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ABSTRACT: Gas-phase formaldehyde (HCHO) is formed in
high yield from the oxidation of many volatile organic compounds
(VOCs) and is commonly used as a constraint when testing the
performance of VOC oxidation mechanisms in models. However,
prior to using HCHO as a model constraint for VOC oxidation in
forested regions, it is essential to have a thorough understanding of
its foliar exchange. Therefore, a controlled laboratory setup was
designed to measure the emission and dry deposition of HCHO at
the leaf-level to red oak (Quercus rubra) and Leyland cypress
(Cupressus × leylandii) tree saplings. The results show that HCHO
has a compensation point (CP) that rises exponentially with
temperature (22−35 °C) with a mean range of 0.3−0.9 ppbv. The
HCHO CP results are also found to be independent of the studied
tree species and 40−70% relative humidity. Given that HCHO mixing ratios in forests during the daytime are usually greater than 1
ppbv, the magnitude of the CP suggests that trees generally act as a net sink of HCHO. Additionally, the results show that HCHO
foliar exchange is stomatally controlled and better matches a reactivity factor ( f 0) of 0 as opposed to 1 in conventional dry
deposition parametrizations. At 30 °C, daytime HCHO dry deposition fluxes are reduced by upward of 50% when using f 0 = 0 and a
nonzero HCHO CP, although deposition remains the dominant canopy sink of HCHO. A reduced deposition sink also implies the
increased importance of the gas-phase photolysis of HCHO as a source of HO2.
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1. INTRODUCTION
The biosphere plays a key role in the chemical composition of
the atmosphere since it acts as a large source and sink of
reactive organic carbon.1 As a source, biogenic emissions of
volatile organic compounds (VOCs) are estimated to be
around 1000 Tg yr−1, and the oxidation of these VOCs impacts
the climate system and human health as it is coupled to the
production of tropospheric ozone (O3) and secondary organic
aerosol (SOA).2 The biosphere also acts as an important sink
of oxygenated VOCs (i.e., OVOCs) via dry deposition.3 For
example, Knote et al. have shown that including dry deposition
of OVOCs in a regional chemistry transport model (WRF-
Chem) reduced SOA by nearly 50% over the continental U.S.
in 2010.4 While dry deposition clearly plays a significant role in
affecting atmospheric composition and the lifetime of chemical
species, there also exists a lack of experimental data to
constrain the deposition sink for many compounds.3,5−7

One such OVOC lacking a robust constraint on deposition
is formaldehyde (HCHO).8 As a ubiquitous byproduct from
the oxidation of VOCs, the measurement of HCHO both in
situ and via satellite has been used extensively to constrain
VOC emissions from both biogenic and anthropogenic sources
and to test understanding of VOC oxidation chemistry

mechanisms in models.9−14 However, to successfully use
HCHO as an oxidative tracer, it is crucial to determine the
magnitude of its sources and sinks. With an atmospheric
lifetime of around several hours during the day, its mixing ratio
reflects recent oxidation. Alongside deposition, additional sinks
of HCHO include loss by OH and photolysis, both of which
can contribute significantly as a source of HOx (HOx = OH +
HO2) radicals to the atmosphere.

15,16

It is also known that HCHO can be emitted directly from
foliage.17−23 OVOCs like HCHO that can be emitted from
leaves exhibit bidirectional exchange since their exchange with
leaves depends on (1) the concentration gradient between the
intercellular air space inside the leaf and ambient air
surrounding the leaf and (2) the exchange velocity (m s−1)
relating the deposition or emission flux to the concentration
gradient.24,25 Deposition occurs if the OVOC mixing ratio
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outside the leaf is greater than inside the leaf; whereas,
emission occurs in the converse case. The mixing ratio at
which there is zero net OVOC flux to or from the leaf is
defined as the compensation point (CP). Other OVOCs that
exhibit bidirectional exchange include ethanol, acetaldehyde,
acetic acid, and formic acid.2

