
1. Introduction
The hydroxyl radical (OH) is the most important atmospheric oxidant, critical to the formation and destruction of 
many greenhouse gases and toxic air pollutants. OH reacts quickly with many compounds, challenging accurate 
OH measurements and predictive ability. Constraints on OH reactivity (OHr) are key to better understanding 
of OH. Organized turbulence in the atmospheric boundary layer (ABL) may physically separate (“segregate”) 
OH from the compounds with which it reacts. Starting with Krol et al. (2000), a series of papers have suggested 
nonnegligible (e.g., 10%–40%) segregation of OH with its reactants (e.g., Butler et al., 2008; Dlugi et al., 2010; 
Kim et al., 2016; Patton et al., 2001). If segregation between OH and reactants is nonnegligible, then OHr can be 
either slower or faster than the OHr estimated with the (ubiquitous) assumption of well-mixed conditions. Many 
papers examine segregation between OH and reactants, but to our knowledge only Brosse et al. (2018) examine 
segregation's impact on OHr, focusing on the influence of moist thermals in different chemical regimes. Here we 
also investigate segregation impacts on OHr and changes with chemical regimes, but under very different envi-
ronmental and chemical conditions and with a focus on the forest canopy.

Isoprene is emitted by vegetation, and deciduous forests are a large source of isoprene and thus oxidized reac-
tive carbon that can lead to ozone and secondary organic aerosol formation (Carlton et al., 2009; Chameides 
et  al.,  1988; Guenther et  al.,  1995, 2012; Trainer et  al.,  1987). Previous work examines segregation between 

Abstract Oxidation of reactive carbon fuels climate- and pollution-relevant chemistry. Deciduous forests 
are important sources of reactive carbon (particularly isoprene). Organization in turbulence can physically 
separate (“segregate”) oxidants from reactive carbon, causing oxidation to increase or decrease relative to the 
(ubiquitous) assumption of well-mixed conditions. We use large eddy simulation coupled to a multilayer canopy 
model and simplified chemistry to quantify the impact of segregation on near-canopy hydroxyl radical (OH) 
reactivity. Simulations mimic summer clear-sky midday and morning conditions at a homogeneous deciduous 
forest. OH-isoprene segregation alters OH reactivity inside the canopy by up to 9%, but the impact strongly 
depends on height, soil NO emissions, and sunlight. Uniquely, we identify the drivers of changes by isolating 
the roles of isoprene and OH. Our findings also suggest that segregation may create discrepancies between 
direct measurements and bottom-up estimates of OH reactivity, separate from the issue of mischaracterized or 
unknown OH sinks.

Plain Language Summary Forests are a large source of chemically reactive carbon-containing 
gases to the atmosphere. Oxidation of these gases influences air quality and climate. The air motions that 
transport the gases out of forest canopies are structured or organized in a particularly unique way. These 
structured air motions can also physically separate compounds that may otherwise react with each other in 
canopy air spaces, especially because there are natural and dynamic chemical sources and sinks in canopies 
that are also influenced by the structured air motions. Here we use a computer model with very high resolution 
to show that accounting for the physical separation of a primary carbon-containing compound emitted by 
leaves and a key oxidant between the organized motions can accelerate or decelerate the atmospheric chemical 
reactivity calculated with the widely used assumption of well-mixed conditions, with the sign and magnitude of 
the impact depending on the environmental and chemical conditions.
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isoprene and OH using a variety of approaches (Brosse et al., 2018; Butler et al., 2008; Dlugi et al., 2010; Karl 
et al., 2007; Kaser et al., 2015; Kim et al., 2016; Krol et al., 2000; Li, Y. et al., 2016; Ouwersloot et al., 2011), in 
many cases probing the impact of clouds and land surface heterogeneity, which create large-scale organization 
in mixed-layer turbulence and isoprene emissions. Notably, segregation can also be important inside and right 
above forest canopies due to the combination of distinct organization in turbulent air motions and dynamic reac-
tant sources and sinks that vary with height in the canopy, even across homogenous landscapes and under clear 
sky conditions (Clifton et al., 2022; Edburg et al., 2012; Patton et al., 2001). Specifically, in this work, we probe 
the impact of near-canopy isoprene-OH segregation on OHr under clear-sky conditions at a homogeneous forest 
by leveraging a new version of the NCAR large eddy simulation (LES) coupled to a multilayer canopy model 
that simulates the broad range of scales contributing to organized turbulence over and inside canopies (Patton 
et al., 2016) as well as chemistry and interactive leaf-level chemical sources and sinks (Clifton et al., 2022).

