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Abstract Land use change and management affect climate by altering both the biogeochemical and
biophysical interactions between the land and atmosphere. Whereas climate policy often emphasizes the
biogeochemical impact of land use change, biophysical impacts, including changes in reflectance, energy
partitioning among sensible and latent heat exchange, and surface roughness, can attenuate or enhance
biogeochemical effects at local to regional scales. This study analyzes 3 years (2015–2017) of turbulent flux
and meteorological data across three contrasting wetland restoration sites and one agricultural site,
colocated in the Sacramento-San Joaquin Delta, California, USA, to understand if the biophysical impacts of
freshwater wetland restoration can be expected to attenuate or enhance the potential biogeochemical
benefits. We show that despite absorbing more net radiation, restored wetlands have the potential to cool
daytime surface temperature by up to 5.1 °C, as compared to a dominant drained agricultural land use.
Wetland canopy structure largely determines the magnitude of surface temperature cooling, with wetlands
that contain areas of open water leading to enhanced nighttime latent heat flux and reduced diurnal
temperate range. Daytime surface cooling could be important in ameliorating physiological stress associated
with hotter and drier conditions and could also promote boundary layer feedbacks at the local to regional
scale. With a renewed focus on the mitigation and adaptation potential of natural and working lands, we
must better understand the role of biophysical changes, especially in novel land use transitions like
wetland restoration.

Plain Language Summary Land use change and management affect climate by altering both the
cycling of greenhouse gases and how energy and water are exchanged between the ecosystem and the
atmosphere. These energy and water impacts can have local to regional implications on surface and air
temperature. This study analyzes 3 years (2015–2017) of measured water and energy exchange at three
contrasting wetland restoration sites and one agricultural site, all located in the Sacramento-San Joaquin
Delta, California, USA. Restoring drained agricultural fields to flooded wetlands causes a rougher canopy, with
more exposed water, and alters the energy partitioning. This results in growing season and daytime surface
cooling, which could enhance the other benefits of wetland restoration, like soil buildup, habitat creation,
and carbon sequestration. Land use policies should consider both the greenhouse gas and the energy and
water implications of the promoted land use change to fully account for the climatic impact.

1. Introduction

Land use change and management affect climate by altering both the biogeochemical and biophysical pro-
cesses that govern the exchange of greenhouse gases (GHG) and energy between the land and atmosphere
(Anderson et al., 2011; Bonan, 2008; Luyssaert et al., 2014). Biogeochemical impacts are caused by changes in
GHG exchange rates between ecosystems and the atmosphere, with net atmospheric increases in GHG
concentrations resulting in increased radiative forcing (Arneth et al., 2010; Tian et al., 2016). Biophysical
impacts of land use change include changes in reflectance, the partitioning of energy into latent and sensible
heat exchange, surface roughness, and ultimately surface and mixed layer air temperature. These factors can
attenuate or enhance biogeochemical effects at local to regional scales (Anderson et al., 2011; Bright et al.,
2017; Jackson et al., 2008; Mahmood et al., 2014; Perugini et al., 2017; Rotenberg & Yakir, 2010; Zhao &
Jackson, 2014).
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Whereas much of the literature focuses exclusively on the biogeochemical impact of land use change
(Mcalpine et al., 2010), the emphasis on biophysical impacts has been primarily limited to reforestation
and deforestation scenarios (Alkama & Cescatti, 2016; Bonan, 2008; Burakowski et al., 2017; Juang et al.,
2007; Lee et al., 2011; Lejeune et al., 2018; Perugini et al., 2017; Rotenberg & Yakir, 2010; Zhao & Jackson,
2014), woody vegetation encroachment (D’Odorico et al., 2010; He et al., 2015), and cropland management
(Bonfils et al., 2007; Georgescu et al., 2011; Lobell et al., 2006; Lobell & Bonfils, 2008). With nascent policy
mechanisms set to compensate landowners and farmers for low-emission land use practices, it is essential
that they take into consideration how the biophysical impacts of novel land use changes could drive local-
to regional-scale climatic perturbations, enhancing or attenuating the biogeochemical impacts. Beyond
reforestation, few studies have explored the biophysical impacts of important types of land use change that
have been proposed for climate change mitigation, such as restoring wetlands (Griscom et al., 2017; Paustian
et al., 2016).

While flooded wetland systems have the potential to sequester carbon as photosynthesis outpaces
oxygen-inhibited respiration, the highly reduced conditions can result in significant methane emissions
(Bridgham et al., 2013; Dean et al., 2018; Petrescu et al., 2015). Restoring freshwater marshes has the potential
to sequester significant amounts of carbon in accreted soil, as evidenced by the deep peatlands that have
formed over thousands of years (Drexler et al., 2009), but come at the cost of significant methane emissions
(Hatala et al., 2012; Hemes et al., 2018; Knox et al., 2015). The biophysical changes inherent in the transition
from drained peatland agriculture to restored wetland, however, are not well established.

The Sacramento-San Joaquin Delta (hereafter, “Delta”) provides an ideal system to understand the coupled
biogeochemical and biophysical impacts of wetland restoration. The Delta has been subsiding dramatically
since the midnineteenth century, in large part due to agricultural conversion of the natural freshwater
wetlands (Weir, 1950). As the carbon-rich peat soil was drained and tilled, levees were erected to protect
the “islands” from seasonal inundation. These processes exposed the previously flooded soil to oxygen and
catalyzed aerobic oxidation, in some places leading to soil losses of up to 8 m (Deverel et al., 2016; Drexler
et al., 2009). Efforts to rewet the peat soils through wetland restoration are attractive as climate mitigation
activities, as well as to restore habitat and decrease hydrostatic pressure on levees that make up the
Delta’s fragile system of islands (Mount & Twiss, 2005). Measurements over a mesonetwork of restored wet-
lands in the Delta have shown that conversion of drained peatlands to wetlands can, in some cases, yield a
net GHG benefit when compared to the original land use (Knox et al., 2015). Few studies have attempted to
quantify the biophysical impacts of freshwater wetland restoration over such a network.

Part of the challenge in quantifying biophysical impacts of land use change stems from the fact that they con-
sist of radiative (albedo) and nonradiative (evaporative efficiency and roughness) terms, often opposing in
sign, that integrate to a net biophysical climatic impact (Bonan, 2008; Bright et al., 2017). Modification to
the surface albedo changes the ratio of reflected to absorbed radiation, affecting the net radiation balance
of the surface (Brovkin et al., 1999). The Intergovernmental Panel on Climate Change (IPCC) has included a
term for radiative forcing associated with albedo changes due to anthropogenic land use and land cover
change, which partially offsets the net positive radiative forcing associated with anthropogenic changes in
the atmosphere (Myhre et al., 2013). Changes in surface properties also affect surface temperature and emis-
sivity, which govern the longwave emissions from the surface.

