Version of Record: https://www.sciencedirect.com/science/article/pii/S0168192320301143
Manuscript_5f60402600529682062699092e58730d
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Abstract

Although photolysis frequencies are wavelength-dependent and the dependence varies among chem-
ical species, previous canopy radiative transfer models did not consider more than three broad bands
(ultraviolet, photosynthetically active radiation (PAR), and near-infrared). In this study, high spec-
tral resolution and wavelength-dependent idealized leaf optical properties allow us to determine the
disposition of the light spectrum within a mixed deciduous forest canopy. Four radiative transfer
approaches of varying complexity are applied to obtain vertical profiles of spectral actinic flux.
Broad-band radiation measurements made above and below a mixed deciduous forest provide the
necessary information to verify the fidelity of each radiative transfer approach. Model comparison
results indicate that the Beer-Lambert scheme gives less total actinic flux, while the other three
schemes give similar actinic flux profiles. Spectral actinic flux profiles are used to calculate in-canopy
photolysis for different chemical species and to assess the importance of in-canopy photochemistry
in modifying biogenic volatile organic compounds transported to the overlying atmospheric bound-
ary layer. We find that, depending on the time of day and chemical species, percent errors in
photolysis frequencies incurred by using a common in-canopy approximation based on weighting by
relative PAR profiles can be as high as £50 % in lower regions of the canopy, or 10-20 % in daily
canopy integrated photolysis frequency. Results obtained using a one-dimensional photochemical
model suggest that choice of canopy radiative transfer scheme can have substantial impacts on
in-canopy chemical reactions and concentrations in the overlying atmospheric boundary layer air.
Such effects caused in-canopy gas concentration differences ranging from 8 % for ozone and 35 %
for hydroxyl radical to 77 % for nitrate radical.
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1. Introduction

Plant canopies not only absorb incoming solar irradiance but also modify the quality of the
surrounding energy due to the processes of light scattering by foliage elements. Knowledge of
light absorption and scattering is crucial to properly quantify plant-atmosphere exchange processes
and photochemical reactions within plant canopies. It is not always possible to experimentally
determine spectrally resolved irradiance disposition within plant canopies because of the logistics
of deploying spectral radiometers at different levels and deriving spatial representations of solar
irradiance interception. For tall forests, instantaneous and integrated levels of actinic fluxes need to
be determined within canopies to investigate photochemical processes of chemical species amenable
to photolysis (Bohn, 2006; Fuentes et al., 2007, 2016). Photochemical processes are key aspects of
atmospheric chemistry because photolysis of molecules by actinic irradiance produces reactive free
radicals, which largely initiate and enhance the degradation of many trace gases including plant-
emitted biogenic volatile organic compounds, BVOCs (Fuentes et al., 2000). Actinic irradiance can
also destroy free radicals such as the nitrate radical (NO3).

Emissions of gases from vegetation and photochemical reactions depend on the wavelength of
the light. In forested environments, BVOCs are abundantly produced. Isoprene and members
of the terpene family, emitted mostly by trees and flowers, account for more than half of total
global BVOC emissions (Guenther et al., 2012). These compounds are oxidized relatively swiftly
(with chemical lifetimes on the order of hours to days) by hydroxyl radical (HO), ozone (O3), and
NOs. Different molecules require actinic light of different wavelengths (A) to undergo photolysis.
For example, different wavelengths of actinic irradiance are required for the photolysis of Oz and

nitrogen dioxide (NOy) (Bohn, 2006).

O3 + hv — Oy + O('D) 295 < \ < 325 nm (1)

NO, + hv — NO + O(°P) 310 < A < 420 nm (2)

Photolysis of NO, is an important source of ground-state atomic oxygen (O(°P)) which is the
immediate precursor of O5. In the moist atmosphere, the formation of HO depends on the generated

excited oxygen atoms (O('D)) that combines with water vapor (Hy0).

O('D) + H,0 — 2HO (3)
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Oxidation of BVOCs generates high yields of formaldehyde (HCHO), acetaldehyde (CH3;CHO),
acetone ((CHj3),CO or CH3COCH;), and unsaturated aldehydes (RCHO, where R is a hydrocar-
bon group) (Atkinson, 2000). Yields of HCHO from isoprene oxidation are so high (i.e., > 0.8) that
they can be used as a proxy to determine spatial emission rates from forests using passive satellite
instruments (Palmer et al., 2003; Millet et al., 2018). The BVOC oxidation products can readily
undergo photolysis to generate HO. Furthermore, ozonolysis of terpenes generates high yields of
HO, with values reaching up to 0.85 for the species with the highest O3 reactivity (Paulson and Or-
lando, 1996; Aschmann et al., 2002). In summary, chemical processing of BVOCs in plant canopies
can occur during sunlit and dark conditions and generate sufficient free radicals to drive chemical
cycles. In addition to the photochemical processes impacting HO concentrations, terpene oxida-
tion produces oxygenated VOCs (OVOCs) capable of partitioning from the gas to the condensed
phase and modifying existing aerosol particles or forming new secondary organic aerosols (SOA).
Numerous studies have examined these processes for isoprene (e.g., Carlton et al., 2009; Pandis
et al., 1991; Kroll and Seinfeld, 2008; O’Halloran et al., 2009; Doughty, 2014) and terpenes (e.g.,
Barthelmie and Pryor, 1999).

The extent of in-canopy photochemical processing of BVOCs depends on both the level and the
spectral distribution of actinic flux. Fluxes of BVOCs from the canopy to the regional atmospheric
boundary layer depend on in-canopy oxidant levels (HO formation via photolysis reactions and
terpene oxidation, and O3 and NOj concentrations within plant canopies). Air parcel residence
times also influence the fraction of BVOCs locally destroyed within the plant canopy (Gerken
et al., 2017). For tall forests, in-canopy chemical processing of terpenes can account for more than
10 % of destruction for locally produced gases (e.g., Makar et al., 1999; Stroud et al., 2005; Forkel
et al., 2006; Fuentes et al., 2007; Saylor, 2013; Ashworth et al., 2015). Compared to emissions or
above-canopy fluxes of isoprene and monoterpenes, the chemical processing is generally of minor
magnitude. For some reactive sesquiterpenes such as -caryophyllene, in-canopy chemical reactions
can consume up to 75 % of the locally emitted gases (Strong et al., 2004; Stroud et al., 2005; Rinne
et al., 2012), mostly due to ozonolysis. The reported estimates of chemical processing in plant
canopies were done with photochemical models that computed the photolysis reactions based on
broad-band irradiance (e.g., photosynthetically active radiation (PAR)) estimates, often employing
the Beer—Lambert law (e.g., Fuentes et al., 2007). As molecular photolysis rate coefficients (.J
values, also known as photolysis frequencies) depend on spectrally resolved absorption cross section

(o(A)), quantum yield (¢(A)), and actinic irradiance flux density (F(\), hereafter referred to as
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spectral actinic flux), it is necessary to determine the variations of these quantities as a function of
canopy depth and time of day.