Nitrogen oxides (NOx = NO + NO2) influence oxidation because NOx is a source and sink of HOx (=OH + HO2). 
One study finds that ABL OH-isoprene segregation strongly depends on NOx (Kim et al., 2016). The authors 
attribute stronger segregation with lower NOx to lower OH and thus higher isoprene and stronger variability (Kim 
et al., 2016). Another study finds a minimal impact of an order-of-magnitude change in soil NO emissions (orig-
inally 0.5 ppt m s −1) on ABL OH-isoprene segregation, but a factor of 1.6–1.7 increase with free tropospheric 
NO2 increasing from 0 to 0.5 ppb (Ouwersloot et al., 2011). Only Clifton et al. (2022) examine the role of NOx 
on segregation in the vicinity of the forest canopy, showing differences with upper versus lower bounds on soil 
NO (Li et al., 2007; Thornton et al., 1997; Williams & Fehsenfeld, 1991). In Clifton et al. (2022), we use spectral 
analysis to tease apart the causes of differences of segregation of NOx-containing reactions with increases in soil 
NO emissions. In general, however, prior work barely scratches the surface in terms of understanding rather than 
simply identifying segregation changes with environmental and chemical conditions. In the work presented here, 
we build on Clifton et al. (2022) by examining OH-isoprene segregation's impact on OHr and further investigating 
changes with soil NO emissions, additionally including a simulation with very high soil NO emissions. Specif-
ically, we isolate the roles of individual variations in isoprene and OH versus co-variations in the two quantities 
by examining their average correlations and individual standard deviations, as well as using spectral analysis to 
identify how the relationship between OH and isoprene changes on different temporal/spatial scales. We also 
introduce a new set of the soil NO simulations to test the effects of sunlight (e.g., changes in photochemistry, 
turbulence, isoprene emissions)—perturbing an environmental condition not yet examined for which we find 
strong changes in segregation within the canopy.

2. Model Configuration and Simulations
The NCAR-LES (e.g., Moeng, 1984; Moeng & Wyngaard, 1988; Sullivan et al., 1996; Sullivan & Patton, 2011) 
has been coupled to a multilayer canopy model (MLM) for a homogeneous temperate deciduous forest and 
summer clear-sky conditions (Clifton & Patton, 2021; Patton et al., 2016). The model domain is 2,048 m in the 
horizontal directions and 1,024 m in the vertical direction with 2-m resolution. There are vertical changes in light 
attenuation. Height-varying canopy moisture and heat sources and sinks as well as canopy drag respond to local 
atmospheric variations and influence turbulent flow (Patton et al., 2016).

Recently, the NCAR-LES-MLM was coupled to ozone, NOx, HOx, and isoprene chemistry (19 species, 41 reac-
tions) with vertically varying photolysis rates with canopy shading and spatiotemporal variations in isoprene 
emissions and dry deposition with leaf area density and micrometeorology (Clifton et al., 2022). We note that our 
mechanism includes traditional radical recycling (i.e., via pathways that involve reaction of RO2 and HO2 with 
NO) but not more recently discovered pathways (e.g., autoxidation, which may alter the HOx budget at low NOx) 
that are difficult to represent quantitatively, even in more complex mechanisms (Bates & Jacob, 2019; Schwantes 
et al., 2020; Wennberg et al., 2018).

We analyze six simulations of the NCAR-LES-MLM with chemistry: three cases that perturb soil NO emissions, 
and two sets of the soil NO cases with different sunlight (MIDDAY and LOW_LIGHT).

•  LOW_SOIL_NO has a lower bound of observed soil NO emissions (3 ppt m s −1),
•  BASE has an upper bound of observed soil NO emissions (15 ppt m s −1), and
•  VERY_HIGH_SOIL_NO has unrealistically large emissions (100 ppt  m  s −1), but is included to advance 

understanding of chemistry-turbulence interactions.
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In LOW_LIGHT, incoming solar radiation is 254 W m −2 (instead of 847 W m −2) and solar zenith angle is 50.8° 
(instead of 18.2°). Photolysis rates are estimated offline with the NCAR Tropospheric UV and Visible Radiation 
Model 5.0 (Clifton et al., 2022). In general, we configure the model for weak-wind buoyancy-forced conditions. 
Clifton et al. (2022) detail the MIDDAY configuration. Table S1 in Supporting Information S1 details microme-
teorological quantities for both sets of cases. Within the MIDDAY cases and within the LOW_LIGHT cases, the 
micrometeorology can be considered the same.