Evaporative efficiency, or the partitioning of available energy into latent and sensible heat fluxes, can affect
near-surface temperature and planetary boundary layer processes (Davin & de Noblet-Ducoudre, 2010;
Luyssaert et al., 2014). Water availability at the surface of an ecosystem, which can be expressed through bulk
surface conductance, largely determines whether available energy is partitioned into latent or sensible heat.
Surface roughness, which controls the transfer of energy, mass, and momentum between the canopy and
atmosphere, plays an important role in transferring this sensible and latent heat away from the surface, into
the atmosphere (Verma, 1989). Enhanced surface roughness will increase the degree to which a canopy is
coupled to the atmosphere (Jarvis & McNaughton, 1986) and affect turbulent fluxes. In turn, this can cause
a surface temperature effect determined by the evaporative efficiency. Due to large uncertainties around
the signs and magnitudes of the integrated biophysical impacts to climate, and the fact that a simple metric
does not exist to reconcile radiative and nonradiative impacts on a global scale, the IPCC has omitted these
nonradiative effects of land use change (Myhre et al., 2013).
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Studies of biophysical impacts of land use change have been largely focused on transitions from field to for-
est, where competing effects of ecophysiological aerodynamics and albedo have been found to drive cooling
(Juang et al., 2007). In a Mediterranean system, the potential air temperature over a rougher and less reflec-
tive oak woodland savannah was warmer than an aerodynamically smoother annual grassland (Baldocchi &
Ma, 2013). Other work points to a latitudinal dependence on the temperature difference between open land
and forested measurement sites (Davin & de Noblet-Ducoudre, 2010; Lee et al., 2011). Compared to open
lands, forests tend to reduce the diurnal temperature range by cooling during the day (Lejeune et al.,
2018) and warming at night (Lee et al., 2011), largely owing to roughness differences (Burakowski et al.,
2017). Land use management associated with croplands has also been investigated at regional scales to
understand near-surface temperature impacts associated with irrigation (Bonfils et al., 2007), tilling, and crop
productivity (Lobell et al., 2006). Other important ecosystems beyond forests and irrigated croplands, like
restored wetlands, have relatively few observations of biophysical climatic impacts.

This study analyzes 3 years (2015–2017) of eddy covariance flux and meteorological data across three wet-
land restoration sites and one drained peatland agriculture site colocated in the Delta. The restored wetland
sites, all constructed with managed water tables, differ somewhat in their species mix, areal extent, bathyme-
try, and years since restoration but are all subject to similar meteorological drivers due to their close spatial
proximity (<13 km). Using eddy covariance and associated meteorological and environmental measure-
ments, we test the hypothesis that restored wetlands will have a cooling effect on surface temperature.

We expect low-albedo wetland surfaces to take up more net radiation, which will be stored in the water col-
umn, or preferentially partitioned into latent heat flux, increasing evaporative efficiency. The wetlands’ aero-
dynamically rougher canopy structure will enhance turbulent mixing of heat fluxes away from the canopy.
We propose that wetland restoration, in the transition from an aerodynamically smooth and short-statured
agricultural crop to dense, emergent wetland species, may mimic some of the biophysical surface dynamics
that characterize reforestation. Computations of aerodynamic surface temperature and energy balance
differences, along with an assessment of canopy conductance properties, will allow us to diagnose the bio-
physical differences between a drained agricultural peatland and the various restored wetlands. This study
aims to understand if the biophysical impacts of restoration at the local scale can be expected to attenuate
or enhance the potential biogeochemical benefits of freshwater wetland restoration. It also aims to under-
stand the potential implications of regional-scale wetland restoration on plant physiology and mixed layer
air temperature.

2. Data and Methods
2.1. Site Characteristics

The Sacramento-San Joaquin Delta lies at the confluence of two of California’s major rivers and formed a his-
toric 1,400 km2 freshwater wetland landscape at near-sea level (Atwater et al., 1979). In the midnineteenth
century, the wetland was diked and drained for agricultural purposes, exposing deep peat soils to oxygen.
Today, more than 1,700 km of dikes and levees hold back the rivers and sloughs that make up the modern
Delta (Mount & Twiss, 2005). The Delta is critical to California’s water storage and transport system; the rivers
that feed the Delta provide at least a portion of the drinking water to more than two thirds of Californians
through the State Water Project and the Central Valley Project (Miller et al., 2008). The Delta’s wetland soils
are highly organic, while the agricultural soils exhibit a degraded, oxidized peat surface layer underlain
by a deep peat horizon (Miller et al., 2008). The remaining peat is estimated to be 4,000–6,000 years old
(Drexler et al., 2009; Weir, 1950).

To understand the biophysical impacts of land use change, the three restored wetland sites, designated
young wetland, intermediate wetland, and old wetland (which refers to their age since restoration), are each
compared to alfalfa, a drained agricultural peatland land use. While the Delta has supported a number of agri-
cultural crops since drainage and “reclamation” in the midnineteenth century, alfalfa (Medicago sativa L.)
shares a perennial life cycle strategy with the dominant tule (Schoenoplectus acutus) and cattail (Typha
spp.) wetland species and represents one of the most important agricultural crops in the five-county Delta
region and California as a whole. In 2015, more than 80,000 acres were planted with alfalfa in the Delta region,
representing 11.8% of the region’s land cover (Medellín-Azuara et al., 2016). All sites have been described in
previous studies and will be summarized here for brevity (Eichelmann et al., 2018; Knox et al., 2015).
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The alfalfa (US-TW3, Twitchell Alfalfa) site is an alfalfa field on Twitchell Island, previously planted in corn
(Baldocchi, 2018a). Alfalfa is subirrigated, harvested between five and seven times a year, beginning in
mid-March, and is periodically grazed with sheep. Alfalfa is California’s largest agricultural water user and
is, like the wetland systems, a perennial with a long growing season (Hanson et al., 2007). While the full record
of the alfalfa crop was preserved to represent the actual state of the agro-ecosystem, the periodic cuttings did
affect the surface energy balance. Tests excluding the 5–10 days after cutting to remove this effect hadminor
impacts on the results.

The young wetland (US-TW4, East End) was constructed in late 2013 after being under continuous corn cultiva-
tion (Baldocchi, 2018b). Since initial flooding, thewetland filled inwith tule and cattail vegetation and represents
an early-intermediate stage of restoration, with limited patches of open water. The 90% average cumulative
eddy covariance flux footprint spans 390 m in the west-southwest direction (Eichelmann et al., 2018). The early
years of the young wetland’s restoration exhibited very dynamic changes in vegetation structure and extent as
vegetation filled in. Due to a faulty wiring connection, horizontal wind speed and direction data over a period
between July 2015 and January 2016 were corrupted and are thus omitted from the young wetland record.