Given the importance of chemical processing of reactive gases in forested ecosystems and the
dearth of examinations of spectral irradiance transfer and disposition within plant canopies, the
goals of this manuscript are fourfold. First, results from field radiative studies are presented and
interpreted to estimate seasonal patterns in solar irradiance attenuation by a temperate decidu-
ous forest. Particular emphasis is placed on field studies that were carried out during the leaf
senescence period to quantify the degree of light attenuation in response to changes in foliage op-
tical properties (Figure 1). Seasonal investigations to quantify light attenuation by plant canopies
are rare. Therefore, this manuscript also reports a unique data set to evaluate radiative transfer
models. Second, field measurements are integrated with radiative transfer models to evaluate the
most reliable methods of determining radiative transfer in deciduous forests. There is a scarcity of
radiative transfer model verification under different leaf optical properties and varying levels of dif-
fuse light. The evaluated radiative transfer models include the Beer—Lambert law, the two-stream
approximation (Dickinson, 1983; Sellers, 1985), the four-stream approximation (Tian et al., 2007),
and a multiple scattering model (Zhao and Qualls, 2005). Third, a spectrally resolved radiative
transfer method is proposed to determine the spectral actinic flux as a function of canopy depth
and applied to calculate in-canopy photolysis frequency profiles. Finally, results are included in a
one-dimensional photochemical model to ascertain the nominal uncertainties associated with the

estimates of photolysis for molecules amenable to photodissociation in plant canopies.

2. Methods

2.1. Field measurements

Relevant data are available from a 1995 field campaign that took place during 1 June (day of
year, DOY 152) to 7 October (DOY 280) at the Borden Forest Research Station (site location 44.317
°N, 79.933 °"W) (Staebler et al., 1997) and include: total direct and diffuse solar (wavelengths ranging
from 0.3 to 5 pm, model SPP, The Eppley Laboratory, Inc., Newport, RI) irradiance, incoming and
reflected PAR (0.4-0.7 pm, model LI190SA, Licor Inc., Lincoln, NB), and net radiation (0.3-80
nm, model CN1-R, Middleton, Australia). Instruments were mounted on a tower above the canopy.
Measurements below the canopy were made from a trolley (Figure 1a) while moving at 0.02 ms™*

over a transect of 30 m long and were acquired at the frequency of 2 Hz. Such a technique, combined

with time averaging, was employed to provide a spatially representative average. This is important
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Figure 1: a) Photograph of the instrumented trolley for determining diffuse and direct PAR and solar radiation
beneath the canopy; b) LAI seasonality at the trolley site and on average (for ten sites) in the tower surrounding

area, and PAT in the tower surrounding area; c) the apparent extinction coefficient for PAR and total solar, calculated
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from the above and below canopy irradiance measurements and total LAI (L¢ot), i.€., Ihelow = labove€ . Error

bars denote the standard deviation for that day of measurements.

because all of the canopy radiative transfer schemes employed in this study assume a horizontally
homogeneous canopy. Staebler et al. (2000) and Teklemariam et al. (2009) described the site in
more detail, along with some climatology.

Other measurements included canopy structure variables such as canopy height, seasonal plant
area index (PAI) and leaf area index (LAI, Figure 1b) at the trolley site and ten sites within
the turbulent energy flux footprint of the tower (Staebler et al., 1997), heights of maximum LAI,
height of the upper leaf canopy lower boundary, total LAI in the upper leaf canopy, mean leaf
angle, clumping index, etc. The leaf area profile used in the models is derived from these variables.
Seasonal variations of extinction coefficients for incoming solar irradiance and PAR are included
(Figure 1c) to illustrate the influences of foliage phenology, including senescence, on light transfer

in the forest canopy.
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Due to logistical challenges, spectral actinic fluz data in plant canopies are rare (see Bohn, 2006;
Bohn et al., 2008). Instead, broadband irradiance measurements are more commonly made, which is
the case with the measurements used in this study. However, for clear-sky conditions, atmospheric
radiative transfer models (e.g., Madronich, 1987; Liou, 2002) are adept at predicting the spectral
irradiance reaching the air layer just above the canopy. Combining the output of such models with
the above-canopy broadband irradiance measurements, we can estimate the top-of-canopy spectral
irradiance. Then, using spectrally resolved leaf optical properties, the disposition of the actinic flux
within the canopy can be predicted from measurements at the top of the canopy, provided that
information of the spatial distribution and qualities of the foliage elements are known (i.e., LAI
as a function of canopy depth, the foliage orientation function G(v), etc.). The following sections

describe how we obtain each of these required components for this study.

2.2. Leaf optical properties
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Figure 2: Idealized green leaf reflectance and transmittance, based on Monteith and Unsworth (2013) Figure 6.5. Note
that the transmittance is measured from the top, so that the region between the two curves represents absorbance.

The optical properties presented here span wavelengths 0.3—2.6 pm.

