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ABSTRACT: The bidirectional exchange of gases between vegetation and the
atmosphere is controlled by a variety of environmental factors and feedbacks that are
entangled and difficult to quantify. As a result of this complexity, parameterizations of
canopy conductance (Gc) in atmospheric models introduce large uncertainties and
likely biases into representations of atmosphere−biosphere gas exchange. We present a
novel representation of canopy conductance derived from measurements of solar-
induced fluorescence (SIF) from the TROPOspheric Monitoring Instrument
(TROPOMI). We show a strong linear correlation between GPP and Gc, calculated
using the Penman−Monteith theory, across a variety of ecosystem types in the AmeriFlux network. We couple this Gc−GPP
correlation to previous research showing a strong linear correlation between SIF and GPP and estimate Gc at a 500 m spatial
resolution across the continental United States. We also combine our model with surface estimates of NO2 and PAN from WRF-
Chem to estimate stomatal deposition fluxes of these gases. Our results suggest that satellite measurements of SIF can provide
important constraints on model representations of stomatal activity and canopy gas exchange on regional and global scales.
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1. INTRODUCTION

The exchange of gases between the atmosphere and biosphere
plays a fundamental role in determining the composition of the
atmosphere. At the same time, changes in the atmospheric
composition and climate provide important feedbacks that
affect biological communities. This dynamic interaction
between the atmosphere and biosphere is best exemplified
by photosynthesis, which contributes one of the largest sinks of
CO2 for our atmosphere.1 The simultaneous release of water
vapor through transpiration also influences the water cycle and
climate. Transpiration may return approximately 40% of
incident precipitation back to the atmosphere, which in turn
encourages later precipitation events.2

Transpiration takes place when water evaporates from the
open stomata of leaves. This generally occurs in the presence
of light to allow for the uptake of CO2 during photosyn-
thesis.3−5 Stomatal conductance thus plays a fundamental role
in both the carbon and water cycles.67 During stomatal
opening, other atmospheric gases, including ozone (O3),
reactive nitrogen (Nr), and volatile organic compounds, also
diffuse in and out of plant leaves, affecting other chemical
cycles.7−13 In particular, the canopy reduction of soil-emitted
nitrogen has been shown to have a major influence on the
nitrogen cycle.14−16

Because the stomatal exchange of trace gases has a
substantial impact on atmospheric composition, the accurate

representation of the stomatal conductance (gs) in atmospheric
models is essential.16,17 However, stomatal conductance is
influenced by a variety of environmental factors (e.g., vapor
pressure, soil water potential, light availability, CO2, O3, and
season), making it difficult to include a fully mechanistic
description in models.5,12,16,18−20 This is further complicated
by diverse species-specific responses to these environmental
factors. As a result, model representations of gs are very
complex and heavily parameterized, leading to a large degree of
variability in representations of atmosphere−biosphere ex-
change of trace gases.19,21,22 As stomatal emission and uptake
is a major term in the budgets of many trace gases, this lack of
clarity limits our understanding of atmospheric composition.
The canopy conductance (Gc) can be thought of as the

integrated sum of the stomatal conductance over all the leaves
in the canopy. In the last 2 decades, remote sensing has
become a valuable tool for estimating both Gc and
evapotranspiration fluxes over large spatial scales.23−33 For
example, Yebra et al. (2012) found that the normalized
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difference vegetation index, enhanced vegetation index, and
normalized difference water index could explain 80% of the
variance between the respective VI and Gc at 16 FLUXNET
sites.30 More recent studies have shown that retrievals of solar-
induced fluorescence (SIF) from GOME-2 and TROPOMI
can be used as a strong predictor of site-level and ecosystem-
level Gc.

26,32,33 Maes et al. (2020)33 demonstrate that the Gc−
SIF response may be universal across most ecosystem types.
Here, we present an empirical relationship between SIF

retrievals from the TROPOspheric Monitoring Instrument
(TROPOMI) and Gc determined from the AmeriFlux network.
The TROPOMI SIF retrievals we use are at a 500 m
resolutionthe highest resolution SIF data set available from
satellite measurements. We show that a coupled SIF−GPP−Gc
model can be used to estimate Gc across the continental
United States (CONUS) during the 2018 growing season. A
potential application of this model is to estimate the stomatal
deposition of reactive nitrogen and the resulting impacts on
the nitrogen cycle. Stomatal conductance has been shown to
be the limiting factor in the deposition of NO2 and
peroxyacetyl nitrate (PAN). As such, the deposition of NO2
and PAN scales linearly with stomatal conductance.7,8 Rates of
deposition are rapid enough to affect the lifetimes of NOx and
PAN by more than 10%, making an accurate description of this
pathway for removal essential to the understanding of
tropospheric chemistry. With Gc inferred from remote sensing,
the dry deposition flux of these important atmospheric trace
gases can be constrained through measurements of their
ambient concentrations and the canopy conductance (Gc). To
assess spatial and temporal patterns in the dry deposition of
NOx and PAN, we couple our SIF−GPP−Gc model with a
chemical transport model (CTM) to estimate the dry
deposition of NO2 and PAN over the continental United
States.

2. METHODS

2.1. CO2 flux Data. Half-hourly surface energy flux,
meteorological, and CO2 fluxes and products were collected
from the AmeriFlux website (https://AmeriFlux.lbl.gov/data/
download-data/). A total of 154 sites across the CONUS
contained measurements of the variables needed to carry out
the study (see Section 2.2). The final flux data set
encompassed the following land cover classesdeciduous
broadleaf forests (18 sites), evergreen needleleaf forests (34
sites), mixed forests (7 sites), croplands (27 sites), grasslands
(30 sites), open and closed shrublands (21 sites), and wetlands
(17 sites). Figure 1 shows the geographic distribution and land
type of all the sites used.

2.2. Calculations of Canopy Conductance (Gc) and
Gross Primary Productivity (GPP). Canopy conductance
(Gc) was calculated at each site at the time of TROMOPI
overpass (LT 13:30) using the inverted Penman−Monteith
equation (eq 1), which uses a surface energy flux and mass
balance approach to estimate the surface conductance.34 The
Penman−Monteith equation estimates Gc using measurements
or calculations of the net radiation flux (Rn), the soil heat flux
(G), the latent energy flux (LE), air density (ρa), specific heat
capacity of air (Cp), vapor pressure deficit (VPD) (δe),
conductivity of air (ga), the slope of the saturated vapor
pressure curve (Δ), and the psychometric constant (γ).