The intermediate restored wetland (US-MYB, Mayberry) was constructed in 2010 on Sherman Island
(Baldocchi, 2018c). With a water table as deep as 2 m in open water channels, the intermediate wetland is
the most heterogeneous of the three restored wetland treatments in this study. The 90% average cumulative
eddy covariance flux footprint spans 350 m in the west-northwest direction capturing large areas of open
water and patches of vegetation (Eichelmann et al., 2018). Additionally, rising salinity levels during drought
years and insect infestation in the wetland caused lowered productivity throughout the study period. This
wetland is also vegetated with a mixture of tule and cattail.

The old restored wetland (US-TW1, West Pond) was constructed in 1997 as the pilot restored wetland for the
ongoing study on Twitchell Island (Baldocchi, 2018d). We began eddy flux measurements in summer 2012.
The old wetland, which is dominated by tall, emergent tule and cattail, represents a mature restored wetland
and has no open water patches. The 90% average cumulative eddy covariance flux footprint spans 260 m in
the west-southwest direction (Eichelmann et al., 2018).

2.2. Eddy Covariance Measurements and Processing
2.2.1. Site Setup
We used the eddy covariance method (Baldocchi et al., 1988) to measure continuous fluxes of H2O, CO2,
and sensible heat at all sites. Fluxes were measured at a frequency of 20 Hz, using open-path infrared gas
analyzers (LI-7500 or LI-7500A, LiCOR Inc., Lincoln, NE, USA) that are calibrated every 3–6 months in the lab
(LI-7500). Sonic anemometers measure sonic temperature and three-dimensional wind speeds at 20 Hz
(WindMaster Pro 1352, Gill Instruments Ltd, Lymington, Hampshire, England). All instruments are mounted
on towers at a height of 2.9 to 5.1 m above the surface (Table 1), in such an orientation as to prevent inter-
ference with winds from the dominant direction.

By most standards, the study sites provide near-ideal conditions for measuring turbulent fluxes using the
eddy covariance method (Baldocchi et al., 1988). The study sites are exceedingly flat, have large fetches,

Table 1
Site Characteristics

Land use type Site (Ameriflux ID and DOI) Land use history Location
Albedo

(min/max)

Measurement
height/mean canopy

height** (m)

alfalfa Alfalfa (US-TW3;
10.17190/AMF/1246149)

30 ha Alfalfa since 2010, previously corn Twitchell Island. 38.1159 N, �121.6467 W 0.142/0.248 2.9/0.4***

young wetland East End (US-TW4;
10.17190/AMF/1246151)

323 ha wetland restored in 2013 Twitchell Island. 38.1030 N, �121.6414 W 0.097/0.142 4.9/2.2

intermediate wetland Mayberry (US-MYB;
10.17190/AMF/1246139)

121 ha wetland restored in 2010 Sherman Island. 38.0498 N, �121.7651 W 0.122/0.134* 5.1/3.4

old wetland West Pond (US-TW1;
10.17190/AMF/1246147)

3 ha wetland restored in 1997 Twitchell Island. 38.1074 N, �121.6469 W 0.108/0.142 4.5/2.6

Note. Maximum andminimummeanmonthly midday shortwave albedo as measured with a tower-mounted four-way net radiometer (*intermediate wetland site
albedo estimated from annual footprint averaged min/max values extracted from Moderate Resolution Imaging Spectroradiometer albedo product MCD43A; **
measurement height measured from water surface at wetland sites, mean canopy height computed from turbulent statistics; ***vegetation height varies from 0.1
to 0.6 cm depending on time since cutting).
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and exhibit brisk daytime and nighttime winds. Sampling is at sufficiently high resolution to capture most of
the flux-containing eddies and to minimize filtering of the flux signal by the separation of the instruments
and the path separation of the transducers. The instrument setup (sampling rate, sensor separation, fetch,
and sensor height) was designed to optimize the measured cospectrum and minimize spectral filtering
(Detto et al., 2010). Typical cospectra exhibit slopes that closely match the idealized slope from Kaimal
et al. (1972). The main complication affecting the interpretation of our fluxes is the relative lack of homoge-
neity of the footprint of the restored wetlands, a mosaic of open water and vegetation.

Energy balance closure serves as a metric to evaluate scalar flux measurements when using the eddy covar-
iance method over terrestrial ecosystems (Wilson et al., 2002). Ground heat flux (G) is not measured at the old
or intermediate wetland sites but is expected to be small due to the water layer dampening the energy flux
into the soil. Storage flux (S) in the water column of the wetlands is significant, due to the high heat capacity
of water, especially in wetlands with open water surfaces. While multilevel temperature profiles are deployed
at the towers, storage flux is challenging to accurately predict due to nonhorizontally isothermal conditions,
complex bathymetry at the sites, and variable vegetation shading and insulation. In addition, water table
height changes depending on pumping, evaporation, and precipitation. The available measurements repre-
sent limited sample areas compared to the integrated footprint of latent and sensible heat fluxes provided by
the eddy covariance measurements.

For these reasons, half-hourly energy balance closure over the 3-year study period is best at the alfalfa and
old wetland sites with closed canopies (79.3% and 78.1%, respectively). The young and intermediate wet-
lands, with large tracts of open water storing energy, are further from closure (55.8% and 65.2%, respectively),
indicating the inability to measure the available energy terms (G and S) completely and representatively
across the complex footprint (Eichelmann et al., 2018). To more adequately and consistently represent sto-
rage at all sites in our analysis, we use the residual of the energy balance to compute a combined soil and
water storage term as

Sresidual ¼ RNET� λE � H W m�2
� �

where RNET is the net radiation as measured by the radiometer, λE is the latent heat flux, and H is the sensible
heat flux, both measured by eddy covariance.
2.2.2. Processing and Gap Filling
Trace gas and energy fluxes were calculated using the 30-min covariance of turbulent fluctuations in vertical
wind speed and scalar of interest after applying a series of standard corrections and site-specific factors
(Detto et al., 2010; Hatala et al., 2012; Knox et al., 2015). Coordinate rotations were performed so that mean
wind speeds at each 30-min averaging interval were zero in the cross-wind and vertical directions. To account
for air density fluctuations, the Webb-Pearman-Leuning corrections were applied (Webb et al., 1980). To
remove flux data measured over nonideal conditions, half-hourly fluxes were filtered for stability and turbu-
lence, friction velocity, wind direction, spikes in mean densities, variances and covariances, and sensor
window obstruction.

To integrate yearly budgets, we gap filled fluxes by training an Artificial Neural Network (ANN) using mea-
sured meteorological variables (Moffat et al., 2007; Papale et al., 2006). Training, validation, and testing data
were selected from a series of k-means clusters to avoid seasonal or diurnal bias (Mathworks Inc., Natick, MA,
USA). Network architecture with varying levels of complexity was tested, with the simplest architecture
selected for which further increases in complexity yielded less than a 5% reduction in mean standard error
(Knox et al., 2015, 2016). This entire ANN procedure was performed 20 times, producing 20 separate ANNs.
The median prediction of the 20 ANNs was used to fill gaps in the annual data, with linear correlation fits
of 94%, 91%, 88%, and 98% (alfalfa, young wetland, intermediate wetland, and old wetland, respectively)
for λE flux and 96%, 96%, 93%, and 98% for H flux.