Figure 2 shows leaf reflectance and transmittance as a function of wavelength. This plot was
created by digitizing Figure 6.5 of Monteith and Unsworth (2013), which describes the curves as
idealized. Using linear extrapolation, the reflectance and transmittance were extended from 0.35
pm down to 0.30 pm. Figure 2 illustrates that the leaf absorbs strongly in the visible region. Due to
the local maximum in reflectance around 0.55 pm, one can deduce that this is a green leaf. Spectral
reflectance and transmittance of leaves change throughout the course of the growing season and

more significantly during the senescence period (Figure 1c).
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2.3. Canopy radiative transfer models

Previous studies investigated the disposition of different wavelength bands in forest canopies,
but mostly for PAR, ultraviolet (UV), and near-infrared (N-IR). For example, Fuentes et al. (2007)
considered the PAR band only, using a Beer-Lambert-type approach to determine the PAR profile
from measurements above and below the canopy. Baldocchi et al. (1984) examined UV, PAR, and
N-IR in a deciduous forest using measurements and Beer—Lambert models. Using the PAR profile
and J values above the canopy, J values within the canopy can be estimated by using the relative
PAR profile to scale them. This approach was considered in Stroud et al. (2005); Fuentes et al.
(2007) and many 1-D canopy modeling studies (e.g., Forkel et al., 2006; Ashworth et al., 2015;
Saylor, 2013). Stroud et al. (2005) calculated isoprene and monoterpene (o-pinene and B-pinene)
processing within a pine-sweetgum forest canopy to be less than 10 % of the emissions within the
canopy. Notably, Bohn (2006) made measurements of spectral actinic flux above and within a forest
canopy at a tower site, and calculated isoprene and monoterpene processing to be less than 4 %,
consistent with the results of Stroud et al. (2005). However, Stroud et al. (2005) also calculated
that the chemical processing of B-caryophyllene, a prominent sesquiterpene, can be as high as 75 %
due to mostly ozonolysis. Furthermore, it is important to recognize that these chemical processing
calculations are sensitive to assumptions about air parcel residence times (Gerken et al., 2017) and
the turbulent transport characteristics within the canopy.

Comparisons of canopy radiative transfer schemes used by the forest gas-exchange/photochemistry
(1-D modeling) and Earth system modeling communities are rare (exceptions include Wang (2003)
and Yuan et al. (2017)). Wang (2003) compared three canopy radiative transfer schemes: a Beer—
Lambert-based formulation, that of Goudriaan (1977), and the two-stream scheme of Sellers (1985).
The Beer-Lambert method was found to systematically overestimate light absorption, up to 50 %
in the N-IR band when compared to the other two methods. Compared to the two-stream, the
Goudriaan method gave significantly less absorbed visible diffuse radiation for low values of LAI
(< 2.5). Yuan et al. (2017) tested a modified two-stream model in the context of the Commu-
nity Land Model (CLM4.5). In the vegetation (satellite) remote sensing community, controlled,
in-depth comparisons are conducted (e.g., the Radiative Transfer Model Intercomparison (RAMI)
projects: Widlowski et al., 2007, 2015), and Kuusk (2018) provides an overview of the different
types of models.

In the present study, four different 1-D canopy radiative transfer models with varying levels of

complexity are compared: the Beer-Lambert (Monteith and Unsworth, 2013; Campbell and Nor-
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man, 2012), the two-stream (Dickinson, 1983; Sellers, 1985), the four-stream (Tian et al., 2007), and
the multiple scattering (Zhao and Qualls, 2005) models. All models are based upon the horizontally
homogeneous turbid medium assumption from radiative transfer theory. In this investigation, we
attempt to improve the Beer-Lambert model’s prediction of actinic flux by adding a term that
approximates the contribution to diffuse light by scattering of the direct beam (described in Sec-
tion 2.3.1). To get profiles of “spectral” radiation variables, we divide the spectrum into a number of
smaller bands and apply the radiative transfer approach to each band individually. This approach
is accurate as long as processes that shift frequency such as Raman scattering are negligible. For
the sake of completeness, principal features of the radiative transfer models employed in the current

study are provided below.

2.8.1. Beer—Lambert model
The Beer—Lambert law is based on the principle of exponential extinction by a homogeneous
partially absorbing medium. Light absorption in a leafy model layer depends on the leaf density

and distribution, and the following equation describes the light extinction by leaves

G
Cos(w)uz)] (4)

where I(h.) is the irradiance at the top of the canopy (h.), G = G(¢) is the leaf orientation

I(z) = I(h.) exp [—Q

function, €2 is the leaf clumping factor, v is the solar zenith angle, and L(z) is the cumulative
leaf area index (LAI), accumulating from h.. The black-leaf extinction coefficient is defined as
Ky(¢) = G(v)/cos(yp). Extinction of the diffuse beam within the canopy is modeled using the

diffuse bulk transmissivity

w/2
- /0 71, L) sin() cos (1)) dep (5)

where 7,(¢), L) = e KWL g the black-leaf transmissivity for the direct beam, i.e., the probability
that the direct beam will penetrate to LAI depth without encountering a leaf. However, the Beer—
Lambert scheme for canopy radiative transfer as described in Campbell and Norman (2012) does
not include a term for conversion of scattered direct to diffuse light (i.e., the leaves are ‘black’).
An extinction coefficient for ‘grey’ leaves can be calculated, and is related to that for black leaves
(Kp(¥))

K(¢) = Ky (VK (6)
where k' = a9 is the bulk attenuation coefficient (Monteith and Unsworth, 2013, p. 48). The

absorbance « is equal (by Kirchoff’s law of thermal radiation) to 1 — p — 7 where p is reflectivity
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and 7 is transmissivity. Then, we can estimate the term that represents the contribution to diffuse

by scattering of the direct beam as
Iy a(L) = (L = 0) - e KL — c=Ro(w) L] (7)
where I, (the direct beam), K(v), and Kp(1)) depend on wavelength.

2.3.2. Two-stream model
In canopy radiative transfer models employing the two-stream approximation, light is parti-
tioned into two streams: an upward-going stream and a downward-going stream. Light in each
stream is separated into direct and diffuse portions to enable a more accurate representation of
light scattering processes. Sellers (1985) describes the model and its equations in depth and pro-
vides the analytical direct and diffuse irradiance solutions as well. This scheme (Dickinson, 1983;
Sellers, 1985) remains the most widely used in regional and climate models that incorporate canopy
radiative transfer (Yuan et al., 2017). The following equations make up the model (Sellers, 1985):
_dIt

1A

_dI]

RS (1= (1= )] 1 — wBIT = wpK (1 — fo) exp(~KL) (9)

+ 1= (1= B)w] It — wBI| = wjiK fy exp(— K L) (8)

