organic
matter pools were increased by 14 and 674 times relative to a normal spin-up run, respectively, to achieve
an accelerated spin-up time. Spin-up runs were done with the Ryel et al.'s HR scheme included.

3. Results and Discussion
3.1. Model Calibration Using Real Emission Fluxes
We calibrated the CLM4.5 + HR_Ryel model using the annual mean N,O flux values. The average N,O flux

values from the six chambers at US-Ro1 between 1 January and 11 October 2011 were 0.549, 0.114, 0.154,
0.152, 0.150, and 0.240 nmol - m~2 - 5", with an overall mean value of 0.227 nmol - m~2 - s~'. The mean
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Figure S2), we evaluated the accuracy of the model in simulating the net
ecosystem CO, exchange (NEE), latent heat flux, and soil moisture. At
US-Ro1, the NEE simulated using the CLM4.5 + HR_Ryel and
CLMA4.5noHR models roughly captured the observed seasonal dynamics,
although an unreasonable minimum value (negative NEE) was obtained
during the last time step of harvest (Figure 2a). Here the sign convention

210

Figure 2. Model validation results for the US-Ro1 site.

Day of year 2011

300 330 360 for NEE is that a positive NEE indicates CO, release to the atmosphere
and a negative NEE indicates uptake from the atmosphere. The imperfect
phenology scheme in CLM is the main cause of the negative NEE during
the harvest time step in the present study (Chen et al., 2015). The R® values
between the observed and simulated weekly NEE for all three corn years
(2007, 2009, and 2011) were 0.25 and 0.27 for CLM4.5 + HR_Ryel and CLM4.5noHR, respectively. The R values
for 2011, when the N,O fluxes were measured, were 043 and 045 for CLM4.5 + HR_Ryel and
CLM4.5n0oHR, respectively.

At US-Ro1, ET was simulated reasonably well using CLM4.5 (Figure 2b). The R? values between the observed
and simulated daily ET values were 0.61 and 0.58 for CLM4.5 + HR_Ryel and CLM4.5noHR, respectively. The
simulated surface soil moisture was consistent with the observed values (Figure 2c). The R? values between
the observed and modeled hourly soil moisture levels were 0.48 using CLM4.5 + HR_Ryel and 0.49
using CLM4.5noHR.

The modeled monthly N,O fluxes agreed well with the observed fluxes for chamber 1 but were significantly
higher than the values observed in the other five chambers (Figure 3h). These data indicated the episodic
nature of N,O emissions (Figure 3e) in croplands (Groffman et al, 2009; Wagner-Riddle et al.,, 2007).
However, despite the episodic nature of emissions, the CLM model could generally reproduce the seasonal
variability of N,O emissions for this Corn Belt site.

At US-Wrc, US-SRM, US-SCf, and BR-Sa1, incorporation of the Ryel et al. HR scheme improved the performance
of CLM when modeling soil moisture, ET, NEE, and the Bowen ratio (Fu et al., 2016, 2018). The
CLMA4.5 + HR_AK and CLM4.5 + HR_Ryel models achieved similar accuracies for ET and NEE (Figures 2, S3,
and S4). Overall, the CLM4.5 + HR_AK and CLM4.5 + HR_Ryel models captured the broad seasonal dynamics
of ET and NEE (Text S1).

3.3. Influences of HR on N,O Emission

Significant differences in the modeled N,O fluxes at the four natural ecosystems were found between models
that lacked the HR effect (CLM4.5noHR) and those that included it (CLM4.5 + HR_Ryel and CLM4.5 + HR_AK;
Figures 3a-3d and 39g). Specifically, the mean annual N,O fluxes decreased from 0.112 to 0.080 (29%), 0.015 to
0.0012 (92%), 0.279 to 0.055 (80%), and 0.376 to 0.272 (28%) nmol - m~2 - s~ following incorporation of the
Ryel et al. HR scheme at US-Wrc, US-SRM, US-SCf, and BR-Sa1, respectively. At US-Ro1, the Corn Belt site, the
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Figure 3. (a-h) N,O emissions from observations, databases, and simulations. Results in panels (a)-(f), (9), and (h) are on hourly, multiyear, and monthly timescales,
respectively. The dots in panel (e) represent chamber observations. Simulation in panel (f) is experimental where the total precipitation amount during June-August
was evenly distributed to the rainfall hours in other months. The US-Ro1 AmeriFlux site includes data for 2011 only (data for the other years were unavailable) in
panel (g). “Ch1”-"Ché" in panel (h) represent monitoring chambers 1-6, respectively.