ρ δ γ

γ
=

Δ − + − Δ −
G

R G C g

g
1 ( ) LE LE

LE
p

c

n a e a

a (1)

Measurements of Rn, G, and LE were provided directly from
each of the sites. In instances where one of the three fluxes was
not reported, the sensible heat flux (H) was used to calculate
the missing flux through the surface flux balance relationship
(eq 2). Measurements of temperature (T), pressure (P), and
relative humidity (RH) were used to calculate ρa, γ, δe, and Δ
via 3.

− − − =R G H LE 0n (2)
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+

P
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1000
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δ
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∂
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Measurement height (z), displacement height (d), rough-
ness length to momentum transfer (zom), roughness length to
heat transfer (zoh), von Karman’s constant (k), and wind speed
(U) were used to determine ga through eq 7. The values of d,
zom, and zoh were estimated as 0.66h, 0.123h, and 0.0123h,
respectively, where h represents the canopy height. Stability
corrections using measurements of air and surface temperature
were also performed on eq 7 following recommended factors
by Monteith (1973) and Hatfield et al. (1983).35,36 The
stability-corrected Gc values differed from the original Gc
values on average by less than 2% (Figure S1). Because the
method showed low sensitivity to the calculation of ga and only
half of the total AmeriFlux sites used in the analysis report
surface temperature measurements, the calculation of Gc was
carried forward without the use of stability-corrected ga values.

=
− −

g k U
1 ln lnz d

z
z d

z

a
2

om oh

(7)

The Penman−Monteith derivation of Gc encompasses both
transpiration and evaporation processes. We applied a
precipitation filter to remove days where surface evaporation
may have contributed measurably toward the total surface
conductance. The filter removed any 7-day period when the
amount of precipitation exceeded the 90th percentile of the
data set on the first day of the screened period. An interquartile
range outlier test was then applied to the screened Gc data set.

Figure 1. Location and IGBP land class of all the AmeriFlux sites
across CONUS used to carry out the study.
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It should be noted that recent studies have suggested that
the inverted Penman−Monteith derivation of Gc introduces
uncertainties due to energy imbalance (i.e., Rn − G − H − LE
≠ 0).37−39 However, Penman−Monteith is still the most
commonly used method for deriving Gc from surface energy
and water vapor fluxes.26,32,33,40 The effect of energy imbalance
is also likely to be minimal in our work, as the energy
imbalance is lesser in the afternoon (during the time of
TROPOMI overpass).39

Gross primary production (GPP) measurements were
obtained directly from each site or calculated using measure-
ments of net ecosystem exchange (NEE) and ecosystem
respiration (RECO). At sites that did not partition NEE to
GPP and RECO, we estimated GPP by equating average
nighttime CO2 fluxes to RECO and subtracting this from
daytime CO2 fluxes: GPP = NEE − NEEnight.

41

To correspond with TROPOMI’s early afternoon overpass
time, Gc and GPP were aggregated into daily midday estimates
by taking the median values between 12:30 and 14:30 local
time each day. Final smoothed data sets were produced by
calculating a 14-day moving average of Gc and GPP.
2.3. Observations of Solar-Induced Chlorophyll

Fluorescence from TROPOMI. We use observations of SIF
from the TROPOMI instrument on the Sentinel-5P satellite.42

Briefly, TROPOMI is a nadir-viewing imaging spectrometer in
a 16-day sun-synchronous orbit with bands in the UV, visible,
and near-infrared. The TROPOMI ground swath is 2600 km
across track and the nadir footprint size is 5.6 km along-track
and 3.5 km across track. SIF retrievals are made over a small
window in the far red at 740 nm. Köhler et al.43 developed the
first retrievals of SIF from TROPOMI. We use the 500 m
downscaled SIF data described by Turner et al.44,45 Turner et
al.44,45 used data from multiple viewing geometries to obtain
higher resolution than the native TROPOMI footprint size and
then further downscaled the SIF using a sub-grid weighting
based on high-resolution observations of vegetation from the
moderate resolution imaging spectroradiometer (MODIS).
The end result is a 500 m daily estimate of SIF that represents
a 16-day moving average. Turner et al.44,45 also observed a
linear relationship between early afternoon GPP data from
AmeriFlux sites and coincident observations of SIF from
TROPOMI.
2.4. CTM Simulations. The Weather Research and

Forecast Model coupled with chemistry (WRF-Chem) version
3.5.1 was used to simulate hourly surface NO2 and PAN
concentrations and meteorology. Simulations encompassed the
CONUS domain with a horizontal resolution of 12 × 12 km
and 29 vertical layers. The simulation period was from
February 2018 to February 2019. A customized version of the
Regional Atmospheric Chemistry Mechanism version 2
(RACM2) was employed to model the chemistry, and the
details are described in Zare et al. (2018).46 The North
American Regional Reanalysis (NARR) provides initial
meteorological and boundary conditions and was nudged
every 3 h to constrain the meteorological fields. The chemical
initial and boundary conditions were constrained by The
Community Atmosphere Model with Chemistry (CAM-
chem47,48). The Model of Emissions of Gases and Aerosols
from Nature (MEGAN) was used to determine the biogenic
emissions, and the National Emissions Inventory 2011 (NEI
11) was used to describe anthropogenic emissions. To account
for the annual emission reduction, an additional scaling factor
was applied to scale the total emission to the reported emission

at model year from the United States Environmental
Protection Agency.49

We also use the GEOS-Chem CTM (v12.7.0) to compare
fluxes and deposition velocities of NO2 and PAN. The GEOS-
Chem model used is driven by the assimilated meteorological
fields from the Goddard Earth Observation System Forward
Processing products (GEOS-FP) at 0.25° × 0.3125° spatial
resolution. We conduct nested GEOS-Chem simulations over
North America (10°N−70°N, 140°W−40°W) for summer
2018. The boundary conditions are generated from a global
simulation at 2° × 2.5°resolution with a 1-year spin-up. We use
the standard tropospheric chemical scheme that includes
detailed NOx−hydrocarbon−aerosol chemistry, as described in
Travis et al. (2016)50 and Fisher et al. (2016).51 The NEI2011
inventory is used for U.S. anthropogenic emissions and scaled
to 2018 level based on the national emission trends (EPA,
2018).