I1 and I represent upward and downward diffuse irradiance streams, respectively, normalized to
the irradiance incident above the canopy (Il(h.))). The variable fi is the average inverse diffuse
optical depth per unit leaf area, calculated as f01 %};,) dy’, where 1/ is the cosine of the direction
of the scattered flux and G is the foliage orientation function. The cosine of the zenith angle of
the incident solar beam is denoted by . The scattering coefficient w is the sum of the leaf-element
reflectance a and transmittance 7, i.e., w = a + 7. [ and [y are the diffuse and direct beam
upscatter variables, respectively, and K is the extinction coefficient due to light interactions with
leaf elements, given by K = %, also known as the optical depth of the direct beam per unit leaf
area. The K is equivalent to K of Section 2.3.1. The terms in Egs. 8 and 9 are each associated
with a relevant physical process. For example, in Eq. 8 the left-hand-side terms represent: (1)
attenuation of the upward diffuse, (2) a rescattering upward after interaction with leaf elements,
and (3) downward diffuse that is backscattered (i.e., converted to upward diffuse). The right-hand-

side term represents the portion of the direct incident flux at depth L that is converted to diffuse

and scattered in the upward direction.
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2.3.3. Four-stream model

The concepts and basic approach are essentially identical to those in the two-stream model
described above. However, instead of one upward and one downward diffuse stream, there are two
of each. The version used in this study is from Tian et al. (2007), who based their derivation on Li
and Dobbie (1998), adding specific features for vegetative canopies. Tian et al. (2007) reported the
four-stream scheme to perform approximately twice as well as a two-stream scheme for low solar
elevation angles, using the successive orders of scattering approximation (SOSA) scheme (Myneni
et al., 1987) as the reference model. With the four-stream scheme, the zenith space is separated
into four regions: [—1, —us|, [—us, 0], [0, us], and [us, 1], where pus = cosfs, and 6 is the zenith
angle separating a hemisphere into two portions or sectors (Li and Dobbie, 1998). Following the
suggestion of Tian et al. (2007), we use pus = 0.501 (equivalent to §; = 60°). This choice of jis
allows greater solar zenith angles, where the radiation field changes more rapidly, to be solved more
accurately.

Thus, for example, the equation for downward diffuse in sector 2 is

dr 1 G —G(u)L
df - [(aF =k o) ILy + BT + B I +a Ity] + L'L;O)Ezexp (ff;‘”) (10)

where po = fuls pdy defines the sector and the o, k, 3T are various sector integrals of G(1u)
and P(u,p') (the normalized azimuthally independent phase function; P(—pu, ') = P(u, '), and
1= %f_ll P(p, 1) dp; see equations 3a-4g in Tian et al. (2007) for the full set of sectors). After
finding the upward and downward stream solutions for isotropic irradiances in each of the sectors,

they are combined to give the hemispherical irradiances.

It =27 (It + palty) (11)

I =27 (pally + palls) (12)

In previous applications (Tian et al., 2007), the spherical leaf angle distribution G(v)) = 0.5 was
used to simplify the problem whereas in the current implementation the general form of G(v)) was

adopted and the system of equations was solved numerically.

2.8.4. Multi-scattering model
This model is based on the representation of all possible light scattering events that can occur
between two layers ¢ and ¢+ 1 as an infinite series. For example, the total downward hemispherical

solar irradiance from vegetation layer ¢ + 1 to layer ¢ can be expressed as a recursive expression

10
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that converges to

SWdOiJrl ’l“iJrl(l — Oéi+1)(1 — Ti)SWUOZ‘

SWidii1 =

(13)
The SWd0;41 is the downward hemispherical irradiance from vegetation layer ¢ 4+ 1 to layer i
(before taking the multiple scatterings between layers ¢ and i + 1 into account) and SWu0; is
the the original hemispherical upward irradiance from vegetation layer ¢ to layer ¢ + 1. Each
canopy layer has a fraction (7;) of hemispherical irradiance transmitted to layer ¢ without being
intercepted by any leaf. The absorptivity («;) is the fraction of absorbed to total intercepted
irradiance within layer ¢. The r; represents backward scattering. The light multi-scattering scheme
takes a two-pass approach to calculate canopy irradiance profiles. The first pass encompasses only
single scattering processes. The captured processes (radiation penetration through gaps between
leaves, and absorption, reflection, and transmission within leafy model layers) are essentially the
same as the isosector approaches (two- and four-stream). The primary advantage of this model is
its ability to approximately capture the effect of within-layer multiple scattering processes without
requiring many iterations (unlike more rigorous solution methods such as Monte Carlo or SOSA
mentioned in 2.3.3). Due to the manner that scattering within canopy layers is modeled, results
from this approach are sensitive to the number of canopy layers. Zhao and Qualls (2005) suggest

> 50 layers be used. In the current study, 60 canopy layers are included.

2.4. Spectral irradiance estimation

Numerous models exist to predict the incoming spectral solar irradiance reaching the top of the
canopy. One example is the Bird and Riordan’s Simple Spectral Model (SPCTRAL?2), which uses
surface albedo, aerosol optical depth, atmospheric turbidity, total column ozone, and precipitable
water to predict the spectral irradiance at a certain location and time (Bird, 1984; Bird and Riordan,
1986). For clear sky conditions, in the current study we used default transmissivity (tau500 =
0.27) and water vapor path length (watvap = 1.42) quantities, which are reasonable for mid-
latitude summer values, and the climatology based calculation of total column ozone included in
SPCTRAL2 (Van Heuklon, 1979). Total (wavelength-integrated, direct + diffuse) irradiances for
the generated SPCTRAL?2 spectra were normalized to the above-canopy irradiance measurements
to enable fair comparisons of modeled and measured below-canopy radiation. A correction factor
for PAR region bands was constructed as

IpAR, meas

CPAR = o7 .
0.4 Isp2 dA

(14)

11

1-— m-nurl(l — Oél)(l — Tl)(l — aiJrl)(l — Ti+1)+1 — riri+1(1 — Oéz)(l — Tl)(l — aiJrl)(l — Ti+1) '
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Here, Isp2 = Isp2()) is the spectral irradiance (W m~2 pm~!) predicted by SPCTRAL2. The
integral is evaluated as a discrete sum over the SPCTRAL2 irradiance (direct + diffuse; W m~2)
in PAR bands. The correction factor for the remaining bands of the light spectrum is derived
from the difference between the measured total solar and PAR. Ideally, it would be necessary to
use measured UV and N-IR irradiance measurements to correct these regions separately, but these
measurements were not available.