2.3. Temperature Measurements

Different temperature metrics can reveal various aspects of heat exchange between the landscape and the
atmosphere. Near-surface air temperature is convenient for scaling observations with basic meteorological
data but is influenced by measurement height, as well as local meteorological and atmospheric stability.
Radiative temperature, derived from radiative longwave emission and knowledge of surface emissivity, can
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reveal the temperature at the leaf. It can be biased if the canopy is open and the background surface tem-
perature is much greater than the leaf temperature. Furthermore, the sampling area of the radiometer
depends on its field of view, angle of observation, and height above the surface, making it often unrepresen-
tative of large heterogeneous footprints. Aerodynamic temperature, derived from canopy aerodynamic
properties and sensible heat flux, yields the temperature of the surface that drives turbulent fluxes. It repre-
sents a large footprint, samples sunlit and shaded leaves, andmay be the most representative measure of the
temperature that organisms experience at the landscape scale (Verma, 1989). For these reasons, we used
aerodynamic surface temperature (Taero) as our metric for the integrated biophysical impacts of land use
change. Aerodynamic surface temperature is defined as

Taero ¼ H
ρCpGaero

þ Tair °Cð Þ

where Tair is measured with aspirated and wind-shielded humidity and temperature probes (HMP-60, Vaisala
Inc., Helsinki, Finland) colocated with the gas analyzers (accuracy ±0.5 °C). To remove intersite Tair calibration
bias, Tair was corrected to a colocated, recently factory-calibrated sensor. H represents half-hourly sensible
heat flux measurements, ρ is density of dry air, Cp is the specific heat of air at a constant pressure, and
Gaero is the canopy aerodynamic conductance to heat exchange (as calculated below). Surface temperature
differences, ΔTaero (°C), are calculated as the half-hour temperature difference between sites, averaged over a
month or a specific half hour of the day to assess seasonal and diel trends, respectively. As a measure of
uncertainty, Taero and energy flux differences are displayed with 95% confidence intervals.

To understand the importance of daytime Taero changes, we used a nonparametric binning approach to
extract a functional pattern (Falge et al., 2001; Ma et al., 2017). We sorted the flux data by temperature and
then binned successive pairs of net ecosystem productivity (NEP) and concurrent Taero with a fixed sample size
(n = 50) per bin, to prevent skewness due to uneven numbers of samples per bin (J. G. Barr et al., 2013). Prior
to binning, the data were filtered by light level (photosynthetically active radiation >1,500 μmol m�2) to
focus on high-radiation midday growth periods. Although we recognize that this analytical method includes
confounding effects such as phenological stage, vapor pressure deficit, and variable species mix, it capitalizes
on the large sample sizes inherent to continuous eddy covariance measurements to effectively produce a
response function.

2.4. Aerodynamic and Surface Conductance

We diagnosed the biophysical controls on surface energy fluxes by evaluating the surface conductance from
the Penman Monteith equation (Monteith, 1965). The Penman-Monteith equation describes evapotranspira-
tion by reconciling the energy supply and stomatal demand for water and, at the canopy scale, acts as a
weighted sum of the stomatal conductance of the measured flux footprint. By inverting the Penman-
Monteith equation (Monteith, 1981), surface conductance can be derived as

Gsfc ¼ γ � Gaero � λEð Þ
s � Að Þ þ ρ � Cρ � VPD � Gaero � λE � sþ γð Þ m s�1

� �

where γ is the psychometric constant, s is the slope of saturation vapor pressure-temperature curve, VPD is
the atmospheric vapor pressure deficit, and Α is the available energy defined as

A ¼ λE þ H W m�2
� �

Because S is challenging to measure across the heterogeneous bathymetry of a restored wetland’s footprint,
as explained above, λE and H were used to compute available energy in the inverted Penman-Monteith
equation for all sites (Humphreys et al., 2006).

To account for the structural differences between land use types, we calculated the aerodynamic conduc-
tance, which, for an integrated canopy, is the inverse of the sum of the turbulent and laminar boundary layer
resistance (Verma, 1989);

Raero ¼ Rturbulent þ Rboundary layer
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where

Rturbulent ¼ u

ustar2
s m�1
� �

and

Rboundary layer ¼ 6:2 � ustar�2=3 s m�1
� �

and

Gaero ¼ 1
Raero

m s�1

where u is the average wind speed in the horizontal direction as measured by the tower-based sonic
anemometer and ustar is the average friction velocity, a function of the Reynold’s shear stress or average
covariance between upward and horizontal instantaneous wind speeds, measured at the eddy covariance
tower. Laminar boundary layer resistance (Rboundary layer) is modeled after Thom (1972); this empirical for-
mulation has been shown to result in values sufficiently similar to a more complicated physically based
approach (Knauer et al., 2017). Due to noise in the observed data, raw conductance is filtered by cutting
outliers in the percentile below 1% and above 99%, followed by omitting spurious negative values. As a
measure of uncertainty, seasonal and diel Gsfc are displayed with 95% confidence intervals.

Measurement height discrepancies between alfalfa (2.8 m) and wetland sites (~5 m) have minor effects on
Tair and u. We performed sensitivity tests on the measurement height of alfalfa by computing Taero with
modeled u at 5 m based on the log wind profile. Taero at the measured (2.8 m) and modeled (5 m) heights
differs by ~4% at the half-hourly scale and ~0.2% at the daily scale; a simple two-sample t test does not
reject the null hypothesis that the measured and modeled Taero have equal means. For these reasons,
and to avoid unnecessary assumptions of the log wind profile, data presented here are from the measured
2.8-m measurement height at alfalfa.

2.5. Boundary Layer Feedbacks

To understand the implications of Taero changes associated with different land use types studied, we
employed a simple energy balance-planetary boundary layer (EB-PBL) model (Baldocchi & Ma, 2013). The
model couples an analytical solution (Paw U & Gao, 1988) to the surface energy balance with a one-
dimensional PBL growth model (A. G. Barr & Betts, 1997; McNaughton & Spriggs, 1986), considering a single
column of air, and solves for moisture and heat fluxes into or out of the top and bottom. The model assumes
infinite spatial homogeneity and returns surface and mixed layer air temperatures. It is run for a single clear-
sky growing season day, with measured VPD and incoming radiation, where available. Initial boundary layer
height is set at 100 m (Bianco et al., 2011). Surface characteristics are proscribed (Figure S5 in the supporting
information) with Gaero and Gsfc computed from eddy covariance data, as presented in results below.