Simulations, excluding spin up, are ∼20–40 min. Results are averaged over five turnover times corresponding to 
the largest and slowest eddies in the domain. The turnover time is estimated as the ABL height (𝐴𝐴 𝐴𝐴𝑖𝑖 ) divided by a 
velocity scale incorporating shear and buoyancy forces (𝐴𝐴 𝐴𝐴𝑚𝑚 ) (Moeng & Sullivan, 1994) (Table S1 in Supporting 
Information S1). Unless stated otherwise, quantities are averaged horizontally and then temporally. We only use 
overbars in covariances, or when the emphasis is needed to understand a quantity (e.g., in equations); in these 
cases, overbars represent horizontal averages, and primes represent deviations from horizontal averages. Because 
all variables are temporally averaged, we do not include notation denoting temporal averaging.

3. Framework for Considering Segregation Impacts on OH Reactivity
The OH reactivity (OHr) is defined as follows:

OH𝑟𝑟 =

∑

𝑖𝑖
𝑘𝑘𝑖𝑖 OH𝑋𝑋𝑖𝑖

OH
 (1)

The variable 𝐴𝐴 OH is OH concentration; 𝐴𝐴 𝐴𝐴𝑖𝑖 is concentration of reactant 𝐴𝐴 𝐴𝐴  ; 𝐴𝐴 𝐴𝐴𝑖𝑖 is the rate coefficient. In the absence 
of turbulence and any averaging, Equation 1 can simplify to 𝐴𝐴 OH𝑟𝑟 =

∑

𝑖𝑖
𝑘𝑘𝑖𝑖 𝑋𝑋𝑖𝑖 . However, in a turbulent flow like 

the ABL, if we consider the average OHr (i.e., 𝐴𝐴 OH𝑟𝑟 ) over some time period (e.g., half an hour) and there is a 
non-negligible covariance between 𝐴𝐴 𝐴𝐴𝑖𝑖 and 𝐴𝐴 OH (“segregation”) then 𝐴𝐴 OH𝑟𝑟 ≠

∑

𝑖𝑖
𝑘𝑘𝑖𝑖 𝑋𝑋𝑖𝑖 . For example, in that case, 

we have:

OH𝑟𝑟 =

∑

𝑖𝑖
𝑘𝑘𝚤𝚤 OH𝑋𝑋𝚤𝚤

OH

=

∑

𝑖𝑖
𝑘𝑘𝚤𝚤

(

OH𝑋𝑋𝚤𝚤 + OH
′
𝑋𝑋

′
𝚤𝚤

)

OH

 (2)

(Note that because we expect 𝐴𝐴 𝐴𝐴 fluctuations to be small relative to reactant fluctuations, we do not examine 𝐴𝐴 𝐴𝐴 within 
the framework of segregation). To better illustrate how segregation can bias 𝐴𝐴 OH𝑟𝑟 , we re-write Equation 2  as:

OH𝑟𝑟 =

∑

𝑖𝑖

𝑘𝑘𝚤𝚤 𝑋𝑋 +

∑

𝑖𝑖
𝑘𝑘𝚤𝚤 OH

′
𝑋𝑋′

OH

 (3)

The second part of Equation 3 represents the influence of segregation on 𝐴𝐴 OH𝑟𝑟 from all loss reactions (the “𝐴𝐴 OH𝑟𝑟 
bias”).

As expected given our model configuration, we find that isoprene dominates 𝐴𝐴 OH𝑟𝑟 over other reactants across our 
cases (Figure S1 in Supporting Information S1). Thus, we focus on the influence of OH-isoprene segregation 
on the 𝐴𝐴 OH𝑟𝑟 bias. We note that the differences in the 𝐴𝐴 OH𝑟𝑟 bias across simulations largely track the differences 
in OH-isoprene segregation intensities (𝐴𝐴 =OH ISOP∕OH

′
ISOP

′ ) (Figure S2 in Supporting Information S1) but 
the relationship is not one-to-one, due to OH differences (Figure S3 in Supporting Information S1). Segrega-
tion intensity, rather than the 𝐴𝐴 OH𝑟𝑟 bias, is the quantity that typically describes segregation in the peer reviewed 
literature.