Itot,meas - IPAR,meas
0.4 2.6
0.5 Lsp2 AA + [ Tsp2 dA

CN-IR,UV = (15)

These correction factors are applied to the initial spectrum Isp2 to give the corrected spectrum
( ép2):

CPARIspZ A E [04,07) pm

I
sp2 —

(16)
cNaRr,UVIsp2 A € [0.4,0.7) pm .
After these two corrections, the total (direct + diffuse) irradiances in both PAR and total solar
regions are consistent with the observations. Of the 122 SPCTRAL2 bands, 108 overlap with the

leaf property spectral data; only these are considered in the canopy radiative transfer calculations.

2.4.1. Approximating spectral modification due to cloudiness

Absorption and scattering by cloud particles strongly depend on light wavelength. For exam-
ple, we should in general expect to obtain higher diffuse IR (due to strong liquid water absorp-
tion/emission) at the surface with an overcast cloud layer. SPCTRAL?2 is for clear-sky, but it does
account for the influence of water vapor. With clouds in the atmospheric column, total precip-
itable water vapor is typically enhanced by some fraction (perhaps 20 % for our region of interest
and time of year; Gaffen and Elliott, 1993). The effective water vapor path for sunlight increases
when clouds are present due to multiple scattering (i.e., the light encounters more water vapor
than a straight-line path would suggest). To model this effect using SPCTRAL2, we increased
the water vapor input by 50 % (note that this is somewhat arbitrary) for the overcast days (i.e.,
1.42 4+ 0.5 x 1.42 = 2.13). To account for the influences of clouds, recommendations from previous
studies (Bird et al., 1987) were followed to fractionally increase diffuse irradiance in the region
A < 0.55 pm by the factor (A + 0.45)71'0 and additionally by the factor of 0.07 in the 0.50 < A <
0.926 pm region.

Uncorrected SPCTRAL2 results for a clear day (using default settings mentioned above) and

a cloudy day (using the modifications described in this section) reasonably followed the observed

12
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irradiance diurnal patterns (Figure 3). The SPCTRAL2’s maximum solar value was similar to the
measurement for the clear day, but there were biases during periods away from local noon. This
general behavior was observed on all other clear days, indicating the SPCTRALZ2 algorithm did
not fully represent the conditions experienced at the study site. Employing the default parameter
settings regardless of time-of-day also resulted in some biases. For the cloudy day, SPCTRAL?2
was not able to reproduce the local changes in cloudiness during the day and generally overesti-
mated irradiance compared to the observations made at the top of the canopy. This result was
not surprising as the SPCTRAL2 algorithm is meant to be applicable to clear sky conditions.
Modifications associated with water vapor path lengths due to clouds (described above) served to
increase the diffuse fraction that would be expected on a cloudy day, but had little effect on the
total (direct + diffuse) irradiance. However, after applying the two corrections outlined above (see
Equations 16), the total (direct + diffuse) irradiances in both PAR and total solar regions were

consistent with the observations, even for the cloudy day.
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Figure 3: Measured and modeled (SPCTRAL?2) total downward solar irradiance and PAR above the canopy before
applying measurement-based corrections to the SPCTRAL?2 spectra. Grey bars denote Sun below horizon (around

sunrise or sunset).
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2.5. Calculating actinic flux from irradiance quantities

The spectral actinic irradiance flux density, F), generally termed “actinic flux,” is the spherically
integrated spectral radiance R(, 6, ¢), where 6 and ¢ are the polar and azimuth angles, respectively.
In contrast, the spectral irradiance, F), expresses the energy spectrum impinging on a horizontal
surface. As such, this quantity is measured by flat-plate radiometers (e.g., Chandrasekhar, 1960;
Liou, 2002; Bohren and Clothiaux, 2006).

Py = /¢ /9 RO\ 0, 6) sin 00 do (17)

E)\:/¢/0R()\,6,q§) cosOsin 6 df de. (18)

Thus, the actinic flux is an expression of the amount of light available to molecules at a point in
space (i.e., a very small volume) as a function of wavelength. It is usually expressed in the units

2.—1

photonscm™2 s~ nm™! for the distribution, or photons cm™2

s~! for the value within a wavelength
band (d\). The actinic flux is the relevant quantity for the computation of photolysis rate co-
efficients (J values), which depend on how many photons of light molecules absorb (absorption
cross-section, o(\)), how likely they undergo cleavage after absorbing (photolysis quantum yield,
¢(A)), and the amount of available light (actinic flux Fy = F())) (e.g., Madronich, 1987; Madronich
and Flocke, 1999):

J= /A (N 6(A) F(A) dA. (19)
From Eqs. 17 and 18 it is possible to discern that converting from irradiance (the quantity that is
modeled in all of the radiative transfer methods) to actinic flux is nontrivial as it requires knowledge
of how light is distributed among directions (Kylling et al., 2003; Weele et al., 1995). Madronich
(1987) demonstrated that under the assumption of isotropy for the diffuse light (reasonable in
the lower atmosphere, and a requisite assumption for the streams in deriving the aforementioned

methods), there are simple relationships between actinic flux and irradiance:

F = diffuse contribution + direct contribution
Edirect (20)

— (9 Ediffuse 9 Ediffuse)
( ¢ taby * cos Y
where 1) is the solar zenith angle. To apply Eq. 19, values for o(\) and ¢(\) were obtained from

the literature (Finlayson-Pitts and Pitts, 1999; Burkholder et al., 2015).

2.6. Photochemistry
Air chemistry data to use as model input were not available from the 1995 Borden field cam-

paign. Therefore, version 2.0 of the 1-D Atmospheric Chemistry and Canopy Exchange Simulation
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System (ACCESS) model (Saylor, 2013) was applied to examine the influences of canopy radiative
transfer scheme choice on photochemical processes within and above the canopy, and the overly-
ing atmospheric boundary layer (ABL). For the comparison between two canopy radiative transfer
methods (Section 3.4), we used data obtained during 5-7 July 2014 at the Chestnut Ridge Environ-
mental Study site, Oak Ridge, TN. The default canopy radiative transfer scheme of ACCESS v2.0
was an exponential extinction formulation based on measurements within a maize canopy (Irmak
and Mutiibwa, 2008). Photolysis frequencies within the canopy were computed using the relative

PAR profile,

Ipar(z = he)
Jy(z2) = ———J, (2 =h 21
) = TS (2 = he) 21)
where J, at h. was computed from a polynomial fit to total UV (Madronich and Flocke, 1997)
runs for different solar zenith angles and heights for clear-sky conditions. The two-stream scheme
described in Section 2.3.2 was added to the ACCESS model to examine the sensitivity of photo-

chemical processes to the treatment of in-canopy radiative transfer.