3. DEVELOPMENT OF A COUPLED GC−GPP−SIF
MODEL

Previous works by Shan et al. (2019) and Maes et al. (2020)
have shown that SIF retrievals from the GOME-2 instruments
onboard the EUMETSAT’s MetOp series satellites are strongly
correlated with Gc.

26,33 Retrievals from TROPOMI (Sentinel-
5P satellite) were also used more recently to probe the Gc−SIF
relationship.32 The authors of this study found a strong
correlation between these variables across three different field
sites.32 The goal of the current work is to build on these bodies
of work and determine an empirical relationship between SIF
retrievals from TROPOMI and Gc across a wide range of
ecosystem types and locations. Initially, we explored a direct
SIF−Gc relationship. However, limited measurements of the
parameters necessary for the calculation of Gc across the
AmeriFlux network that coincided with TROPOMI’s measure-
ment period (2018−2020) made it difficult to accurately
describe the relationship. In order to provide better spatial
coverage and to better capture the SIF−Gc response in a
variety of ecosystems, we correlated Gc and SIF (a proxy for
GPP) indirectly through GPP with multiyear measurements
across the AmeriFlux network. The validity of this approach is
demonstrated in Figure S2, which shows direct correlations of
SIF and Gc, SIF and GPP, and GPP and Gc using the limited
measurements from AmeriFlux sites that coincided with
TROPOMI’s active period.
The theory and methods behind the TROPOMI SIF−GPP

relationship used in this work are provided in Turner et al.
(2021).45 The focus of the current work is to establish a
quantitative relationship between SIF and Gc from the linear
correlations between SIF and GPP and GPP and Gc. The linear
correlation between GPP and SIF has been discussed in a
number of recent publications.44,45,52,53 There has, however,
been some evidence that there is divergence between GPP and
SIF at the leaf-level under low light intensities and certain
environmental conditions.54,55 Recently, Magney et al. (2020)
highlighted that a linear relationship between GPP and SIF is
expected at high light levels under conditions of both stressed
and nonstressed leaves and sunlit and shaded leaves. These
high light levels are characteristic of the early afternoon during
the time of TROPOMI overpass and SIF observations. This
potentially explains why SIF and GPP are strongly correlated
when using space-borne measurements, yet decouple at sub-
diurnal scales using surface measurements.
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3.1. Covariation of GPP and Gc at Ameriflux Sites.
Leaf-level studies have shown that stomatal conductance to
water vapor and CO2 assimilation are strongly correlated.57−60

This empirical relationship is typically described through the
Ball−Berry (BB) model (eq 8), where gs is the stomatal
conductance to water vapor, A* is the CO2 assimilation rate or
leaf photosynthesis rate adjusted for environmental variables,
m is the Ball−Berry parameter and slope of best fit, and g0 is
the minimum stomatal conductance intercept.57

= * +g mA gs 0 (8)

Field measurements have shown that the Ball−Berry model
may be extended to the canopy-level and can be used as a good
predictor of canopy conductance and canopy CO2 assim-
ilation.61−65 Under the big leaf model framework (i.e., treating
a canopy as one big leaf), gs and A* may be replaced by Gc and
GPP, respectively, in eq 8, assuming there is little contribution
from canopy morphology and that the slope of the response is
insensitive to changes in environmental variables.26,66 Follow-
ing these assumptions, one would anticipate a linear relation-
ship between GPP and Gc.
Figure 2 shows a multiyear average time series of GPP and

Gc for select evergreen needleleaf, deciduous broadleaf, and
grassland AmeriFlux sites. This figure demonstrates that GPP
and Gc correlate well (R = 0.68−0.81) with one another during
the growing season (April−October) at the three sites. Subtle
changes in CO2 assimilation over the growing season, such as
the average increase in GPP seen in June at US-Ho2 and the
decrease in GPP during August at US-UMd, are captured in
the Gc model. A higher degree of variability around zero GPP
was observed during the winter months (November−March)
at these sites and also across the entire Ameriflux network. The
highly variable wintertime Gc calculations are likely artifacts
and represent surface evaporation fluxes instead of transpira-
tion fluxes during this time period. This hypothesis is
supported by measurements of low leaf area indices across
the AmeriFlux network during winter months (Figure S3).
Subsequently, all site flux data were screened using a solar
zenith angle of 35° to eliminate contributions from the winter
months in order to more accurately assess the GPP−Gc
relationship during the growing season.
In general, we observe moderate-high linear correlations

between GPP and Gc at individual AmeriFlux sites during the

growing season (Figure 3). The average correlation coefficient
(R) across all sites was determined to be 0.7 + 0.2. The

strongest site-level GPP−Gc relationships and the lowest
average variance was observed in cropland ecosystems (R =
0.74 + 0.09). The weakest correlations and the highest average
variance was observed at the wetland sites (average correlation
= 0.5 + 0.3). The higher average correlations observed at the
cropland sites may be a consequence of the Penman−
Monteith Gc model being optimized for agricultural systems.
The weaker GPP−Gc correlations determined at the wetland
sites were likely driven by the contribution of evaporation
fluxes to the estimated Gc fluxes.
The correlations we report are of the same magnitude as

other studies (R = 0.68−0.94) that investigated correlations
between canopy-scale gs and A*.62,64,65 Observed correlations
in the previous studies were typically higher because A* values
were adjusted using measurements of ambient [CO2] and
[H2O] prior to the correlations in order to better represent the
gs−A* relationship through the Ball−Berry model. It has also
been recommended to adjust A* by relative humidity, a CO2

Figure 2. Gross primary productivity (GPP, black closed circles) and canopy conductance (Gc, open blue circles) averaged by day of year over the
data record for three representative AmeriFlux sites.