4. Influence of Segregation Between OH and Isoprene on OH Reactivity
Our major finding is that the 𝐴𝐴 OH𝑟𝑟 bias due to OH-isoprene segregation changes substantially in sign and magni-
tude with height, soil NO emissions, and sunlight (Figure 1a). We describe these changes below. We first probe 
the MIDDAY cases, then we compare MIDDAY versus LOW_LIGHT, and finally we examine the LOW_LIGHT 
cases.
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Across the MIDDAY cases, the 𝐴𝐴 OH𝑟𝑟 bias is always negative and maximizes near canopy height (h). Segregation 
decreases 𝐴𝐴 OH𝑟𝑟 by up to 4%–9% across MIDDAY, depending on the soil NO emissions (Figure 1b). The 𝐴𝐴 OH𝑟𝑟 bias 
is highest with lower soil NO and lowest with higher soil NO, with the largest differences above 0.5h.

To our knowledge, the role of changes in near-canopy segregation with sunlight has not been explored. We find 
that the absolute 𝐴𝐴 OH𝑟𝑟 bias generally reduces in the LOW_LIGHT cases relative to the MIDDAY cases. However, 
the maximum relative impact is −9% across the LOW_LIGHT cases, which is the same as for MIDDAY. The 
maximum relative impact occurs for VERY_HIGH_SOIL_NO. For the lower and more realistic soil NO LOW_
LIGHT cases, the relative impact ranges from −4% to +1%.

Across the LOW_LIGHT cases, segregation's impact maximizes near 𝐴𝐴 𝐴 for low soil NO (−3%), but maximizes 
in the lower canopy for higher soil NO (up to −4 to −9%). For the base case, the maximum happens around 
0.25h, but for the very high soil NO case, the maximum occurs at the ground. Our finding that the height of 
the maximum impact changes with sunlight as well as soil NO emissions under low light conditions is new—
near-canopy OH-isoprene segregation intensities have previously only been shown to be highest near h (e.g., 
Clifton et al., 2022; Edburg et al., 2012; Patton et al., 2001). We also find that for LOW_LIGHT, the 𝐴𝐴 OH𝑟𝑟 bias is 
positive for high soil NO above h, and for BASE above 0.5h, but always negative for low soil NO. Positive 𝐴𝐴 OH𝑟𝑟 
biases are always small, but have not previously been shown to occur near the canopy for isoprene-OH segrega-
tion intensities.

5. Causes of Differences in the Influence of OH-Isoprene Segregation
Overall, we find that large changes in isoprene emissions strongly impact the OHr bias due to OH-isoprene segre-
gation. Tightly coupled but distinct changes in the OH-isoprene relationship versus individual OH variations that 
occur with changes in soil NO emissions and/or sunlight also play a key role, and drive changes in the absence 
of large changes in isoprene emissions. To show this, we probe the isoprene versus OH drivers of changes in the 
OH-isoprene covariance (𝐴𝐴 OH

′
ISOP

′ ) among simulations via the relationship between 𝐴𝐴 OH
′
ISOP

′ and Pearson's 
correlation coefficient (𝐴𝐴 𝐴𝐴(OH, ISOP) ):

OH
′
ISOP

′
= 𝑟𝑟(OH, ISOP)𝜎𝜎OH 𝜎𝜎ISOP (4)

Figure 1. Vertical profiles from the canopy bottom to twofold canopy height (𝐴𝐴 𝐴 ) relevant to OH-isoprene segregation's 
influence on 𝐴𝐴 OH𝑟𝑟 . Panel (b) shows the percentage of 𝐴𝐴 OH𝑟𝑟 that is the 𝐴𝐴 OH𝑟𝑟 bias. The x-values of the data in (h) are the numbers 
on the x-axis multiplied by the numbers in the lower left corner.
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Thus, specifically, we examine how the correlation, the OH standard deviation (𝐴𝐴 𝐴𝐴OH ) and the isoprene standard 
deviation (𝐴𝐴 𝐴𝐴ISOP ) shape the covariance. Because we are interested in the impact of the covariance on 𝐴𝐴 OH𝑟𝑟 (recall 
Equation 3), we normalize both sides of Equation 4 by 𝐴𝐴 OH and investigate the role of the relative OH variability 
(𝐴𝐴 𝐴𝐴OH∕OH ) rather than absolute OH variability (𝐴𝐴 𝐴𝐴OH ). We present our findings for this analysis in Section 5.1. 
Then, the spectral analysis in Section 5.2 offers additional insights into processes controlling the correlation. 
Specifically, we attempt to further understand how variability in OH and isoprene at different spatial/temporal 
scales contributes to the total covariance between the two chemical species.