absolute and relative changes were 0.006 nmol - m™2-s™" and 1.1%, respectively. Here the HR mechanism
failed to significantly influence N,O emissions, despite the fact that US-Ro1 was the strongest N,O source
among the sites considered in this analysis. Similar changes were also found when using the Amenu and
Kumar HR scheme.

The simulated N,O fluxes at the five AmeriFlux sites were largely determined by the simulated denitrification
rate (Figure S5). The modeled denitrification rate is a function of the anoxic fraction, the heterotrophic
respiration rate, and soil nitrate concentration (affected by N mineralization and immobilization, and plant
N uptake) in CLM (del Grosso et al., 2000). As shown in Figure 1a, HR directly impacts soil moisture and anoxic
fraction. HR influences the heterotrophic respiration rate via changes in soil moisture, and temperature, and
subsequently microbial activity and soil organic matter decomposition. HR affects soil nitrate concentration
via two ways, (a) affecting stomatal opening and plant growth, and therefore plant N uptake, and (b) affecting
microbial activity and soil organic matter decomposition, and therefore N mineralization and immobilization.
As an example, the influences of HR on the anoxic fraction-, heterotrophic respiration rate-, and soil nitrate
concentration-limited soil denitrification rates at the Ba-Ra1 site are shown in Figure S6. Figure S7 illustrates
that HR enhanced N mineralization, immobilization, and plant N uptake, and therefore, affected soil nitrate
concentrations at the four natural ecosystem sites during the dry season. Finally, HR affects the ratio of N,
to N,O during denitrification and subsequently N,O emissions by influencing soil moisture, temperature, soil
organic matter, heterotrophic respiration, and nitrite concentration (del Grosso et al., 2000).

3.4. Influences of Precipitation Amount on N,O Emission

The model calculations confirmed that the N,O emission increased with the annual precipitation amount,
whereby increased precipitation caused more frequent anoxic conditions. For example, the simulated annual
emissions at the Amazon BR-Sal site were 0.181, 0.388, and 0.284 for 2009, 2010, and 2011, respectively,
using CLM4.5noHR. Using CLM4.5 + HR_Ryel (CLM4.5 + HR_AK) for the same years generated annual
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emissions of 0.189 (0.178), 0.289 (0.261), and 0.262 (0.247), respectively (Figure 3d). Notably, 2009 was unu-
sually dry in the Amazon region, with an annual precipitation of only 963 mm at the BR-Sa1 site. In contrast,
the annual precipitation amounts in 2010 and 2011 at that site were 1613 and 1627 mm, respectively. The
emissions were lowest during the driest year (2009).

Among the five sites, the driest savanna site, US-SRM, had the lowest multiyear average N,O emission. The
influence of precipitation on N,O emissions was observed in an experimental study of the BR-Sa1 site by
Davidson et al. (2004). That study excluded some of the precipitation during the rainy seasons in
2000-2002 and reported that the average N,O emission decreased from 0.294 (no rainfall exclusion) to
0.170 nmol - m~2- s~ (with rainfall exclusion). Such a reduction is similar to the difference in values between
fluxes modeled in wet (2010) versus dry (2009) years in the present study.

The effects of HR on the hydrological cycle (e.g., soil moisture and ET) may be stronger in dry years than in wet
years because larger vertical soil water potential gradients can form during these dry periods. For example,
the effect of HR on ET at BR-Bal was largest during 2009, a dry year (Figure S4). In contrast, the effect of
HR on N,O fluxes was small during dry years because the limited precipitation resulted in a lower frequency
of anoxic conditions (e.g., year 2009 at the BR-Ba1 site in Figure 3d).