3. Results
3.1. Seasonal Patterns of Temperature, Energy Balance, and Surface Properties

To understand the impact of land use change on local microclimate, we compare Taero and energy balance
components of the restored wetland sites with the alfalfa site. Over a network of restored wetlands, we
can address the question—what are the impacts of restoring a smooth statured, well-irrigated perennial crop
with a darker, taller, and rougher managed wetland? By convention, the alfalfa land use is subtracted from
each wetland land use, so that positive values indicate warmer temperatures or more heat flux at the wetland
sites. Finally, we present Gsfc and Gaero dynamics to investigate how wetland structure impacts turbulent
fluxes and ultimately, Taero.
3.1.1. Seasonal Temperature and Energy Balance Differences
Monthly average wetland Taero was cooler than alfalfa Taero during the height of the growing season
(Figure 1). During other times of the year, especially during the spring, the wetland’s Taero was warmer than
alfalfa’s, by up to 2.3°C (Table S1). To understand how the underlying turbulent heat fluxes drive this observed
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seasonal Taero difference, we take an energy balance approach. Each term of the energy balance equation is
compared by taking the difference between the respective wetland and the alfalfa land use (Table S1).

The wetland sites receive more net radiationmost months of the year, compared to alfalfa (Figure 1). Because
incoming shortwave radiation is very comparable at all the sites due to proximity, net radiation differences
are primarily a function of albedo and Taero. Taller wetland vegetation is expected to have a lower albedo
as it traps light more effectively than short, herbaceous vegetation (Cescatti et al., 2012; Stanhill, 1970).
Additionally, the dark water surfaces at the restored wetland sites lower albedo to nearly half that at alfalfa
(Table 1). An increase in net radiation at the wetland sites due to lowered albedo translates into increased
available energy that can be partitioned into sensible heat, latent heat, and storage.

During June, July, and August, the young wetland’s enhanced latent heat and diminished sensible heat com-
pared to alfalfa are concurrent with nearly equivalent or cooler Taero at the wetland (Figure 1a). At the inter-
mediate wetland site, we see a similar pattern. Excess radiation taken up by the wetland is almost completely
emitted as latent energy during the growing season. This is concurrent with Taero up to 0.87 °C cooler than
alfalfa (Figure 1b). The old wetland exhibits significantly more sensible heat flux and less latent heat flux than
alfalfa until early summer, when latent heat flux begins to outpace that at alfalfa (Figure 1c). Surface tempera-
tures at the old wetland become cooler than those at alfalfa when the wetland latent energy enhancement is
maximized, in July and August.
3.1.2. Seasonal Aerodynamic and Surface Properties
To further diagnose the mechanisms driving the observed temperature and energy balance discrepancies,
we assessed the aerodynamic and surface properties of the land use types. Average seasonal cycles of
Gaero and Gsfc reveal characteristic differences in the land uses that impact how energy and matter are
exchanged with the atmosphere. At all sites, Gaero is considerably larger than the Gsfc (Figure 2a, note the
scales of axes), indicating the importance of canopy structure and roughness on turbulent exchange, espe-
cially in the windy environment of the Sacramento-San Joaquin Delta.

Peak Gaero at the old (0.041 m s�1), intermediate (0.044 m s�1), and young wetland (0.037 m s�1) sites are
nearly double the magnitude of the peak Gaero at the short-statured and relatively smooth alfalfa site

Figure 1. Average monthly aerodynamic temperature and energy flux differences between the (a) young wetland,
(b) intermediate wetland, and (c) old wetland and the alfalfa site. Error bars on the aerodynamic temperature difference
line represent 95% confidence intervals but are not easily distinguishable due to their small size.
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(0.025 m s�1; Figure 2a). At all sites, the seasonal cycle of Gaero is similar. Alfalfa peaks early, in May, while the
wetland crops peak toward the end of the summer growing season, when the wetlands are fully emergent
with tule and cattail species extending 2–3 m from the water level. Winter Gaero of senescent vegetation
hovers below 0.02 m/s at the wetland sites. Alfalfa’s winter Gaero drops to less than half that (Figure 2a).

While Gaero reveals the impact of turbulent mixing conditions promoted by the canopy structure, Gsfc tells
us about the availability of water both through transpiration and evaporation (Jarvis & McNaughton,
1986; Raupach, 1998). Seasonal Gsfc patterns exhibit markedly different dynamics among sites (Figure 2b).
Alfalfa’s Gsfc peaks early in the year (0.015 m/s) and falls off throughout the main growing season to a mini-
mum in September (0.004 m/s), recovering when the cooler, wetter conditions of the winter return. Wet win-
ter months, in which the perennial crop cover is spotty but the soil retains moisture, are likely contributing to
the midwinter maxima. The growing season decline is driven by high temperatures and uncertain access to
ground water at the site throughout the summer (Figure S1). The older wetland’s Gsfc exhibits a spring mini-
mum, with maximum Gsfc values in the winter months (0.01 m/s), and a secondary peak during green-up
in midsummer.

The young wetland, with decreasing contributions from open water throughout the study period, exhibits
maximum Gsfc (0.009 m/s) during May growth, with a gradual decline over the summer months. The inter-
mediate wetland sustains a high Gsfc throughout the growing season, falling off as the plants senesce in late
summer. As Gsfc represents an integrated footprint conductance value, the heterogeneous nature of these
younger wetlands means that Gsfc is a combination of transpiration through stomata and evaporation
through open water surfaces, which have very different mechanistic controls (Goulden et al., 2007).

Direct comparisons of the magnitudes of Gsfc between the alfalfa and the respective wetland sites show a
seasonal bias toward higher values, especially at the more heterogenous young and intermediate wetlands
(Figures S2a and S2b). This contrasts with Gaero, which exhibits an annual bias toward significantly higher
values at all of the wetland sites, with the largest magnitudes during the growing season (Figures S2d–S2f).
In general, the land use transition from drained alfalfa to flooded wetland is characterized by an increased
growing season Gsfc and an increased year-round Gaero.

Figure 2. Mean monthly (a) aerodynamic and (b) surface conductance at each of the four study sites (m s�1). Error bars
represent 95% confidence intervals of the conductance.
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3.2. Diel Patterns of Temperature, Energy Balance, and
Surface Properties

Mean monthly values are useful for understanding long-term seasonal
trends but can mask important diel differences driven primarily by daily
cycles of radiation. Here we present patterns of Taero, energy balance com-
ponents, and Gsfc and Gaero at the diel scale, focusing on the growing
season (May–September).
3.2.1. Diel Temperature and Energy Balance Differences
Diel Taero differences between the wetland sites and the alfalfa site vary
considerably depending on the wetland structure. Each of the wetlands
was significantly cooler than the alfalfa site during the day and warmer
than the alfalfa site during the night. The young wetland was up to
3.4 °C (occurring at 13:30) cooler than alfalfa during the daytime and up
to 1.9 °C warmer throughout the night. Similarly, the intermediate wetland
was up to 5.1 °C (13:30) cooler than alfalfa during the daytime and up to
3.6 °C warmer during the night. The old wetland displays a similar but
more dampened diel cycle of temperature difference, with slightly cooler
temperatures of up to 2.1 °C (14:30) during the day and warmer tempera-
tures of up to 0.7 °C during the night (Figure 3). These differences suggest
that the way incoming solar radiation is partitioned into turbulent heat
fluxes at each of the sites affects the magnitude of the daytime cooling
effect at the wetland sites.