We first present our interpretation of the results as to the processes controlling differences in the relative OH vari-
ability and OH-isoprene relationship among simulations that follows our analyses in the following subsections, 
in order to guide the reader. We think that relative OH variability is driven by isoprene variability under low NO, 
as suggested by the strong OH-isoprene anticorrelations and similar shapes of isoprene spectra and OH-isoprene 
co-spectra. We think that relative OH variability is driven by isoprene variability because isoprene is the major 
sink of OH, and in the absence of high secondary OH production, isoprene determines the nature of OH variabil-
ity. (Note that we define secondary HOx production as the sum of HOx production chemical reaction rates in our 
mechanism (Table 3 of Clifton et al. (2022)), except for OH production via ozone photolysis.)

At higher NO, we think that increasing secondary HOx production increases relative OH variability, and alters the 
nature of the variability, as evidenced by weakened OH-isoprene correlations. Our spectral analysis also supports 
this idea, showing that the OH-isoprene co-spectra become restricted to faster time scales, reflecting fast chem-
istry, under higher NO. There can be a positive vertical OH flux at slow time scales, presumably due to the large 
secondary source of OH in the canopy. We think that this vertical transport of OH with higher NO also alters the 
nature of the OH variability, and contributes to degrading the strong OH-isoprene anticorrelation.

We also think that the nature and magnitude of the relative OH variability are additionally influenced by the avail-
ability of sunlight (either due to time of day or canopy attenuation of radiation). We expect that the influence of 
sunlight on relative OH variability follows primary OH production, whereby higher primary production reduces 
the impact of higher secondary production. Specifically, we think that how the anticorrelation degrades relative 
to the corresponding increase in relative OH variability depends on availability of sunlight and thus primary OH 
production. Furthermore, under egregiously high NO, we think that the influence of secondary production on OH 
weakens due to radical burn off, and when this is coupled to downward vertical fluxes of isoprene (likely due to 
low isoprene and high OH), the OH-isoprene anticorrelation can be restored, at least to an extent.

5.1. Evidence From Covariance-Correlation Framework

Again, we first probe the MIDDAY cases, then we compare MIDDAY versus LOW_LIGHT, and finally we 
examine the LOW_LIGHT cases. Across the MIDDAY cases, the OH-isoprene correlation is negative, and weak-
ens in strength with increases in NO (Figure 1c). The anticorrelation is very strong for MIDDAY LOW_SOIL_
NO throughout the domain examined here. Relative OH variability increases with higher NO, but only inside the 
canopy (Figure 1d). Differences in the OH-isoprene correlation and the relative OH variability drive differences 
in the 𝐴𝐴 OH𝑟𝑟 bias, as there are no changes in isoprene variability (Figure 1e). However, changes in the OHr bias only 
occur above the lower canopy because below 0.5h, the correlation changes buffer relative OH variability changes, 
leading to little 𝐴𝐴 OH𝑟𝑟 bias change there (Figure 1f). On the other hand, above 0.5h, changes in the correlation and 
relative OH variability are not offsetting, resulting in 𝐴𝐴 OH𝑟𝑟 bias changes.

Comparing the LOW_LIGHT cases to the MIDDAY cases, isoprene variability reduces, likely due to lower 
isoprene abundances and emissions (Figure S2 in Supporting Information S1, Figure 1g). It is clear that the strong 
changes in isoprene variability with reduced sunlight have a large impact on the absolute OHr bias. However, there 
are also roles for the correlation and relative OH variability in the LOW_LIGHT versus MIDDAY differences.