Figure 3. Landcover types over the continental United States from
the National Land Cover Database (NLCD) and AmeriFlux site
locations (circles). AmeriFlux sites are colored by the correlation
coefficient for the canopy conductance (Gc)−gross primary
productivity (GPP) relationship.
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compensation point, VPD, and a stomatal optimization
constant to better capture the gs−A* relationship.21,57−60

Adjustment of our model with measurements of VPD did lead
to improvements in the correlation between GPP and Gc at
most sites. However, for the purpose of our investigation we
opted to not adjust the reported GPP−Gc model with VPD
and other environmental variables to avoid further complexity
in the model. Our unadjusted GPP−Gc model demonstrated
reasonable efficacy across sites as GPP generally explained over
60% of the variability in Gc.
3.2. Ecosystem-Level Relationships between Gc and

GPP. The strong linear correlations that we determined
between the multiyear GPP and Gc data sets at the 154
AmeriFlux sites (Figure 3) suggest that the GPP−Gc
relationship can be sufficiently described using a linear
relationship at the site-level. To test whether unique GPP−
Gc relationships existed at the ecosystem-level, the sites were
grouped by ecosystem type for further analysis. Mixed forest
sites were not carried forward in the ecosystem-level analysis
due to the limited number of mixed forest sites in the data set
(N = 7) and the likelihood that the GPP−Gc relationship was
captured in the analysis of other forested sites. Figure 4 shows
the slopes of the lines of best fit forced through a zero intercept
for the GPP−Gc relationship across all sites for each ecosystem
type. The slopes determined from these lines of best fit ranged
from 0.026 to 0.047 [(cm s−1 H2O) (μmol−1 CO2 m

2 s)] and
correlations ranged from 0.48 to 0.86 between ecosystems.
Wetland ecosystems had the highest slope and poorest
correlation, which was likely driven by the influence of surface
water evaporation. The GPP−Gc response was the smallest in
the cropland ecosystems and the cropland sites seemed to
exhibit a lower correlation at the ecosystem-level than at the
site-level. The lower slope observed in the crop GPP−Gc
relationship seems to be driven by sites that showed very high
CO2 assimilation. High levels of GPP could be indicative of an
environment with elevated CO2 levels, which have shown to
cause deviations from linearity in the Ball−Berry relation-
ship.67 A histogram showing the distribution of all GPP/Gc
ratios that we calculated using our method can be found in
Figure S4. We did not identify any statistical evidence that the
GPP−Gc relationship was distinct for different ecosystems.
Figure 4 shows the line of best fit through all the GPP and Gc

flux data. An overall slope of 0.036 [(cm s−1 H2O) (μmol−1

CO2 m
2 s)] and a linear correlation of 0.76 was determined

from the line of best fit through all ecosystem-level data.
Although the Ball−Berry model (eq 8) suggests a minimum

conductance intercept (g0), we conducted the ecosystem-level
analysis under the assumption g0 = 0. In practice, this was
enforced through a linear regression with no intercept term.
This assumption was justified by examining site-level fits of the
Gc−GPP relationship using data from all months of the year.
The solar zenith angle filter was not applied for this analysis, as
some sites did not have sufficient variation in GPP after
applying the filter to calculate a statistically significant
intercept. The median intercepts (g0) from all sites of a
certain ecosystem type were substantially larger than the
nighttime canopy conductance, when PAR and GPP are both
zero (see Table S1). We attribute a larger fitted intercept than
the nighttime canopy conductance to a larger contribution
from surface evaporation, rather than transpiration, during the
wintertime. As such, the intercepts identified by the model are
likely a representative of stomatal and nonstomatal factors.
This is particularly evident at sites such as US-UMd (Figure 2),
where there is a nonzero winter canopy conductance, despite
this being a deciduous forest that would have a very low LAI
during the winter. Furthermore, the Ball−Berry parameters g0
and m have been found to have a seasonal dependence in some
species.6,67 The gs−A* relationship has also been shown to be
nonlinear at very low light intensities, resulting in differences
between g0 derived via linear regression and g0 measured
during the nighttime.68 The SIF−GPP relationship is also
known to have nonlinearities at low light intensities.56 Our goal
is to offer constraints on stomatal activity using satellite SIF
measurements, which is likely to be more significant and more
accurate at higher light levels and LAI, and we therefore
prioritize prediction of Gc during the growing season. To
support this claim, we carried forward an ecosystem-wide
intercept from the line of best fit in the calculation of NO2
deposition fluxes (see Section 5.2 for additional details) for the
months of January and June 2018 (Figures S6 and S7). These
figures support the idea that NO2 flux estimates would be
elevated in areas of low leaf cover (LAI < 2 m−2 m2),
particularly in the wintertime, with the inclusion of an
intercept. The estimated fluxes also exhibit little variation in

Figure 4. Canopy conductance−gross primary productivity (GPP) relationship for six ecosystem types and all sites combined as identified by the
International Geosphere−Biosphere Programme (IGBP) classification. Open and closed shrublands are combined to one shrubland land type.
IGBP classes (e.g., evergreen broadleaf, mixed forest, and woody savanna) were excluded if fewer than six sites of the class had available data. These
sites were included in the plot for all ecosystems. Data are colored by density. Black lines show the linear Gc−GPP relationship fitted with a
bisquare regression. Slopes and correlation coefficients are identified on each plot.
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fluxes (<10%) in areas of high leaf area (LAI > 2 m−2 m2)
during the summertime when an intercept is considered in the
model.
In a recent review of leaf-level studies exploring the gs−A*

relationship, Miner et al. (2017)67 also describe that the Ball−
Berry parameter (m) can vary under differing environmental
conditions (e.g., drought-stress, elevated CO2 levels) and that
the Ball−Berry parameter has also been shown to differ across
plant species. However, the ecosystem-level fits we present in
Figure 4 show that on average, the GPP−Gc relationship
converges to a single slope across all ecosystems. Based on
these findings we carried a scaling factor of 0.036 forward to
describe the GPP−Gc relationship for all ecosystems.

4. MODELING GC WITH TROPOMI SIF
Combining our observations that show Gc scales linearly with
GPP with previous research that shows SIF scales linearly with

GPP, we propose: Gc ∝ SIF. The final Gc−SIF relationship we
determine is shown in eq 9, where β is an ecosystem-specific
scaling factor to convert SIF into GPP. β is derived from the
SIF−GPP relationship inferred from comparison with
AmeriFlux GPP, multiplied by the fraction of the grid cell
represented by the ecosystem type. The reader is directed to
Turner et al. (2021) for a more complete description of β.45

β= × ×G 0.036 SIFc (9)

Equation 9 gives an estimate of Gc during TROPOMI’s
overpass time (approximately 13:30 local time). Monthly
averaged 13:30 LT Gc values for the months of April, June, and
August 2018 across CONUS are presented in Figure 5 and the
annual 2018 average can be found in the Supporting
Information (Figure S5). The SIF−Gc model captures both
the onset and decline of the growing season as the months
progress from April to August. Biological activity (i.e., Gc and

Figure 5. Monthly averaged canopy conductances (Gc) derived from TROPOMI SIF measurements for the months of April (left), June (middle),
and August (right) of 2018. Gc averages are at the time of TROPOMI overpass (13:30 LT).