3. Results and Discussion

8.1. Validation of canopy radiative transfer methods

Below-canopy total solar and PAR observations were contrasted with model results to evaluate
the fidelity of each of the four radiative transfer methods (Figure 4). The clear-day case was
mostly well-represented by all models (except for the maximum irradiance), with mean square
errors between observations and model (Beer-Lambert, two-stream, four-stream, and light multi-
scattering models) results amounting to 25.8 (5.1), 22.5 (5.2), 21.9 (5.1), and 23.3 (5.2) W m~2
for solar (PAR), respectively. In the cloudy case, modeled below-canopy PAR better matched the
observations than total solar, yielding mean square errors (PAR (global solar irradiance)) of 3.2
(28.8), 5.6 (24.0), 2.9 (14.9), 5.1 (23.0) W m~2 for Beer-Lambert, two-stream, four-stream, and
light multi-scattering models, respectively. The maximum observed solar irradiance value almost
reached 30 % greater than results obtained with any radiative transfer model, though the rest
of the diurnal cycle matched reasonably well. This result could be due to changes in clearness
during the day or changes in the cloud water path for the direct beam with solar zenith angle.
As confirmed by previous studies (Wang, 2003; Yuan et al., 2017), results from four-stream and
two-stream models more closely matched the PAR and solar irradiance observations made above

the forest floor (Figure 4).
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Figure 4: Measured and modeled total downward solar irradiance and PAR below the canopy. Grey bars denote Sun

below horizon (around sunrise or sunset).

3.2. Comparison of canopy radiative transfer methods

Using the top-of-canopy spectra from SPCTRAL2 for the Borden forest, the disposition of in-
canopy spectral irradiance was computed. For local noontime conditions (i.e., solar zenith angle 22°
for day-of-year 173), the forest canopy substantially attenuated the spectral irradiance (Figure 5).
The spectrum reaching the forest floor was also considerably different compared to that at the
canopy top. The wavelength dependence of leaf absorption and scattering (Figure 2) resulted in
shifts of the maximum irradiance towards the N-IR, primarily due to the low absorbance in the
0.8-1.2 pm region. Similar spectral irradiance profiles were estimated with the other three radiative
transfer approaches (results not shown).

All of the radiative transfer models estimated similar spectral irradiance profiles in the visible
waveband. In the N-IR, the Beer-Lambert approach underestimated the spectral irradiance profiles
compared to the other three methods (Figure 6). Small differences (< 10 %) in the attenuation of
spectral irradiance prevailed among two-stream, four-stream, and multi-scattering methods. These
differences resulted because of dissimilarities in the treatment of extinction of diffuse solar irradiance
and conversion of scattered direct to diffuse light; extinction of the direct solar beam is identically

treated in all four models.

16



392

394

396

1500 - 1.0 ﬁ
3
1250 - 089
g ] S
g g 1000 0.6 E
2 TE 750 1 04>
- (0]
? 2 5001 §
250 2
o

0

0.5 1.0 1.5 2.0 2.5
Wavelength (um)

Figure 5: Spectral downward (direct+diffuse) irradiance at each level of the two-stream model for the Borden forest
on day-of-year (DOY) 173 at 13:24 local time (LT} this corresponds to the measurement with the smallest solar zenith
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Figure 6: For the Borden forest on day-of-year (DOY) 173 at 13:24 LT. Panel 1 shows the cumulative leaf area index
profile for reference, and panels 2—4 display downward solar irradiance in the model waveband closest to the indicated
wavelength relative to their top-of-canopy value. Diffuse downward irradiances for each model are in color and the

direct beam solution in black. Direct solar beam penetration is calculated the same way in all models (Eq. 4).

Notable differences were apparent in the estimated profiles of total solar diffuse irradiance. For
example, the multi-scattering model estimated greater amounts of upward diffuse irradiance in
the forest crown than the other methods. All models but the Beer—-Lambert approach computed
similar upward diffuse irradiance in the lower canopy depths (z/h. > 0.75). Compared to the other

methods, the Beer—-Lambert approach consistently underestimated the downward diffuse irradiance
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Figure 7: For the Borden forest on day-of-year (DOY) 173 at 13:24 LT. Values in panels 2-4 are integrated over all

wavelengths. Panel 1 shows the cumulative leaf area index profile for reference.

with canopy depth (Figure 7). One unique result obtained with two-stream, four-stream, and multi-
scattering models was the enhanced downward diffuse irradiance in the upper canopy, culminating
in the maximum at z/h. = 0.8. This enhancement of downward diffuse with respect to the top-
of-canopy value was in response to light scattering by the abundance of foliage elements in the
forest crown. The total solar actinic flux profiles as per calculations using Eq. 20 were almost
identical for the two-stream, four-stream, and multi-scattering methods (Figure 7). Given the
small solar zenith angle and the choice of isotropic leaf element scattering phase function in the
four-stream formulation, it is not surprising that the four-stream results for total solar were not
more different from the two-stream approach. The Beer-Lambert model produced significantly
different actinic flux because it did not explicitly consider upward diffuse, unlike the other models,
even with the Eq. 7 correction. This result was consistent with previous findings (Wang, 2003),
which indicated that the Beer—Lambert approach underestimated the disposition of irradiance in
the canopy compared to the four-stream method.

The differences in actinic flux among the four models changed with solar zenith angle and
exhibited marked wavelength dependence (Figure 8). With respect to the two-stream, spectral
actinic flux anomalies exceeded £100 Wm 2 pm~! (~ 10%) in some cases. For the Beer-Lambert
approach, the anomaly dependence on wavelength did not change much with solar zenith angle.
Four-stream and multi-scattering models revealed evident regime shifts at high solar zenith angle

in the N-IR and varied from positive to negative anomalies with respect to the two-stream method.
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Figure 8: Dependence on (or sensitivity to) solar zenith angle of the distribution of actinic flux among schemes. Mid-
canopy spectral actinic flux for the two-stream scheme is compared to that for the other three schemes. SPCTRAL2
output for the Borden forest day-of-year (DOY) 173 at 13:24 local time (LT closest to local Solar noon) is used as
the top-of-canopy boundary condition (i.e., only the solar zenith angel is changed and actual solar zenith angle is

approximately 21°).