3.5. Effects of Dry Season on N,O Emissions

The direction of HR was mainly upward (hydraulic lift) at US-Ro1, and it occurred primarily during June to
August, July to September, and August to October in 2007, 2009, and 2011, respectively (Figure S8). The aver-
age hydraulic lift during these three periods was 0.56 mm/day, comparable to those at US-Wrc (0.60 mm/day)
and US-SCf (0.71 mm/day) sites during the dry season (Fu et al., 2016). The hydraulic lift increased surface-soil
moisture during the dry periods (Figure 2c). However, the effects of HR on ET (Figure 2b), NEE (Figure 2a), and
the soil nitrogen cycle (Figure S7) were limited. Figure 3 shows that the influence of HR on the N,O flux at US-
Ro1 was limited compared to the other four sites. US-Ro1 has a humid continental climate that has no defined
dry season, and precipitation is distributed evenly throughout the year. In contrast, the other four natural eco-
system sites where HR occurs have distinct seasonal dry periods of longer than two months. Thus, the lack of
a defined dry season at US-Ro1 explains why HR-induced soil moisture changes failed to influence ET, NEE,
and N,O emissions.

To verify the influences of the dry season on N,O emission, we performed one modeling experiment for the
US-Ro1 site. In this experiment, simulations of CLM4.5noHR, CLM4.5 + HR_Ryel, and CLM4.5 + HR_AK were
driven using a revised precipitation temporal distribution. Specifically, precipitation during June-August
was moved to other months evenly when rainfall occurred. Using the unrevised precipitation, HR did not
clearly affect the soil N cycles (Figure S7). After revising the precipitation distribution, HR increased the mod-
eled N mineralization, immobilization, and plant N uptake and decreased soil nitrate concentration (Figure S9),
nitrification, and denitrification rates at the US-Ro1 site, similar to HR's influences on the nitrogen cycle during
dry seasons at other sites (Figure S7). Using the revised precipitation, the simulated emissions with
CLM4.5 + HR_Ryel and CLM4.5 + HR_AK were 36% and 26% smaller than the modeling results with
CLM4.5n0oHR, respectively (Figure 3f), confirming the importance of a dry season on the N,O emissions.
These findings add further support that HR influences multiple biogeophysical and biogeochemical processes
in ecosystems that have a defined dry season (Fu et al.,, 2016; Neumann & Cardon, 2012).

Our findings suggest that HR may play an important role in N,O emissions from agricultural regions that have
a clearly defined dry season. For example, the expansive corn-growing regions of China are all located in the
monsoon area with a distinct dry season. We hypothesize that the HR mechanism may act to significantly
reduce N,O emissions in these regions. HR may also play an important role in limiting N,O emissions in
the Amazonian regions with a tropical monsoon climate, where forests have been converted into agricultural
use. The influence of HR on N,O emissions is expected to increase in many parts of the dry tropics, where the
rainfall seasonality has been increasing over the past century (Feng et al., 2013).

4. Conclusions

In this study, utilizing two HR formulations (of Ryel et al., 2002, and Amenu and Kumar, 2008) incorporated
into CLM4.5, we investigated the impact of HR on N,O emission at four natural ecosystem sites that have a
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distinct dry season and one Corn Belt site that does not experience a dry season. Our modeling results
demonstrated that HR reduced the N,O emissions from the four natural ecosystems that have a distinct
dry season but had very little impact at the Corn Belt site. The results for the Amazon site indicated that both
N,O emissions and the effect of HR on the emissions were reduced during dry years. To improve regional N,O
budget estimates, we recommend field studies designed to examine the effects of HR on N,O emissions in
cropping systems subject to climates that have a distinct dry season. We hypothesize that these emissions
are likely overestimated by CLM or other CENTURY-based Earth system models.
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