Figure 6. Average 2018 monthly NO2 deposition velocities (Vd) as predicted by (top) GEOS-Chem and (bottom) TROPOMI SIF measurements
at the time of TROPOMI’s overpass (LT 13:30). It should be noted that GEOS-Chem deposition velocities include surface nonstomatal
deposition.
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GPP) was seen to be much higher in the east than the west.
This general observation is consistent with other studies that
have estimated Gc and GPP across CONUS.30,45,69 Fine
features such as the California Central Valley agricultural
region and the Corn Belt in the Midwest can also be seen in
Figure 5. A Gc range of 0−2 cm s−1 was determined by the
SIF−Gc model across CONUS. These Gc predictions fell well
within the range of observations across the AmeriFlux network.
To demonstrate the model’s robustness, we tested how the

Gc model would respond to the use of a single scaling factor for
all ecosystems versus ecosystem-specific scaling factors, and to
an exponential versus linear model fit. An exponential fit was
chosen for the sensitivity analysis to reflect the nonlinearities
that have been reported at high and low levels of GPP in the
Gc−GPP relationship.67,68 For the first sensitivity analysis, we
show the difference between 2018 averaged Gc across CONUS
using a factor of 0.036 versus ecosystem-specific slopes
determined from Figure 4 in Figure S8. We observe
approximately a 10% decrease in Gc and NO2 fluxes (see
Section 5.2) in crop regions and an increase of approximately
20% in wetlands regions (Figure S8). The slopes for mixed
forests, deciduous broadleaf forests, evergreen needleleaf
forests, grasslands, and shrublands differ by less than 10%.
For the second sensitivity test, we show the difference between
2018 averaged Gc and calculated NO2 fluxes when using an
exponential fit in the place of a linear fit in Figure S9.
Percentage changes in Gc of up to 20% were observed in some
regions; however, in regions of high leaf cover, Gc was seen to
vary by 10% or less. The percent changes in annual NO2-
estimated fluxes were also typically less than 10%. All of these
variances from the linear model are small compared to the
difference between our proposed model and the predominant
models describing N fluxes (Figures 6, 7, and S10).
Stomatal activity is typically modeled as a function of light

intensity and temperature using the formulation of Wesely

(1989) in many atmospheric CTMs (e.g., WRF-Chem and
GEOS-Chem). Additional considerations of VPD and soil
water availability have been demonstrated to substantially
improve the estimates of ozone, carbon, and water
atmosphere−biosphere exchange.12,17,71,72 However, these
parameterizations fail to adequately represent the impact of
drought on stomatal behavior. Approaches have also been
described that represent stomatal conductance and transpira-
tion by considering water use efficiency and water transport
along the soil, plant, and atmosphere continuum.22,72 These
considerations have provided improved representations of
stomatal behavior from a physiological and mechanistic
perspective but are typically heavily parameterized and require
inputs of many plant, soil, and meteorological measurements.
Another common approach to modeling stomatal conductance
is through the coupling of the Farquhar photosynthesis model
with the Ball−Berry model.57 This approach requires knowl-
edge of the maximum carboxylation rate and maximum
electron-transfer rate, which are also difficult to determine at
the ecosystem level.
To overcome limitations in stomatal conductance models,

some investigations have explored the use of space-borne
measurements to represent Gc. Yebra et al. (2012) found that
vegetation indices (VIs) derived from MODIS could be used
to compute global canopy conductance.30 The results we
obtain for Gc over CONUS are very similar in magnitude and
spatial distribution as the midday averages reported by Yebra
et al. between 2001 and 2011. In our study, as well as in that of
Yebra et al., maximum Gc occurs in the eastern United States,
where yearly average midday Gc is 0.6−0.7 cm/s (Figure S5).
We, however, report lower yearly average Gc (∼0.4 cm/s
compared to ∼0.8 cm/s) in the Pacific Northwest. This
difference may in part be the result of a decline in the forest
productivity in western forests over the past decade.73,74 We
also consider it likely that the use of VIs by Yebra et al. may

Figure 7. Average 2018 monthly PAN deposition velocities (Vd) as predicted by (top) GEOS-Chem and (bottom) TROPOMI SIF measurements
at the time of TROPOMI’s overpass (LT 13:30). It should be noted that GEOS-Chem deposition velocities include surface nonstomatal
deposition.
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have resulted in an overestimation of yearly average Gc for the
evergreen forests of the Pacific Northwest. The largest
deviation in SIF and VIs occurs for evergreen forests, with
VIs showing little seasonal variation for winter-dormant
evergreen forests.52

SIF has been shown to be a robust predictor of ecosystem
transpiration.33,40,75 Maes et al. (2020)33 demonstrated that
SIF and transpiration are highly correlated, with SIF predicting
transpiration more reliably than any other satellite product.
This relationship is determined by temperature and water use
efficiency.33 The value of SIF in directly determining Gc has
also been previously demonstrated.26,32,40 Shan et al. (2019)
show that SIF and Gc co-vary and that the strength of the
relationship improves when the data are aggregated on longer
timescales (>1 day). The authors propose that although their
model is unable to provide information about dynamic changes
in Gc, it reliably represents seasonal behavior. Similarly, our
SIF−Gc model may not capture the dynamic response of Gc to
environmental variables on daily and shorter timescales but can
reasonably represent weekly, monthly, seasonal, and yearly
changes. Another limitation noted by Shan et al. (2019) is that
their SIF−Gc model may not accurately capture changes in the
Ball−Berry parameter (m). Our approach to aggregating data
somewhat overcomes this limitation by deriving m using a
large-scale multiyear data set, as opposed to prescribing a value
for m based on previous ecosystem measurements. Shan et al.
(2021) extended the findings of Shan et al. (2019) and
developed an empirical model linking Gc, SIF, and VPD at a
deciduous broadleaf site and two wheat cropland locations.
They show that the correlation between SIF and Gc × VPD0.5