This result occurred because these two methods better accounted for radiative transfer at solar

zenith angles approaching 90°.

3.3. In-canopy photolysis frequency calculations

For the most common molecules amenable to undergo photochemical reactions in the atmo-
spheric boundary layer, the photolysis frequencies (calculated using Eq. 19) decreased with canopy
depth in response to modifications of wavelengths (Figure 5) and attenuation of actinic irradiance
(Figure 7). For the case of NO, at 13:24 hours (local time) during day of the year (DOY) 173 (Fig-
ure 9), the calculated photolysis frequencies varied from 1 x 1072s~! in the middle of the canopy
to 8 x 1073s™! above the canopy. Such photolysis frequencies nearly matched field observations
made in mid-latitude regions (Bohn, 2006). The Beer-Lambert method underestimated the pho-

z

tolysis frequencies in the upper (ITC > (.7) canopy compared to the other three models. Within

the crown of the forest (z/h. > 0.9), all models computed similar photolysis frequencies and nearly
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matched the values obtained with the PAR weighting method (i.e., Eq. 21). However, in the lower
region of the canopy, marked differences in the NOy photolysis frequencies prevailed, with differ-
ences between PAR weighting method and spectral models exceeding 20 %. In the lower canopy,
two-stream and multi-scattering spectral models computed photolysis frequencies that exceeded 50
% of the ones determined with the PAR weighting method. The percent error profile from the
four-stream model closely followed the Beer—Lambert rather than the two-stream. The two-stream
and multi-scattering models consistently gave greater (more positive) photolysis frequency errors
than the other two models. Similar profiles in photolysis frequencies were estimated for O5 (data

not shown).
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Figure 9: The NO, photolysis frequency profiles for Borden DOY 173, 1995 (panel 2), and comparisons be-
tween the spectral (technically, multi-band) calculation and the PAR weighting method (panel 3). Percent
error for the PAR weighting method is computed using the spectral calculation as the reference: (PAR-

weighting — spectral) /spectralx 100. Only data for the the upper region of the canopy are shown.

For each radiative transfer model, the in-canopy integrated average photolysis frequency (i.e.,
hic Jo ¢ J(2)dz) was calculated and results were contrasted with the ones obtained with the PAR
weighting method (i.e., Eq. 21). In the case of the sample molecule NO, (Figure 10), a diurnal
pattern emerged in the percent differences between the four models and the PAR weighting method,
with differences ranging from 0 to 12 % during 8 to 18 hours (local time). These results indicated
that the PAR weighting method overestimated in-canopy photolysis frequency, and maximum dis-
crepancies of 12 % were estimated during local solar noon. All radiative transfer models properly

accounted for the temporal pattern of NOy photolysis. However, as solar zenith angles increased
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and attained high values (> 80°) close to sunrise and sunset, the percent errors became negative
in response to the exponential increases in direct solar beam path length for the assumed horizon-
tally homogeneous semi-infinite canopy. The longer path lengths for the direct solar beam through
the canopy at high solar zenith angles increased absorption within a given model layer and likely
resulted in greater frequency of multiple light scattering within leaf layers. Path lengths from the
Sun through the atmosphere were also longer, leading to greater amounts of diffuse light in the
top-of-canopy downwelling irradiance. When combined, these two factors contributed to greater
differences among models during time periods close to sunrise and sunset. During the middle of
the day, the greatest differences in photolysis frequency were computed for the two-stream model,
followed by multi-scattering, Beer-Lambert, and four-stream methods (Figure 10). Extinction co-
efficients (computed as —log (Ivelow/Ih,) Ltot) for UV actinic flux and irradiance in the PAR range
(Figure 10) partly explained the temporal variability in the computed in-canopy photolysis fre-
quency error. During the period 8 to 18 hours, the relative attenuation for UV actinic flux was
greater than that for irradiance in the PAR region, but the opposite occurred close to sunrise and
sunset. The time at which the PAR extinction coefficient became greater than that for UV actinic

flux was near to that when the percent error from the PAR weighting method reached negative

values.
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Figure 10: Upper panel: percent error in canopy integrated average NO, photolysis frequency for the PAR weighting
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spectral results were computed on a method-by-method basis.

In-canopy integrated average photolysis frequencies also varied depending on actinic light wave-
lengths and chemical species. On a daily basis, when the four radiative transfer models were
contrasted with the PAR weighting method, results indicated that molecules undergoing photolysis
in the shortest light wavelengths appeared to have the largest discrepancies. Examples of such
molecules were O, peroxynitric acid (HO,NO,), HNO3, HCHO, CH3;CHO, and CH3;COCH5 whose
differences amounted to 10-20 % (Figure 11). In addition, error relationships among the radiative
transfer models indicated consistent results among the different photochemical reactions, with the

two-stream model yielding the highest PAR weighting error and the four-stream model exhibiting
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the lowest error (except for the two negative cases). For NOs, which undergoes photolysis even
up to the N-IR (Figure 11), the PAR weighting method overestimated photolysis frequency and
the errors for the three more complex models were very similar. In general, the greater relative
attenuation of UV actinic flux compared to irradiance in the PAR range (Figure 10) can explain
the PAR weighting method’s overestimation to a large extent. This distinction was most prominent
in the two-stream and multi-scattering models and less so in the Beer—Lambert and four-stream

models.