Diel patterns of sensible and latent energy flux differences between the site pairs emphasize the importance
of wetland canopy structure on biophysical properties (Figures 4c, 4d, and S3). These structural characteristics
include height, roughness, fraction of live and dead biomass, and the ratio of vegetation to open water.
Owing to the decreased albedo of the dark vegetation and water surfaces, and increased leaf area index that

Figure 3. Average diel aerodynamic temperature differences between the
respective wetland sites and alfalfa during the growing season (May–
September). Error bars represent 95% confidence intervals of the half-hourly
mean growing season temperature difference.

Figure 4. Diel growing season differences in (a) net radiation, (b) residual storage flux, (c) sensible heat flux, and (d) latent
heat flux between the respective wetland sites and alfalfa. Error bars represent 95% confidence intervals of the half-hourly
mean growing season energy fluxes.
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can effectively trap photons, net radiation during the growing season was much larger at the wetland sites
than at alfalfa (Figure 4a).

The young wetland receives up to 193 Wm�2 of additional daytime net radiation as compared to alfalfa dur-
ing the growing season (Figure 4a). Much of this excess radiation is stored in the water column during the
day, considerably more daytime storage than at alfalfa or the old wetland (Figure 4b). This storage results
in cooler Taero and thus diminished sensible heat flux during the day compared to alfalfa, as less energy is
available for partitioning into turbulent fluxes (Figure 4c). The daytime Taero cooling effect at the wetlands
with open water surfaces (Figure 3) is concurrent with a reduction in daytime sensible heat flux.
Importantly, it also results in a release of the energy stored in the water as latent heat flux during the night
(Figure 4d). The intermediate wetland exhibited similar patterns to the young wetland, with enhanced day-
time storage flux and nighttime latent heat flux compared to the alfalfa site.

The old wetland exhibited a different diel pattern of growing season energy balance differences. Much less of
the old wetland’s excess radiation was stored in the water column (Figure 4b). Instead of diminished daytime
turbulent heat fluxes, as in the other wetlands, the old wetland’s increased net radiation (Figure 4a) and high
Gaero (Figure 5b) drove enhanced daytime sensible and latent heat flux. This enhanced daytime sensible and
latent heat flux heat removed heat from the surface, but less effectively than through water column storage,
evidenced by less of a daytime cooling effect at the old wetland (Figure 3). Nighttime turbulent heat fluxes
were near zero at both the old wetland and alfalfa (Figures 4c and 4d), and storage heat flux showed little
difference between the old wetland and the alfalfa site (Figure 4b).
3.2.2. Diel Aerodynamic and Surface Properties
Average growing season diel trends reveal the reliance of Gsfc on stomatal dynamics. Both alfalfa and the old
wetland, with homogenous canopy cover and little open soil or water, had a distinct diel cycle of high Gsfc

during active photosynthesis in the daytime (0.011 and 0.010 m/s, respectively) and near zero Gsfc at night
(0.002 m/s) (Figure 5a). Both sites’ diel cycles peaked around late morning and dropped off throughout the
day, likely a response to high growing season Tair and vapor pressure deficit (VPD). While high VPD and Tair
would promote evaporation even after stomata close, a lack of open water surfaces result in dramatically
declining Gsfc during the afternoon and night. This is in contrast to the young and intermediate wetlands,
which exhibit heightened Gsfc throughout the diel period (Figure 5a). While the intermediate wetland’s Gsfc

Figure 5. Diel growing season surface and aerodynamic conductance at each site (m/s1) (note that the scale of the y axes
differ). Error bars represent 95% confidence intervals of the half-hourly mean growing season conductance.
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is reduced during the afternoon, likely due to stomatal closure on hot, dry growing season days, its Gsfc
appears to recover overnight. Nighttime stomatal conductance was confirmed to be near zero in a leaf-level
measurement campaign (data not shown), indicating that heightened nighttime Gsfc is largely a result of
evaporation from the open water surfaces characteristic of the young and intermediate wetlands.

Diel growing season Gaero at the wetland sites was close to 2 times those at the smooth, short-statured alfalfa
site, reaching up to 0.047 m/s1 at the old wetland (Figure 5b). Gaero maxima follow the age of the wetland,
suggesting that the more mature, taller structure promotes high Gaero values. All sites follow a similar diel
cycle, characterized by a daytime plateau.

4. Discussion
4.1. Biophysical Differences Between Sites

Drained peatland agriculture is the dominant land use in the Delta region, and nascent policy mechanisms
are aiming to incentivize restoration to an ecosystem resembling the preindustrial inland freshwater
wetlands. These policy mechanisms primarily focus on the biogeochemical benefit of the land use change.
Here we explore the biophysical impacts of wetland restoration- how this land use transition changes the sur-
face properties to have an integrated impact on Taero. Despite similar meteorological conditions, significant
Taero differences emerged both seasonally (Figure 1) and diurnally (Figure 3) across the study sites due to the
way that the ecosystems differentially exchange energy and momentum with the atmosphere.

At the seasonal scale, wetland Taero was up to 2.3 °C warmer than alfalfa (Figure 1), mostly during the spring
and autumn. High leaf area index and dark water surfaces at the wetland sites absorbed much more net
radiation than the alfalfa land cover. During growing season periods, enhanced Gsfc and Gaero, along with
higher latent heat flux at the wetland sites, drove monthly mean Taero lower than those at alfalfa. These
results contrast with Taero dynamics from thaw-induced boreal wetland expansion, where a wetland cooling
effect was observed to be maximum during late winter and moderate in summer (Helbig et al., 2016). In that
case, however, aerodynamically rough jack pine stands were being compared to relatively short-statured
wetland ecosystems. Seasonal patterns alone are not sufficient to understand how biophysical properties
affect Taero, as they mask important diel variations driven by radiation.

On an average growing season day, during midday, the young, intermediate, and old wetlands cooled the
surface by up to 3.4 °C, 5.1 °C, and 2.1 °C, respectively (Figure 3). Diel temperature differences revealed that
in addition to the land cover transition itself, the structure of the restored wetland determined themagnitude
of the Taero effect. The young and intermediate wetlands, with patches of open water interspersed between
vegetation, provided more daytime cooling than the old wetland, with a mature, dense, closed canopy cover.
Conversely, the open water wetlands were warmer during the night (Figure 3). By analyzing the differences in
each energy balance term between the various wetlands and alfalfa, alongside the patterns of Gsfc and Gaero,
we can understand the drivers of the observed seasonal and diel Taero differences.