Ignoring LOW_LIGHT versus MIDDAY differences in the relative OH variability, differences between the sets 
of cases are similar to the 𝐴𝐴 OH𝑟𝑟 bias (compare Figures 1a–1h), except in two instances. The first instance is that 
MIDDAY VERY_HIGH_SOIL_NO and LOW_LIGHT LOW_SOIL_NO are too similar for some heights above 
0.5h, but exaggerated for other heights above 0.5h (relative to the OHr bias). The second instance is below 0.5h. 
In these two instances, there is a role for relative OH variability. However, otherwise, our analysis suggests the 
correlation and isoprene variability differences together drive differences between LOW_LIGHT and MIDDAY.
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Across the LOW_LIGHT cases, 𝐴𝐴 OH𝑟𝑟 bias differences tend to follow the correlation. One exception is that relative 
OH variability helps to make 𝐴𝐴 OH𝑟𝑟 bias in LOW_SOIL_NO more similar to higher soil NO cases, and thus there 
is offsetting between changes in relative OH variability versus the correlation. In contrast to MIDDAY, the offset-
ting happens for all heights examined here instead of only below 0.5h. The offsetting occurrence at all heights 
for LOW_LIGHT, together with the offsetting occurrence only in the lower canopy for MIDDAY, suggests that 
increasing NO only enhances relative OH variability under low light conditions, either due to the time of day or 
canopy attenuation of radiation.

5.2. Additional Evidence From Spectral Analysis and Insight Into Controlling Processes

Here we further probe the relationship between OH and isoprene by breaking down the average quantities 
presented in Section 5.1 by spatial/temporal scale, toward better understanding of the processes that modulate the 
averages. Before proceeding, we note that under the ergodic hypothesis, spatial scales are interchangeable with 
temporal scales (e.g., faster timescales are slower spatial scales) in this analysis, and we therefore hereinafter 
discuss temporal scales.

We first examine MIDDAY cases and LOW_LIGHT LOW_SOIL_NO. For these simulations, Figure 2 shows 
a similarity between OH-isoprene co-spectra and isoprene spectra across scales under low NO. Then, there is a 
decoupling between the OH-isoprene co-spectra and the isoprene spectra at slower time scales as NO increases. 
This behavior provides support for our hypothesis that isoprene variability controls OH variability and thus 
co-variability between OH and isoprene at low NO, but is not the sole driver as NO increases. The evidence for 
our hypothesis that secondary OH production plays a role at higher NO is that the OH-isoprene co-spectra shift to 
faster time scales at higher NO, which is consistent with enhanced NO accelerating the chemistry by increasing 
HOx cycling (Figure S3 in Supporting Information S1).

This spectral analysis also provides clues as to other processes that may influence the OH-isoprene relation-
ship. At some heights inside the canopy for MIDDAY higher soil NO cases and LOW_LIGHT LOW_SOIL_
NO, there is a small positive covariance between OH and isoprene at slow time scales (Figure 2). This positive 

Figure 2. Azimuthally- and time-averaged two-dimensional co-spectra between OH and isoprene (colors) and spectra for isoprene (black) at three heights in the 
canopy. Each is normalized by its maximum positive value and multiplied by horizontal wavenumber 𝐴𝐴 𝐴𝐴 such that the area under the curve is proportional to the total 
covariance or variance. Negatives of isoprene spectra are shown to facilitate comparison with OH-isoprene co-spectra. The x-axis is such that 𝐴𝐴 𝐴𝐴𝐴∕2𝜋𝜋 = 1 is the spatial 
scale of canopy height (𝐴𝐴 𝐴 ).
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OH-isoprene covariance at fast time scales happens when there are positive covariances between OH and vertical 
velocity (Figure S4 in Supporting Information S1) as well as between isoprene and vertical velocity (Figure S5 
in Supporting Information S1), suggesting that upward transport of OH and isoprene at these scales drives their 
positive covariance there. So, in addition to enhanced HOx cycling degrading the anticorrelation between OH and 
isoprene at higher NO, similar transport may degrade the anticorrelation as well.

In general, the story is similar for the cases discussed so far and LOW_LIGHT BASE at 0.5𝐴𝐴 𝐴 and 𝐴𝐴 𝐴 as well as 
VERY_HIGH_SOIL_NO at 𝐴𝐴 𝐴 . For example, the negative OH-isoprene covariances are restricted to faster time 
scales with the increasing importance of secondary production and there are positive covariances at slow time 
scales (Figure 2). The positive covariances dominate co-spectra at 𝐴𝐴 𝐴 , which leads to the positive correlations 
observed in Figure 1c. In alignment with our thinking that this results from similar upwards vertical transport 
of OH and isoprene, we see that the vertical OH flux is positive at 𝐴𝐴 𝐴 and above for these cases (Figure S3 in 
Supporting Information S1).