While the existence of a HCHO CP is well-established, there
exists considerable uncertainty as to how much the exchange of
HCHO with foliage contributes to the HCHO flux to or from
the biosphere.26−28 For example, DiGangi et al. observed
mixing ratios ranging from ∼1 to 2.5 ppbv HCHO in a
Ponderosa Pine forest canopy. They additionally identified a
missing positive HCHO flux from a Ponderosa Pine forest and
postulated that this could be attributable in part to direct
emissions of HCHO from the pine trees.26 Over cropland,
Kaiser et al. measured mixing ratios of ∼2−4 ppbv HCHO at
low altitude (i.e., <100 m). They also hypothesized a direct
biogenic emission source of HCHO as a missing source of
HCHO in their simulations.27 Uncertainties in HCHO
exchange with foliage are due in part to limitations from
previous studies trying to characterize the HCHO CP and its
exchange velocity using (1) field studies17−22 with limited
statistics or variable environmental conditions (e.g., leaf
temperature, light, relative humidity, etc.) or (2) laboratory
studies23 using high mixing ratios of HCHO (>10 ppbv
HCHO) not generally observed in rural forests. For example,
the HCHO CP for the genus Quercus has a reported range
between 1 and 20 ppbv, spanning an order of magnitude.18,23

As such, controlled studies are necessary to quantify HCHO
exchange with foliage across a range of environmental
conditions.
In this work, leaf-level studies on deciduous northern red

oak (Quercus rubra) and evergreen Leyland cypress (Cupressus
× leylandii) saplings are performed under a controlled
laboratory environment. Using ambient mixing ratios of
HCHO (i.e., 0−6 ppbv) and a statistically robust sampling
of leaves from both species, the magnitude of the HCHO CP
and its exchange velocity are constrained across a range of
temperatures and relative humidities (RHs). The observed
range of water stomatal conductances further allows for an
evaluation of which dry deposition resistor framework
parameters are best suited for HCHO.6,29 Finally, the
atmospheric implications of these findings are discussed.

2. MATERIALS AND METHODS
2.1. Tree Type and Care. Northern red oaks (Q. rubra;

Cold Stream Farms; 1−2-year-old saplings) were chosen as the
deciduous tree for this study due to their prominence across
the entire eastern U.S. and Canada (Figure S1).30 Q. rubra
saplings were received as bare root and subsequently potted in
PVC tubes containing Fafard 3B soil mix. Additionally,
Leyland cypress trees (C. × leylandii; Home Depot; 1−3-
year-old saplings) were chosen as the evergreen species
because they were easy to procure during the winter and
their leaves fit well in the experimental setup. C. × leylandii
saplings were received and experimented on as is. Trees were
maintained in the Harvard Organismic and Evolutionary
Biology (OEB) Greenhouse and brought into the laboratory
for at least 2 weeks to acclimate. Once in the laboratory, the
saplings were given 500 mL of tap water ∼2 times a week when
the soil dried (determined by using an XLUX Soil Moisture
Meter). Saplings were fertilized with water-soluble Miracle-Gro
fertilizer monthly.
2.2. Dynamic Leaf Cuvette System. Figure 1 shows a

schematic of the custom-built, dynamic (i.e., continuous air
flow) leaf cuvette system used to study HCHO bidirectional
exchange in the laboratory. The centerpiece of the system is a
cuvette assembly based on the design of Harley et al. and
Nagalingam et al.31,32 In short, a 0.5 L cuvette (Allen Scientific
Glass) composed of two separable halves was fabricated from
borosilicate glass to eliminate the need for any plastics that
may emit HCHO or other VOCs. In the lower half of the
cuvette, a cut groove provides space for an O-ring that is
coated in Fluoropel to minimize VOC outgassing. The O-ring
creates an airtight seal and provides a soft cushion for the leaf
when the two halves of the cuvette are clamped together. To
ensure turbulent mixing and minimize aerodynamic resist-
ance,33 a fan fabricated from PTFE foam is located at the base
of the cuvette.
The glass cuvette sits flush on an aluminum plate lying above

two Peltier thermoelectric coolers (Custom Thermoelectric;
12711-5P31-15CQ; RTV Moisture Sealed) mounted on a
bonded-fin heat sink with thermal epoxy. A thermistor (Oven
Industries; TR67) was placed inside the cuvette alongside the
leaf to monitor and allow the associated PID temperature
controller to maintain the temperature to within ±0.2 °C of a
desired set point. The entire assembly was mounted on top of
a tripod that makes the cuvette assembly portable and ensures
that its weight is not placed on a leaf or plant.