is stronger than the link between Gc and SIF alone. Damm et
al.40 also found a strong relationship between SIF and
transpiration and suggest that this relationship covaries with
biotic and abiotic drivers, especially Rn and LAI. We, however,
chose to not include VPD, Rn, or LAI, in our model, as this
would also require accurate retrievals of temperature, relative
humidity, and Rn over large spatial scales. Furthermore, Shan et
al. (2021) also show that the difference between the SIF−Gc
and SIF−Gc × VPD0.5 correlations is minimal during the early
afternoon, when SIF−Gc correlations are maximal. Although
our approach does not represent nonlinearities in the SIF−Gc
relationship or changes in m with environmental conditions, it
more adequately predicts average regional behavior with
minimal parameters, making our approach especially applicable
to large spatial and temporal scales.
The ability of SIF to represent Gc eliminates the need for

modeling stomatal behavior with parameters for land type and
meteorology, making SIF a powerful tool for predicting canopy
conductance across large spatial regions. This has particular
potential applications to the atmospheric lifetime and
composition of depositing species, such as ozone, NO2, and
peroxy nitrates. We propose that that consideration of SIF-
derived Gc can offer improved constraints on stomatal
deposition in global and regional CTMs. Further improve-
ments of SIF-derived Gc across large spatial regions could be
achieved with advancements in retrievals of additional
environmental drivers.33,40,75

5. APPLICATION OF TROPOMI SIF-DERIVED GC TO
STOMATAL N DEPOSITION OVER CONUS

While the wet deposition of reactive nitrogen (Nr) is
monitored across North America through the US National
Atmospheric Deposition Program (NADP) and the Canadian

Air and Precipitation Monitoring Network (CAPMoN),76,77

measurements of the air−surface exchange of Nr with
vegetation remain scarce.78−81 Wet deposition and throughfall
measurements have provided estimates of the wet and dry
deposition of Nr to vegetation surfaces.82,83 These measure-
ments can be used to quantify the surface deposition of
nitrogen oxide gases, such as HNO3, but cannot capture the
deposition of Nr through leaf stomata.
The current understanding of reactive nitrogen deposition to

leaf stomata at a canopy and regional scale is based on an out-
dated resistance model approach that is poorly constrained and
heavily parameterized.70 In the following sections, we
demonstrate the potential application of our Gc−SIF model
as a tool for improving quantitative assessments of the
magnitude, spatial, and temporal patterns of the stomatal
deposition of Nr. We first discuss the derivation of stomatal
NO2 and PAN fluxes across CONUS. We then offer an analysis
of how the stomatal deposition of NO2 and PAN affects the
atmospheric lifetime of these Nr species.

5.1. NO2 and PAN Deposition Velocities. Controlled
laboratory NO2 and PAN deposition experiments to vegetation
have found that the deposition of these Nr compounds mainly
proceeds through stomatal uptake and that deposition scales
directly with stomatal conductance.7,8,84−86 Surface deposition
of these compounds has also been observed but is suggested to
be a minor deposition pathway. For example, Delaria et al.
(2020) and Place et al. (2020) investigated NO2 and PAN
deposition to 14 tree species grown under a variety of
conditions and report a consistent relationship between the
deposition velocities (Vd) of these gases and stomatal
conductance (gs). NO2 and PAN were found to have
deposition velocities equal to 0.56gs and 0.3gs, respectively,
with uncertainties in the relationships of less than 10%. It is
possible that non woody herbaceous plants (e.g., crops and
grasses) and C4 plants may process reactive nitrogen in a
different manner than the tree species examined by Delaria et
al., 2020 and Place et al., 2020. We are not aware of a
mechanistic reason to expect that this would be the case, but
further studies are needed to understand the scale factors
appropriate for crops and to confirm that stomatal uptake is
the only important mechanism for crops and grasses. Using the
relationships determined from these studies, we estimate the
canopy-level Vd’s for NO2 and PAN as 0.56Gc and 0.3Gc,
respectively, from the SIF-derived Gc measurements across
CONUS. We provide a comparison of these predicted Vd
values to those predicted by GEOS-Chem at a local time of
13:30 in Figures 6 and 7. Deposition in GEOS-Chem is
described through the Wesely resistance model, which models
deposition through an aerodynamic resistance term, boundary
layer resistance term, and a surface deposition resistance term.
At an LT of 13:30, atmospheric conditions are expected to be
largely unstable and the deposition rates of NO2 and PAN are
likely limited by surface deposition. Surface deposition in
GEOS-Chem is heavily parameterized and encompasses both
stomatal and nonstomatal pathways, and as such cannot offer a
direct comparison with SIF-derived Gc but can be used to infer
differences between the two approaches.
In general, there is good agreement between the spatial

distribution of Vd implied by GEOS-Chem and TROPOMI
SIF for both PAN and NO2 (Figures 6 and 7). The deposition
rates for NO2 and PAN predicted by GEOS-Chem, however,
tend to be much higher (up to a factor of 2 for PAN) than
those predicted by TROPOMI in most locations. The higher
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estimates in Vd rates by GEOS-Chem are likely due to the
inclusion of considerable cuticular and surface deposition (e.g.,
to soil, branch/cuticle surfaces) terms used in GEOS-Chem.
Figure 6 also shows that GEOS-Chem seems to disproportion-
ately overestimate NO2 deposition in the western United
States during the late summer compared to mid-summer. This
effect could be driven by the way the Wesely model
parameterizes stomatal deposition, which neglects the effects
from drought stress on stomatal uptake caused by low soil and
air moisture. Stomatal conductance models that are more
heavily parameterized have been shown to reproduce stomatal
rates more accurately.16 One key advantage of the SIF−Gc
fitting model is that it is able to capture real-time changes in Gc
induced by the changing environmental and biological
variables. We also see in Figure 6 that GEOS-Chem may be
underestimating NO2 deposition in the Corn Belt of the

Midwest and the California Central Valley and is likely not
capturing the full extent of the growing season in these crop
regions.