For the LOW_LIGHT higher soil NO cases near the ground, and for LOW_LIGHT VERY_HIGH_SOIL_NO 
at 0.5𝐴𝐴 𝐴 , the story is different. For example, OH-isoprene co-spectra and isoprene spectra are unexpectedly very 
similar in shape (Figure 2). We speculate that this follows a long chain length, implying fast HOx termination 
relative to HOx cycling rate (Jaeglé et al., 2001; Martinez et al., 2003; Figure S3 in Supporting Information S1). 
In other words, while HOx cycling is very fast (Figure S3 in Supporting Information S1), HOx cycling no longer 
drives relative OH variability due to radical burn off, and isoprene variability can again play a role on OH and 
the isoprene-OH relationship. However, we think that here isoprene is not only driving variability in OH due to 
the fact that isoprene is a major sink of OH, because otherwise we should see similar OH-isoprene co-spectra 
and isoprene spectra at canopy bottom in MIDDAY VERY_HIGH_SOIL_NO where there is also a very high 
chain length (and we do not). Instead, we think that opposing vertical transport of isoprene and OH at most scales 
contributes (Figures S3 and S4 in Supporting Information S1). Positive OH fluxes in the lower canopy occur 
for many of the simulations, but there are only negative co-spectra between vertical velocity and isoprene at 
canopy bottom at most scales for LOW_LIGHT BASE and VERY_HIGH_SOIL_NO (Figure S5 in Supporting 
Information S1).

6. Differences in Bottom-Up Estimates and Direct Measurements of OH Reactivity 
Due To Segregation
There are two types of observational constraints on OHr. The first type—bottom-up (BU) estimates—are calcu-
lated with reactant concentrations and rate coefficients (but without OH concentrations). First and foremost, 
we emphasize that the fidelity of BU estimates is challenged by the many OH sinks; reactants can be unknown 
and reactant concentrations and rate coefficients can be uncertain. Fortunately, the second type—direct meas-
urements of OHr—do not rely on incomplete knowledge of OH sinks (Kovacs & Brune, 2001). Comparisons 
between the two types of observational constraints shed light on current understanding of the contributing chem-
ical reactions to oxidation. Inconsistencies between direct measurements and BU estimates have been reported at 
forests (Bsaibes et al., 2020; DiCarlo et al., 2004; Edwards et al., 2013; Hansen et al., 2014; Kaiser et al., 2016; 
Lew et al., 2020; Mao et al., 2012; Nölscher et al., 2012, 2016; Praplan et al., 2019; Sanchez et al., 2018; Sinha 
et al., 2008, 2010; Zannoni et al., 2016), as well as in the marine boundary layer (Mao et al., 2009; Thames 
et  al.,  2020; Travis et  al.,  2020) and some urban areas (Yang et  al.,  2016). For example, a recent study at a 
southeastern U.S. forest suggests a missing daytime OH reactivity of 5%–20% during summer 2013 (Kaiser 
et al., 2016).

Here we highlight how ignoring segregation in BU estimates combined with the current instrument resolution of 
direct measurements can create discrepancies between BU estimates and direct measurements, independent from 
the discrepancy created by unknown or mischaracterized OH sinks. We do this by using archived fields from 
our simulations at canopy top. We emphasize that, by definition, BU estimates cannot capture the segregation 
effect and thus can be biased due to the assumption of well-mixed conditions. For example, BU estimates assume 

𝐴𝐴 OH𝑟𝑟 =
∑

𝑖𝑖
𝑘𝑘𝚤𝚤 𝑋𝑋𝚤𝚤 , but Equations 2 and 3 illustrate that 𝐴𝐴 OH𝑟𝑟 ≠

∑

𝑖𝑖
𝑘𝑘𝚤𝚤 𝑋𝑋𝚤𝚤 . We find that at the canopy top, the 𝐴𝐴 OH𝑟𝑟 

bias due to segregation in all reactions is −4 to −9% for MIDDAY and −3 to +1% for LOW_LIGHT, and thus the 
canopy-top BU estimates for our simulations would be biased this amount. In contrast, the amount of segregation 
that direct measurements capture depends on instrument resolution (because direct measurements do not assume            

𝐴𝐴 OH𝑟𝑟 =
∑

𝑖𝑖
𝑘𝑘𝚤𝚤 𝑋𝑋𝚤𝚤 ).
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We next calculate the bias of direct measurements due to instrument resolution using archived fields from our 
simulations. We examine OH chemical loss to identify the impact, but the implication holds for OHr. To sample 
variability generated by a turbulent eddy transporting material vertically, instrument resolution of at least half the 
eddy turnover time is needed, where we assume that upward and downward transport of material occurs at simi-
lar timescales. Observational analysis of passive scalar transport at a forest under similar atmospheric stability 
conditions (Dupont & Patton, 2012) provides support for this assumption.