The young and intermediate wetlands store much of their enhanced net radiation during the day within the
water column (Figure 4b). This storage reduces the latent and sensible heat flux during the day, temporarily
decoupling the incoming radiation from the outgoing heat fluxes. This temporal decoupling results in a
cooling effect of the Taero during the day, compared to alfalfa (Figure 3). Beginning in the early evening
and throughout the night, much of this stored energy is released. With high Gaero due to the tall, emergent
properties of the wetland species (Figure 5b) and heightened Gsfc despite closed stomata due to the sur-
faces of open water (Figure 5a), much of this nighttime heat flux is released in the form of latent energy,
humidifying the low, stable boundary layer and contributing to enhanced nighttime Taero compared to
alfalfa (Figure 3).

Aerodynamic conductance represents how well latent and sensible heat get transported away from the sur-
face through turbulent mixing. Due to the tall, emergent canopy structures at the wetland sites, we see Gaero
almost twice that at the alfalfa site, which has a short, smooth, regular canopy. In the windy Delta landscape,
with strong westerly gusts from the Pacific Ocean, Gaero promotes turbulent fluxes, even at night (Figure 5b).
Because Gaero is instrumental in transferring both latent and sensible heat to the atmosphere, the site’s water
availability is an important determinant of the relative partitioning of heat.
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Alfalfa and the old wetland, with no exposed surface water, exhibit a regular diel cycle of Gsfc (Figure 5a). A
thick layer of dead litter and a closed, mature canopy at the old wetland decouples the atmosphere from
the underlying water, eliminating daytime storage of net radiation in the water column (Figure 4b). This is
reflected in old wetland water temperatures that are 15–25% cooler than the water temperatures at the
other wetland sites (Eichelmann et al., 2018). Without daytime storage, enhanced radiation at the old wet-
land is dissipated as latent and sensible heat flux during the day, when stomata are open (Figures 4c and
4d), by high Gaero (Figure 5b). In this way, the old wetland acts less as a flooded system, and more as a
crop, with net radiation converted into daytime turbulent heat fluxes that result in a modest cooling effect
compared to alfalfa.

These findings support work by Eichelmann et al. (2018), who found significant evapotranspiration differ-
ences between the more heterogeneous footprints of the young and intermediate wetlands and the
closed-canopy old wetland, especially at night. The Gsfc measurements presented here support the finding
that with closed, dense, wetland canopies, even when water is present underneath, evapotranspiration is
largely mediated through daytime stomatal transpiration with minimal contribution of free evaporation. In
juxtaposition, heightened nighttime Gsfc values at the more open young and intermediate wetlands,
combined with ample energy storage in the water column, drive nighttime evaporation as latent energy—
an important component of the energy balance for heterogeneous wetlands. Ongoing work to partition
evaporation and transpiration in this system would provide a means to confirm these dynamics.

Impacts of the three critical biophysical properties that are affected by land use change—albedo, Gsfc, and
Gaero—have been shown to counteract each other. Often, in a transition from field to forest, lowered albedo
causes warming, while increased evaporative efficiency and Gaero cause cooling (Davin & de Noblet-
Ducoudre, 2010; Juang et al., 2007). The integrated balance of these effects over a year determines the net
biophysical impact of land use change. In the Delta system, radiative biophysical mechanisms alone cannot
explain the observed temperature differences—the wetlands consistently exhibited lower albedo as com-
pared to alfalfa (Table 1). The nonradiative mechanisms driving the observed daytime cooling effect in the
Delta—through changes to Gsfc, Gaero, and storage—are essential to understanding the energy dynamics
in this system.

Despite a warming effect of wetland cover during some spring and autumn months, the integrated biophy-
sical impacts of restoration can provide significant daytime surface cooling depending on structural features,
such as the ratio of open water to vegetation and the coupling of the water surface with the atmosphere.
These complex factors are missing from many assessments of climatic impact of land use change (Myhre
et al., 2013) but may govern critical feedbacks to plant physiology and boundary layer processes, especially
in scenarios of large-scale land conversion (Burakowski et al., 2017; Gerken et al., 2018). This result emphasizes
the importance of diagnosing and modeling specific biophysical changes likely to take place in novel land
use transitions, like reflooding drained agricultural peatlands.

4.2. Implications for Vegetation and Boundary Layer Feedbacks

To understand the interaction of daytime Taero reduction on productivity and plant physiology, we used a
nonparametric binning approach to extract a response function from the 3-year data set. The alfalfa site
experienced higher Taero, especially compared to the young and intermediate wetland sites. Its net ecosys-
tem productivity (NEP) also responded most negatively to rising Taero (Figure 6a), even after removing the
5 days directly after harvest, when NEP is drastically reduced. The flooded wetland sites have more modu-
lated responses to Taero, each with an optimal between 25 °C and 30 °C, at which NEP is greatest
(Figures 6b–6d). This is a slightly higher optimal Taero than that recorded through isotopic cellulose measure-
ments in trees covering a broad range of latitudes (Helliker & Richter, 2008). At higher than optimal Taero in
the wetland sites, NEP plateaus without dramatic declines, as we see at Alfalfa.

The effect of climatic warming on wetlands, and especially freshwater restored wetlands, is not well under-
stood. Differential responses of plant communities may mediate energy, carbon, and nutrient budgets
(Weltzin et al., 2000), although other work has documented state changes associated with warming across
salt marsh-mangrove gradients (Feher et al., 2017), and increases in biomass in response to ambient warming
(Baldwin et al., 2014). Surface temperature and energy balance changes could affect thermal hydrodynamic
convection, an important driver of diffusive CH4 emission (Poindexter et al., 2016), as well as plant-mediated
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transfer of CH4, which accounts for the majority of peatland CH4 emissions (Dean et al., 2018). With
California’s climate projected to become warmer and drier into the future (Ficklin & Novick, 2017),
wetland-induced surface cooling could be important in ameliorating physiological stress associated with
high ambient air temperature and VPD, and potentially feedback to plant-mediated biogeochemical cycling.

Surface modulation by the wetlands could produce feedbacks on the PBL as entrainment from above and
modifications to the PBL depth and atmospheric volume influence daily evolution of Tair in the mixed layer.
Model computations, compared to tower-measured Tair, avoid confounding effects of temperature sensor
calibration offsets, variable measurement height, and horizontal advection of heat. We used a simple EB-
PBL model to understand the potential local atmospheric feedbacks to the surface properties at each of
the study sites (Baldocchi & Ma, 2013). The model was run for cloudless growing season conditions, driven
by measured diel VPD and incoming radiation (Rgin), Sresidual, and half-hourly values of Gaero and Gsfc com-
puted from flux data (Figure S5).