5.2. NO2 and PAN Fluxes. We estimate the fluxes of NO2
and PAN at the canopy-level via eqs 10 and 11.

= [ ]GFlux 0.56 NONO c 22 (10)

= [ ]GFlux 0.3 PANPAN c (11)

Figures 8 and 9 show estimates of the monthly integrated
fluxes of NO2 and PAN, respectively. Monthly fluxes were
calculated by summing hourly fluxes during each day for a
particular month. Hourly integrated fluxes were calculated by
multiplying hourly NO2 or PAN surface concentrations from
WRF-Chem (see Section 2.4) with hourly calculated Gc. See
supplement Figure S10 for midday fluxes calculated using

Figure 8. Estimated NO2 stomatal fluxes over CONUS for the months of (a) April, (b) June, and (c) August as well as the (d) annual estimated
NO2 stomatal fluxes for 2018. Estimates were derived using TROPOMI SIF measurements and WRF-Chem NO2 surface concentrations and
meteorological outputs, as described in Section 5.1.

Figure 9. Estimated PAN stomatal fluxes over CONUS for the months of (a) April, (b) June, and (c) August as well as the (d) annual estimated
NO2 stomatal fluxes for 2018. Estimates were derived using TROPOMI SIF measurements and WRF-Chem PAN surface concentrations and
meteorological outputs, as described in Section 5.2.
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different methods for estimating surface NO2 concentrations
(GEOS-Chem, WRF-Chem, and TROPOMI NO2). Hourly Gc
was calculated by scaling the Gc at the time of TROPOMI’s
early afternoon overpass by the ratio of the light response
parameter f light at a particular time to f light at the overpass time,
where f light is described by eq 12, derived from Emberson.12

α= − × ×f 1 exp( PPFD cos(SZA))light 0 (12)

PPFD0 is the photosynthetic photon flux density (PPFD) at a
solar zenith angle (SZA) of 0, approximately equal to 2200
μmol m−2 s−1.87 The α parameter has been shown to vary from
−0.01 to −0.003 depending on the plant species.88 We set α
equal to −0.005 to err on the side of underestimating Gc at
lower daily light levels.
Our SIF- and WRF-derived fluxes of NO2 show that the

largest fluxes occur in agricultural and near-urban regions of
the Midwest and Eastern Seaboard during the late summer,
with maximum fluxes of over 0.1 kg N ha−1 month−1 (Figure
8). Substantial NO2 fluxes (0.1 kg N ha−1 month−1) can also
be observed in the agricultural regions of California’s Central
Valley and the Pacific Northwest from April−August.
Maximum yearly NO2 fluxes reach up to 0.8 kg N ha−1

year−1 in the Central Valley and near-urban regions of the
eastern United States. PAN fluxes are largest during the
summer inland of East Coast cities, with maximum fluxes up to
0.02 kg N ha−1 month−1 and 0.1 kg N ha−1 year−1 (Figure 9).
PAN deposition primarily occurs in the Eastern half of
CONUS, driven by higher estimated concentrations of PAN in
this region. These observations are consistent with field
measurements and previous model simulations of PAN across
CONUS.89

In models, the limitation to the deposition rate introduced
by turbulence and diffusion is represented as an aerodynamic
resistance parameter. Aerodynamic resistances are typically 2−
10 times less than the resistance associated with maximum
stomatal diffusion of NO2 and PAN during the daytime. Under
the big-leaf model, which our approach resembles, aerody-
namic resistances are typically less than 5 s cm−1, with most

daytime values falling below 1 s cm−1 in a variety of
regions.90−93 Aerodynamic resistances are largest in forests
(regions of higher LAI) and under low wind speeds,
particularly during the nighttime when we do not consider
stomatal deposition.90−93 The error introduced by neglecting
turbulence and diffusion is likely to be greater at larger Gc. We
estimate that neglecting aerodynamic resistances could result
in an over estimation of NO2 and PAN annual fluxes by up to
30 and 10%, respectively (Figure S11). In addition to stomatal
behavior, aerodynamic resistance is one of the most uncertain
attributes of dry deposition estimates, with different parameter-
izations resulting in large differences in nitrogen dry deposition
estimates, particularly for species such as HNO3 that have a
very low surface resistance to deposition.92

The method we used to calculate monthly integrated Gc also
assumes that the maximum canopy conductance occurs at the
time of maximum light intensity. This assumption is likely to
be accurate under most environmental conditions. However, in
some semi-arid environments, such as many west coast forests,
as soil and air moisture decline in the afternoon during the
summer, stomata close in response, resulting in a daily
maximum stomatal conductance occurring in the late morning,
rather than early afternoon.16 Our method would result in an
underestimation of deposition fluxes at locations with this
behavior. Assuming maximum canopy conductance at the time
of maximum PPFD would likely capture reductions in
deposition due to heat stress, as the time of daily maximum
temperature is likely to correspond to the time of maximum
PPFD. An overestimation of fluxes could result, however, in
cases where stomatal closure results from cold temperatures in
the morning and evening, though this effect is likely to be
minor during the growing season.
Nighttime stomatal deposition was not considered in the

monthly and annual flux calculations, which may lead to
underestimates of fluxes because the uptake of nitrogen oxides
by stomata during the night has been identified as an
important deposition process.7 The inclusion of winter months
in the calculation of PAN and NO2 annual fluxes also

Figure 10. Yearly SIF-estimated stomatal (a) NO2 fluxes, (b) PAN fluxes, and (c) NO2 + PAN fluxes as a fraction of the CASTNET CMAQ
modeled estimates of total unmeasured nitrogen deposition over CONUS. Yearly SIF-estimated stomatal (d) NO2 fluxes, (e) PAN fluxes, and (f)
NO2 + PAN fluxes as a fraction of the CASTNET estimates of total nitrogen deposition over CONUS.
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introduces some uncertainty to the flux estimates, as discussed
in Section 3.2. However, the much lower predicted canopy
conductances during these months make the uncertainty in
winter months unlikely to contribute substantially to the
absolute uncertainty in yearly fluxes.
To date there are very few direct measurements of reactive

nitrogen (Nr) dry deposition across CONUS.78 As a result,
regional estimates of Nr dry deposition are estimated either by
coupling ambient measurements of Nr with inferential models
or by running CTMs.83,94−96 Differences in model parameter-
izations of atmosphere−canopy exchange processes have been
shown to result in substantially different fluxes of reactive
nitrogen.78,92 Improved constraints on reactive nitrogen
deposition fluxes are therefore needed. The National
Atmospheric Deposition Program (NADP) through the
Ammonia Monitoring Network (AMoN) and the Clean Air
Status and Trends Network (CASTNET) monitor ambient
concentrations and the wet deposition of nitrogen-containing
compounds over CONUS and are frequently used for
assessments of nitrogen deposition.95 Measurements from
these networks are coupled with the Community Multi-Scale
Air Quality (CMAQ) model to estimate nitrogen wet and dry
deposition as gaseous and particulate nitrate and ammonium,
as well as the deposition of unmeasured gaseous species (e.g.,
NO2, PAN, HONO, and so forth).95