Most of the variability in OH chemical loss corresponds to eddies with turnover times of 100 s or less (Figure S6 
in Supporting Information S1). Thus, to capture most of the OHr variability with a direct measurement, we infer 
that a resolution of at least 50 s is needed. However, the resolution of current OHr instruments varies from 30 s to 
5 min (Yang et al., 2016). We thus compare mean OH loss with mean OH loss calculated with low-pass filtering 
to identify whether instrument resolution biases a direct measurement due to segregation of all OH loss reactions. 
We find that a direct measurement with 50-s resolution would overestimate 𝐴𝐴 OH𝑟𝑟 by 4%–6% for MIDDAY and 
either overestimate by 1% or underestimate by 0.1% for LOW_LIGHT at 𝐴𝐴 𝐴 . Together with the bias from ignor-
ing segregation's effect on BU estimates, this analysis suggests that the widespread discrepancy between direct 
measurements and BU estimates at forests may be worse than noted previously (i.e., due to mischaracterized or 
unknown OH sinks), by 3%–4%.

7. Conclusion
We investigate the contribution of OH-isoprene segregation to OH reactivity inside a deciduous forest using 
a novel tool that resolves canopy turbulence and is coupled to simplified chemistry. While prior work already 
suggests that accurate estimates of the oxidation of reactive carbon inside and right above forests relies on 
constraints on segregation, our work shows the impact on OH reactivity and changes with sunlight (morning 
vs. afternoon) and soil NO emissions. OH-isoprene segregation mostly reduces OH reactivity relative to the 
assumption of well-mixed conditions. In morning sunlight, particularly above the canopy and with higher NO, 
OH-isoprene segregation can increase OH reactivity, but the impact is small.

We highlight that bottom-up estimates of OH reactivity by definition cannot incorporate segregation's effect and 
direct OH reactivity measurements may only consider a portion of segregation's effect, depending on instrument 
resolution. Accordingly, we show that the widespread discrepancy between direct measurements and bottom-up 
estimates (“missing OH reactivity”) may be worse (up to 3%–4% at canopy top) than previously noted. We 
emphasize that the enhanced OH reactivity discrepancy noted here segregation falls within the uncertainty of 
measuring OH reactivity with the direct approach (10%–20%; Yang et al., 2016), and thus does not substantially 
impact the conclusions of prior work. However, as direct measurements become more accurate (e.g., Fuchs 
et al., 2017), and BU approaches more complete (and accurate) in terms of species concentrations and rate coef-
ficients (e.g., Heald & Kroll, 2020; Hunter et al., 2017), segregation may become a main cause of differences 
between direct and BU approaches used to constrain OH reactivity.

In general, there is poor understanding of the causes of observed or simulated variability in segregation. We 
build mechanistic understanding of OH-isoprene segregation influences on OH reactivity by analyzing a suite of 
different simulations and metrics of high-frequency variations in OH and isoprene abundances as well as vertical 
velocities. Strong changes in isoprene emissions alter the magnitude of impact of segregation between OH and 
isoprene. With or without strong changes in isoprene emissions, a complex interplay of coupled OH sources 
and sinks influence the impact of OH-isoprene segregation on OH reactivity. High-frequency measurements 
of reactant and oxidant concentrations at various heights in the canopy would aid in building understanding of 
the environmental and chemical conditions under which segregation most strongly affects OH reactivity. Such 
measurements may also constrain how other more reactive volatile organic compounds (e.g., monoterpenes, 
sesquiterpenes) and/or other pathways of OH recycling that are not represented in our chemical mechanism alter 
turbulence-chemistry interactions.

Data Availability Statement
Processed data from the LES is provided in the NCAR Geoscience Data Exchange repository (https://doi.
org/10.5065/m4xf-a553).
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