Figure 1. Schematic of the custom-built leaf cuvette system used for HCHO bidirectional exchange experiments.
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PFA tubing connects the inlet and outlet of the glass cuvette
to the rest of the setup and is used everywhere in the setup
given that PFA does not outgas HCHO. An automated valve
system also allows for connected instrumentation to sample
from either the chamber (i.e., cuvette) or the bypass line at any
given time. Above the cuvette, specialized LED lighting
(Fluence Bioengineering; SPYDRx PLUS) simulates the visible
wavelengths of the solar spectrum, and a timer automatically
controls the lighting cycle (16 h day and 8 h night). Daytime
experiments are performed at a photosynthetic photon flux
density (PPFD) of ∼700 μmol m−2 s−1.
A continuous source of zero air is provided to the cuvette

assembly via a zero-air generator (ZAG; Teledyne 701H), but
it produces several tens of parts per million of CO2 from
conversion of VOCs inside its catalytic converter. To address
this, in-line soda lime columns are used to remove the excess
and variable CO2 levels in both the dry and wet airstreams.
Since H2O is produced as CO2 reacts with the soda lime, a
desiccant column (Drierite) is placed in the dry airstream to
provide greater control over humidity levels inside the cuvette.
The wet airstream contains a custom-made bubbler with glass
frits, followed by a DNPH cartridge to remove trace amounts
of HCHO from the humidified air. Average CO2 mixing ratios
between 400 and 430 ppmv are held steady through the
introduction of a small flow (<5 sccm) of pure CO2 (Airgas).
Measurements by a LICOR-6262 in absolute mode (calibrated
weekly) indicate stable CO2 measurements to within ±1 ppmv
and H2O measurements to within ±0.1 ppthv. These small
changes in CO2 and H2O are negligible compared to actual
changes in leaf physiology as recorded from H2O emission and
CO2 uptake fluxes.
2.3. HCHO Cuvette Characterization. Measurements of

HCHO in this study are performed using the Harvard FIber
Laser-Induced Fluorescence (FILIF) instrument (calibrated
monthly).26,34−36 Briefly, FILIF detects HCHO by exciting
gas-phase HCHO with a narrow-bandwidth UV fiber laser at
353 nm, and a photomultiplier tube (PMT) covered by a long-
pass filter measures the resulting fluorescence at wavelengths
greater than 370 nm. The difference in power-normalized
photon counts between the online and offline HCHO spectral
features is proportional to the HCHO mixing ratio in the gas
sample. The measurement of HCHO by laser-induced
fluorescence has no known interference from other molecular
species and is not impacted by changes in humidity.
HCHO is introduced to the cuvette system from a 5 ppmv

HCHO gas cylinder (Airgas) and diluted down to ambient
mixing ratios between 0 and 6 ppbv HCHO with the
humidified airstream from the ZAG.26,37 Mixing ratios in the
setup are generally stable to within ±10−30 pptv of HCHO.
Additionally, results from several blank experiments show that
an empty glass cuvette is not a significant source or sink of
HCHO in the setup. Figure S2 indicates that the chamber and
bypass HCHO mixing ratios are within ±1% of each other
with a small offset of around 30 or 40 pptv of HCHO (with
lights both on and off). These differences are negligible
compared to when a leaf is exposed to HCHO and indicate a
negligible amount of HCHO wall loss in the glass cuvette.
Moreover, the results provide confidence that the overflows
used during experiments did not allow HCHO-laden room air
to enter the cuvette assembly.
2.4. Protocol and Types of Experiments. For any given

experiment, the leaf was allowed to acclimate within the
cuvette overnight to avoid potential interferences from