In Figure 10, we compare our estimates of yearly PAN and
NO2 fluxes as a fraction of the unmeasured nitrogen deposition
obtained from CASTNET CMAQ data and as a fraction of
total nitrogen deposition. Our results indicate that deposition
fluxes of NO2 in particular may be up to 25−50% of
unmeasured Nr deposition, as predicted by CMAQ in regions
of the United States with substantial vegetation coverage
(Figure 10). PAN is also found to constitute up to 10% of the
total unmeasured nitrogen deposition in parts of the eastern
United States. Near urban centers and in certain agricultural
valleys, such as the Central Valley of California, NO2
deposition can make up to 15% of the total nitrogen deposition
as reported by CASTNET.
Our SIF-derived estimates of Gc, coupled with WRF

estimates of NO2 and PAN surface concentrations, represents
a new method for constraining the fluxes of reactive nitrogen
over large temporal and spatial scales. Such indirect measure-
ments of Gc could potentially be combined with concentrations
of NO2 and PAN derived from other CTMs and observations
(e.g., Figure S10). The analysis of residuals between the Gc-SIF
model we present and other Gc models could also offer insights
into the processes driving large-scale Gc, particularly as they
relate to phenology. This method could also be easily extended
to other depositing species shown to have deposition velocities
that scale linearly with stomatal conductance.

5.3. NOx and PAN Lifetime to Stomatal Deposition.
The lifetime of NOx and PAN to stomatal uptake in the
boundary layer can be estimated by dividing each species
respective canopy conductance uptake rate by the planetary
boundary layer (PBL) height. This approach for calculating a
stomatal lifetime assumes that the stomatal uptake is rate-
limiting and that the aerodynamic and boundary layer
resistance are negligible compared to the stomatal deposition
rate. Figure 11 shows the average lifetimes of NOx and PAN to
stomatal deposition at 13:30 local time for the months of April,
June, and August 2018 across CONUS. Average monthly PBL
heights for the months of April, June, and August across
CONUS were calculated in WRF-Chem. Figure 11 indicates
that NOx lifetimes to stomatal uptake range from as low as 20
h to over 150 h across CONUS. The lifetime of PAN in the
boundary layer is much longer (50−300 h) due to its lower
stomatal uptake rate. The lifetimes of NOx and PAN are
typically shorter in areas of high biological activity (see Figure
5). However shorter lifetimes are also observed in coastal
regions, such as the Pacific Northwest in the months of June
and August, and this is due to the lower PBL heights in marine
environments.
Satellite estimates of NOx lifetime in major US cities have

indicated that the lifetime of NOx in urban environments
ranges from ∼1 to 8 h.97,98 This suggests that during the
growing season, the deposition of NOx to vegetation may
compete with the chemical loss of NOx to nitric acid or organic
nitrates in certain regions. The lifetime of NOx in rural regions
has been difficult to probe directly but is estimated to be longer
in these environments than urban environments. A study
conducted by Romer et al. (2016) estimated that the
photochemical lifetime of NOx in an Alabama forest was 11
± 5 h.99 At this timescale and in a heavily forested
environment, it is likely that deposition will be an important
removal process of atmospheric NOx. The stomatal removal of
PAN from the atmosphere is less likely to be competitive with
its thermochemical loss, which occurs on the timescale of <10
h during warmer months. Deposition could however play an
influential role in PAN removal when air temperatures are low
(T < 20 °C). A complete assessment of the role of stomatal
uptake in NOx and PAN lifetimes is beyond the scope of this
current work but could be an interesting extension to this work
in a future investigation.

6. CONCLUSIONS

We developed a coupled SIF−GPP−Gc model to estimate Gc
at 500 m spatial resolution across CONUS and demonstrate
that SIF and GPP can also be used as a proxy for Gc. We then
show how SIF-derived Gc can be used to estimate fluxes of
NO2 and PAN over CONUS.

Figure 11. Average SIF-derived lifetimes of NO2 and PAN to stomatal deposition over CONUS during (a) April, (b) June, and (c) August 2018 at
the time of TROPOMI’s overpass (13:30 LT).
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In developing the SIF−GPP−Gc model, we show that GPP
and Gc are correlated at a majority of sites across the Ameriflux
network. This observed co-variation between GPP and Gc is
consistent with the Ball−Berry framework. Correlations
between GPP and Gc are highest at crop sites and lowest at
wetland sites. We attribute the lower correlations at wetland
sites to interference from surface evaporation in our estimation
of Gc. Our analysis shows that on average, the GPP−Gc

response can be described through a single slope of 0.036
[(cm s−1 H2O) (μmol−1 CO2 m

2 s)] for all ecosystem types.
By combining the empirical GPP−Gc relationship with the

SIF−GPP model described by Turner et al. (2021), we were
able to estimate Gc across CONUS using SIF retrievals from
TROPOMI at the time of instrument overpass (13:30 LT).
Key agricultural features such as the Central Valley in
California and the Corn Belt in the Midwest are clearly
discernible from space using the model. The monthly average
Gc estimates we calculated were of comparable magnitude and
spatial distribution to other midday estimates of Gc across
CONUS during the growing season.
We combined our model with surface concentration

estimates of NO2 and PAN from WRF-Chem to estimate
monthly and annual dry deposition fluxes of these species
across CONUS for 2018. Using this method, we estimated
maximum stomatal fluxes of 0.8 and 0.1 kgN ha−1 yr−1 over
CONUS for NO2 and PAN, respectively. A comparison of our
estimates of Nr dry deposition with CASTNET CMAQ
suggests that the dry deposition of NO2 and PAN may
represent a substantial portion of unmeasured Nr deposition.
This work shows promise for constraining Gc with

measurements of SIF in global atmospheric models. We
propose that this model can serve as a useful tool for
constraining regional canopy transpiration fluxes and the
stomatal atmosphere−biosphere exchange of gases.
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