8.4. Canopy model simulations

Photochemical simulations were performed with the 1-D canopy-chemistry model ACCESS to
evaluate the impacts that different photolysis rates, due to differences in canopy radiative transfer
methods, can have on the chemistry and associated turbulent transport of gases from the canopy to
the overlying ABL. Based on the results of Figure 11 and relevance of plant-emitted gases, the focus
of the evaluation was on chemical species such as Oz, NO3, NO,, HCHO, HO, NOg, and isoprene
(CsHg; Figure 12). As noted above (Figure 3), the two-stream model closely matched the disposition
of sunlight in the Borden forest canopy and is included in climate models (e.g., Yuan et al., 2017).
Therefore, sample photochemical simulations (Figure 12) were computed using the two-stream
method and contrasted with a control simulation using the scheme originally included in ACCESS
(Irmak and Mutiibwa, 2008). For the chemical species whose net destruction primarily depended
on photolytic reactions (e.g., Oz, NO3, NO,), the two-stream radiative transfer gave higher gas
concentrations within the canopy in response to the lower simulated actinic light reaching the lower
depths of the canopy. In contrast, simulated isoprene profiles using the two-stream model stayed
substantially lower (64 %) compared to the control. The HCHO profiles (Figure 12) followed similar
patterns as CzHg oxidation was the major source of HCHO. Isoprene emission depends on PAR
levels as well as light quality, temperature, and stresses imposed by processes such as droughts
(Fuentes et al., 2000).

Additional experiments using the two-stream scheme for either in-canopy photolysis or the
visible light profile (PPFD: photosynthetic photon flux density, used to derive emissions) allow us
to attribute the differences. For isoprene, emissions differences explain about 98 % of the differences
in isoprene mixing ratio. Using the two-stream approach for in-canopy photolysis only, isoprene
levels are slightly higher (3.6 %), due to lower light levels and consequent reduced formation of HO.

When using the two-stream method only for PPFD, however, the mean isoprene profile is nearly
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identical to that for the full two-stream simulation. The HO presented the only case where the two-
stream and control profiles crossed, around 7= = 0.4 (Figure 12). In the lower regions of the canopy,
there was less HO formation from the O3 photolysis pathway in the two-stream simulation because
light levels were much lower. In the upper half of the canopy, light in the two-stream simulation
was enough to promote HO formation, but the lower isoprene emissions resulted in a smaller HO
sink (due to the reaction CsHg + HO — Products) and reduced monoterpene emissions provided
less an of ozone sink (allowing for greater HO formation). The fj-only and PPFD-only results
confirm this interpretation, demonstrating that there are two HO regimes in the canopy for the full
two-stream simulation: emissions-driven in the upper canopy (reduced monoterpene levels giving
a smaller Oj sink), and light-driven in the lower canopy (photolysis frequency). Both of these are

aspects of the photo-production of HO from Oj (Equations 1 and 3).

4. Summary and Conclusions

Utilizing radiation measurements above and below a deciduous forest, a new approach was de-
veloped and evaluated to investigate broadband irradiance and spectral actinic flux as a function of
canopy depth. Four radiative transfer models were also appraised to determine the disposition of
solar irradiance within the forest. Broadband solar irradiance was converted to spectral irradiance
and canopy radiative transfer was computed based on the wavelength-dependent radiative prop-
erties of the foliage. The Beer—Lambert model notably underestimated total solar irradiance and
actinic flux in the mid and upper regions of the canopy whereas the two-stream, four-stream, and
light multi-scattering methods provided consistently similar results. In part, the underperformance
of the Beer—Lambert model owed to unaccounted-for light scattering occurring among the consid-
ered leaf layers. Compared to broadband solar irradiance measurements made above the forest
floor and for solar zenith angles < 80°, model (Beer-Lambert, two-stream, four-stream, and light
multi-scattering) results differed by 22 (11), 19 (19), 12 (10), and 18 % (17 %) during cloudy (clear)
conditions, respectively. Therefore, we conclude that two-stream and four-stream models are the
most reliable (yet simple) approaches to investigate photochemical reactions in plant canopies.

Two-stream, four-stream, and light multi-scattering methods estimated similar actinic flux pro-
files. Compared to these, the Beer—Lambert model consistently underestimated the disposition
of actinic irradiance within the canopy. Modeled spectral actinic flux profiles allowed for direct
photolysis frequency calculations as a function of canopy depth to compare with the ones obtained

with the commonly employed PAR weighting method. Compared to calculations of photolysis
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Figure 12: During 10:00-14:00 hours, average profiles of mixing ratio or concentration for several species were
computed. The ACCESS simulation of the Chestnut Ridge canopy (Chestnut Ridge Environmental Study site,
located on the US Department of Energy reservation near Oak Ridge National Lab) during 5-7 July 2014 (data
came from NOAA Air Resources Laboratory, Atmospheric Turbulence Diffusion Division). The shading shows the
standard deviation during the averaging period (9 profiles). A version of the model using a two-stream radiative
transfer approach in the canopy (purple) is compared to the standard model configuration (green), which uses a
simpler canopy radiative transfer scheme. In the ACCESS model the canopy radiative transfer solutions are used
for two things: the profile of photolysis weighting factors (f;(z)) and the PPFD profile (photosynthetic photon flux
density; used by the emissions parameterizations). Red indicates an experiment with the two-stream scheme only
used for f; and blue an experiment with the two-stream only used for the PPFD profile. The markers indicate model

levels.

frequency from spectral actinic flux using the four radiative transfer models, the PAR weighting
method over-predicted the daily integrated in-canopy photolysis frequency of all studied molecules
but NOj. The errors were largest for molecules such as O3 and CH;CHO, reaching 20 % for cal-
culations with the two-stream model. Consequently, we conclude and recommend to employ an
explicitly defined spectral radiative transfer model using a scheme such as the four-stream method
to investigate photochemical processes in plant canopies.

Major differences were computed for in-canopy chemical reactions determined with a 1-D pho-
tochemical model that incorporated a detailed chemical mechanism and the two-stream model or
a simple exponential formulation with canopy radiative transfer. For canopy integrated concentra-

tions in the two-stream simulation, gas concentration differences ranged from 8 % for O5 to 77 %
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for NO3 compared to those estimated with the original scheme. In the case of HCHO and CsHg
computed with the original scheme, gas concentrations were 24 % and 64 % lower than values com-
puted using the two-stream model. The principal reason for the discrepancies in these two gases is
that the original scheme over-predicted light levels in the lower canopy, resulting in larger isoprene
emission rates. Additionally, the higher light levels in the original scheme experiment promoted
increased photolysis, especially in the lower canopy. This was more important for gases whose
levels are more light-dependent, like HO and NO3. In summary, this study concludes that accurate
and spectrally resolved canopy radiative transfer models are critically necessary to realistically de-
termine chemical reactions and gas concentrations within plant canopies and in the immediately

overlying atmospheric boundary layer.
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