mechanical leaf stress.38 The leaf was exposed to 15 different
HCHO mixing ratios for 15 min each (12 and 3 min of
chamber and bypass sampling, respectively) to ensure that
HCHO in the cuvette reached steady-state. To prevent
hysteresis, mixing ratios of HCHO were randomized such
that the leaf was exposed to varying levels of high or low
HCHO throughout the experiment as opposed to monotoni-
cally increasing or decreasing the levels of HCHO. CO2 and
H2O differences were measured by the LICOR-6262 every
three HCHO steps (4 min each for chamber and bypass
sampling) to quantify how much the H2O emission or CO2
uptake fluxes were changing over time. Changes in H2O
stomatal conductance over the total length of an experiment
(∼4 h) were within 20%. The 0.5 L leaf cuvette and 2000 sccm
total airflow (measured using a Model 4140 F flowmeter; TSI
Incorporated) yielded a residence time of 15 s within the
cuvette. This was sufficient for Harvard FILIF and LICOR-
6262 to resolve a signal between the chamber and bypass lines.
Table 1 shows a synopsis of the different types of

experiments performed with additional details from individual

leaves included in Tables S1 and S2. To summarize,
experiments were conducted under the following conditions:
(i) standard base case 30 °C, 40% RH, and a PPFD of ∼ 700
μmol m−2 s−1 for (a) oak and (b) cypress trees, (ii) lights off
experiments at 30 °C and 40% RH for (a) oak and (b) cypress
trees, (iii) 22 °C for oak trees, (iv) 35 °C for oak trees, and (v)
30 °C and 70% RH for oak trees. Experiment types (i) and (ii)
were designed to test the influence of tree species and stomatal
opening on HCHO CP and exchange, while experiment types
(iii)−(iv) and (v) tested the impact of temperature and
humidity on HCHO CP and exchange, respectively. In total,
53 experiments measuring the HCHO exchange between oak
and cypress leaves were performed.
2.5. Calculations and Statistics. 2.5.1. Calculation of

HCHO Compensation Point. Exposing a given oak or cypress
leaf to varying mixing ratios of HCHO allowed calculation of
the CP by plotting the measured HCHO mixing ratio from the
bypass line against the HCHO mixing ratio measured from the
chamber (i.e., the cuvette) for each step.39 An illustrative
example of a red oak leaf is shown in Figure 2a, where the error
bars on each point represent the standard error of the mean for
any given HCHO step (after outlier removal has taken place).
The experimental data for a given leaf are fit using a bivariate

linear regression (York fit) that takes into account errors in the
independent and dependent variables.40 The linearity of the fit
is justified by checking for the normality of the residuals (using

Table 1. Summary of HCHO Compensation Point and
Exchange Velocity Experiments with Oak and Cypress
Trees

ID tree type
temperature

(°C)
RHa
(%) lights

number of
experiments

ia oak 30 40 on 10
ib cypress 30 40 on 7
iia oak 30 40 off 6
iib cypress 30 40 off 6
iii oak 22 60 on 9
iv oak 35 30 on 8
v oak 30 70 on 7

aAll experiments had H2O volume mixing ratios at 16.5 ppthv except
(v) at 30.0 ppthv H2O.
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the Shapiro-Wilk normality test in R) and uniform variance
and homoscedasticity (using ncvTest in R). If the fit fails one
of these statistical tests (i.e., the p value was <0.05), then the
residuals are visualized to assess their uniform variance or
normality (the latter via a Q−Q plot using a normal
distribution for comparison). Visualizing the residuals shows
which point(s) cause the fit to fail the statistical tests and
provides statistical justification for their removal. No more
than 2 points out of 15 were removed from each individual leaf
experiment.
With a statistically justified linear fit, the CP corresponds to

the mixing ratio where the York fit crosses the 1:1 line. The
calculated standard errors for the values of the York fit slope
and intercept are used to calculate the error in the CP.