Themodeled Taero closely matches the daytime dynamics of Taero, with the young and intermediate wetlands
much cooler, and the old wetland slightly cooler, than the alfalfa site (Figure 7a). The young and intermediate
wetlands, with open water surfaces and relatively high Gsfc and Gaero throughout the day, resulted in lower
Tair (Figure 7b) in the mixed layer by close to 5 °C. This is consistent with the findings of Helbig et al.
(2016) who also found a PBL cooling effect due to wetland expansion, primarily for reasons related to
enhanced latent heat and diminished sensible heat flux. With suppressed sensible heat flux, heterogeneous
restored wetlands may also result in a lower boundary layer.

In other systems, withmuch less availablemoisture, enhancedGaero could cause amixed layer air temperature
warming effect. In a nearby Mediterranean grassland and savannah system, the taller and rougher oak wood-
land caused a potential air temperature warming effect of 0.5 °C (Baldocchi & Ma, 2013). Our results suggest
that surface property differences inherent in transitions from drained agricultural peatland land uses to
restored wetlands could have significant cooling impacts on local climate, especially under situations of wide-
spread restoration. This cooling effect is dependent on wetland canopy structure, however. The old wetland’s
surface properties promoted higher boundary layers and Tair slightly warmer than that over alfalfa bymidday.

Figure 6. Daytime aerodynamic temperature bins (n = 50) as a function of net ecosystem productivity (NEP). Excluded
5 days after harvest at alfalfa site. Data are filtered for incoming photosynthetically active radiation (>1,500 μmol
m �2 s�1).
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4.3. Policy Implications and Future Work

Consideration of the biophysical impacts is critical to understanding how land use related policies and incen-
tives will affect physiology and local to regional climate. While this is beginning to be recognized in forest
land use transitions, other land use activities are being incentivized through methodologies as part of nas-
cent climate change policies without a complete understanding of the biophysical impacts that could result.
We hypothesized that the transition from drained agricultural peatlands planted with short-statured peren-
nial alfalfa to managed wetlands with tall, emergent canopies is, in some ways, analogous to the biophysical
impact of afforestation. In our analysis, the young and intermediate wetlands both exhibit cooler daytime and
warmer nighttime surface conditions (Figure 3). Local tower-based air temperature measurements show a
sizable (1.4–4.0 °C) reduction in diurnal temperature range at the young and intermediate wetland sites
(Figure S4), which is similarly reported as an impact of reforestation (Alkama & Cescatti, 2016; Burakowski
et al., 2017; Lee et al., 2011; Lejeune et al., 2018).

Transition from a short-statured, smooth alfalfa crop to a tall, emergent, heterogeneous wetland has the
potential to enhance biogeochemical benefits of wetland restoration (Knox et al., 2015) by causing a day-
time surface cooling effect, counteracting the ongoing and predicted increases in temperature associated
with global climate change. Wetland transition from other dominant Delta crops may have different, possi-
bly more enhanced, cooling effects. When designing climate mitigation projects, ecosystem structure and
time since restoration must be more explicitly considered. Older wetlands tend to accrue a dense mat of
dead litter after multiple seasons of blowdowns and storm damage (Schile et al., 2013), which have been
shown to decouple the canopy air space from the water below (Goulden et al., 2007), effectively turning
a mature wetland into a well-watered crop (Eichelmann et al., 2018). Restored wetland designs that feature
tracts of open water that will not rapidly fill in with vegetation may promote this cooling effect, which other-
wise could be diminished as maturing wetlands fill in with vegetation and create a closed canopy structure.
Future work should more explicitly quantify the storage term in restored wetlands with dynamic and
varied bathymetry.

In addition to wetland design, wetland extent and scale will play an important role in the degree of local to
regional cooling. Results from a wetlands-adjacent rice field in the Delta show that increasing the size of
flooded land cover from ~1 to ~5 km2 between 2009 and 2014 caused a decrease in evapotranspiration

Figure 7. Modeled (a) aerodynamic surface temperature and (b) mixed layer air temperature, given the surface properties
at each of the study sites (Figure S5), for a clear-sky growing season day.
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due to a decreasing oasis effect (Baldocchi et al., 2016). Where a mosaic of flooded patches in a semiarid
climate will promote entrainment of warm dry air from above the PBL (the “oasis” effect) and enhance eva-
poration, larger tracts of flooded land could mitigate this feedback. Our study was performed during a time of
relatively stable flooded land cover extent on the islands of interest, but future work should focus on model-
ing howmuch area and what kinds of orientations of flooded land cover will cause a meaningful effect across
local to regional jurisdictions (Gerken et al., 2018).

These results are likely specific to restored, managed wetlands—with managed water tables and little current
or outflow. Complete restoration to a more natural, tidal-influenced, and seasonally flood-influenced wetland
is unlikely in California’s highly managed water delivery system, especially given the policy goal to inhibit
respiration and sequester carbon through permanent flooding. Connectivity with the preindustrial, natural
watershed would have hydrological impacts that we cannot adequately address here (Mitsch et al., 2005).
Designing and managing restored wetlands to provide a cooling effect could increase water use
(Eichelmann et al., 2018), conflicting with important urban, agricultural, and habitat water demand in a semi-
arid California landscape characterized by large interannual variability in precipitation. This water cost must
be considered in light of the integrated biophysical, biogeochemical, habitat, and levee stability benefits that
are all associated with wetland restoration.

5. Conclusions

While biogeochemical impacts of land use change aremost often considered, our results emphasize the need
to include an assessment of biophysical impacts to fully understand how a land use change, such as wetland
restoration, affects the albedo, water availability, roughness, and ultimately the Taero of an ecosystem. Using
12 site years of eddy covariance data across a network of restored wetland and agricultural sites in the
Sacramento-San Joaquin Delta, we show significant Taero differences between restored wetlands and a domi-
nant drained agricultural land use.

Heterogeneous wetlands with open water surfaces are characterized by increased daytime storage of
energy, with reduced sensible heat during the day and enhanced latent heat during the night promoted
by heightened Gsfc and Gaero, compared to the alfalfa land cover. This daytime cooling effect, of up to
2.1 °C to 5.1 °C, could be important in ameliorating the physiological stress of increasing temperature asso-
ciated with climate change at the local scale. Using a simple EB-PBL model, we show that the surface and
aerodynamic properties that result in wetland Taero cooling at the young and intermediate wetlands also
cause a reduction in mixed layer Tair. Future studies should explore the potential teleconnection between
large-scale wetland restoration and climate over broader regional scales. Along with habitat creation and
levee stabilization, the biophysical surface cooling effects of restored wetlands could enhance the biogeo-
chemical sequestration benefits.

While this study was limited to the biophysical impacts of restored, managed wetlands under the scenario in
which they are converted from a perennial field crop, future studies could expand this analysis to other crops
and natural wetland systems. Despite the challenges with reconciling radiative and nonradiative impacts of
land use change, especially in complex ecosystems such as wetlands, it is critical to understand the biophy-
sical processes that will be affected under proposed land use change scenarios. With a renewed focus on the
importance of natural and working lands in climate changemitigation, wemust ensure that land use changes
incentivized for their biogeochemical benefit do not have unforeseen negative consequences.
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