2.5.2. Calculation of Total HCHO Exchange Velocity. For
each mixing ratio step within an experimental run, the
exchange flux of HCHO, Fex,HCHO, for a leaf inside the cuvette
was calculated using the following equation:

F
Q

A
( HCHO HCHO )ex,HCHO

molar
chamber bypass= · [ ] [ ]

(1)

where Qmolar is the molar flow rate (mol s−1), A is the one-
sided leaf area (m2), and [HCHO]chamber and [HCHO]bypass
are unitless mole fractions of the HCHO mixing ratio leaving
the chamber and bypass lines, respectively. The areas for all
leaves were calculated nondestructively by importing a high-
resolution photo of flat leaves into an open-source Python
script (Easy Leaf Area).41

For a compound such as HCHO exhibiting bidirectional
exchange, the exchange flux is dependent on the HCHO
concentration gradient between the ambient air and the
intercellular air space within the leaf as shown in the following
equation:

F v C Cex,HCHO ex,HCHO a i= [ ] (2)

where Ca and Ci are the concentrations of HCHO in the air
outside and inside of the leaf, respectively, and vex,HCHO is the
total HCHO exchange velocity (m s−1). The concentration of
HCHO in the intercellular air space cannot be measured
directly with the cuvette setup, but the HCHO CP for a given
leaf can be used as the proxy for the internal concentration of
HCHO and is assumed to be constant throughout the
experiment (i.e., not affected by the mixing ratio of HCHO
being exposed to the leaf). This assumption is likely justified,
given that the leaf is exposed to HCHO mixing ratios that are
no different than what the leaf regularly would encounter
outside. Thus, excess levels of HCHO above the CP should be
readily metabolized by the leaf. Given this assumption, eq 2
can be rewritten as

F v C Cex,HCHO ex,HCHO a CP= [ ] (3)

where CCP is the value of the HCHO CP for a given leaf in
units of molar concentration (mol m−3). Using eq 3, the slope
of the line between Fex,HCHO and [Ca − CCP] can be used to
experimentally determine vex,HCHO for each leaf (example
shown in Figure 2b). Accordingly, all vex,HCHO values were
determined using the slope magnitude and its standard error
from a York fit, whose linearity was justified using the same
statistical methodology as for the HCHO CP calculation.

2.5.3. Calculation of HCHO Total Foliar Surface
Resistances. The same resistor framework for dry depositing
gas-phase species can be applied to compounds that exhibit
bidirectional exchange. In brief, transport of gases depositing to
a surface can be simplified into three layers to simplify the
underlying microphysics. First, there is transport of the gas
through the aerodynamic surface layer, which is governed by
turbulent diffusion. The second step is transport through the

Figure 2. Example plots for determining the (a) HCHO CP and (b) vex,HCHO for a given leaf. (a) HCHO CP was determined by finding the
intercept of the bivariate linear regression (York fit) of the bypass versus chamber HCHO mixing ratios with the 1:1 line. The inset is a zoomed in
view of where the fit intercepts the 1:1 line (indicated by the triangle at 0.44 ± 0.05 ppbv HCHO). (b) vex,HCHO (0.1117 ± 0.0026 cm s−1) was
calculated as the slope of the York fit between the HCHO flux and the gradient difference between the ambient HCHO mixing ratio in the cuvette
and the HCHO CP.
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boundary layer, which is a layer that is a few millimeters thick
above the surface, where the air is mostly stationary. Transport
through this layer occurs via molecular diffusion. The final
layer is the surface itself, and deposition of a trace gas to the
surface is controlled by factors such water solubility, volatility,
diffusivity, and reactivity of the trace gas in addition to the
composition of the leaf surface.42,43 It is useful to conceptualize
these three layers as electrical resistors in series with one
another such that their sum (Rtotal) governs the speed of
exchange as shown in the following equation:

R R R R
v
1

total a b c
ex

= + + =
(4)

where Ra is the aerodynamic surface layer resistance, Rb is the
boundary layer resistance, and Rc is the surface resistance. By
definition, the inverse of the Rtotal is the total exchange velocity.
The HCHO total foliar surface resistance (Rc,HCHO) can be

derived from the experimentally determined vex,HCHO if Ra and
Rb,HCHO are known. Rb,HCHO was experimentally determined by
suspending activated charcoal (ErtelAlsop) that was cut in the
shape of an oak leaf inside the cuvette. Since the surface
resistance of the activated charcoal is assumed to be zero
(Rc,HCHO = 0 s m−1), the boundary layer is the only limiting
resistance that determines the deposition of HCHO in this
case.44 The same protocol and statistics for obtaining the total
HCHO exchange velocity with actual leaves were followed for
the activated charcoal at 25, 30, and 35 °C, and the results are
shown in Table S3. Since the cuvette system is well-mixed and
turbulent, Ra is assumed to equal zero. Even if Ra was not zero,
there would be no impact on the derivation of Rc,HCHO since
the charcoal leaf experiments would simply have combined
contributions of Ra and Rb,HCHO.
After taking the inverse of the total HCHO exchange

velocity (vex,HCHO) to calculate Rtotal,HCHO, the appropriate

Rb,HCHO is subtracted from Rtotal,HCHO for a given leaf to obtain
Rc,HCHO. While errors for vex,HCHO are Gaussian, the
assumptions of Gaussian error propagation are no longer
met when taking the inverse of vex,HCHO if the error (δvex,HCHO)
is close in magnitude to the value of vex,HCHO. As a result, a
Monte Carlo approach was used to propagate error on
Rtotal,HCHO and, subsequently, Rc,HCHO.

45 While Gaussian-like
behavior was still obtained for low resistances of HCHO, non-
Gaussian behavior was observed as the resistances increased in
magnitude.

2.5.4. Calculation of H2O Stomatal Resistances. H2O
emission fluxes during an experimental run were calculated
according to eq B5 from von Caemmerer and Farquhar,46

which takes into account that the emission of water vapor,
EH O2

(mol m−2 s−1), from the leaf increases the flow out of the
cuvette by a slight amount as shown by

i
k
jjjjj

y
{
zzzzzE

Q

A

H O H O

1 H OH O
molar 2 chamber 2 bypass

2 chamber
2

= ·
[ ] [ ]

[ ] (5)

Having obtained the H2O emission flux from the leaf, the
total conductance of H2O, gtotal,H O2

, is then calculated using eq
B14 from von Caemmerer and Farquhar as shown by

g
E w

w w

(1 )

( )total,H O
H O

i a2

2=
·

(6)

where wi and wa are the mole fractions of water vapor inside
the leaf and in the air surrounding the leaf, respectively, and
w w w( )/2i a= + . While the mole fraction of water vapor
surrounding the leaf is measured experimentally by the
LICOR, the mole fraction of water vapor inside the leaf is
the saturation water vapor pressure (calculated using the Goff-
Gratch equation) divided by the total chamber pressure

Figure 3. Comparison of oak and cypress HCHO CPs under different experimental conditions: (a) relative humidity and tree species and (b)
temperature. While not shown graphically in (b), the error bars for each individual leaf CP (red) are derived from the uncertainty in their
corresponding York fit and are explicitly used in the calculation of the weighted mean CP for each experimental condition (black). The
parametrization in eq 8 describes the solid black line through the weighted means at each temperature in (b).
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(101.325 kPa) since the RH inside the leaf is assumed to be
100%. Conversion of gtotal,H O2

from units of mol m−2 s−1 to m
s−1 can be accomplished by multiplying by RT/P
where R is the gas constant, T is the temperature, and P is
the pressure. Taking the inverse of gives the total H2O
resistance (R total,H O2

). A Monte Carlo approach was utilized to
propagate the error on R total,H O2

and subsequent calculated
quantities as was done similarly for the error on Rtotal,HCHO and
Rc,HCHO in Section 2.5.3.
While each experimental run allowed for the total H2O

conductance (or resistance) to be obtained, many models tend
to calculate the H2O stomatal conductance (or resistance) for
use in dry deposition parametrizations. As shown in eq 7, the
H2O stomatal resistance (Rs,H O2

) is related to R total,H O2
by

R R Rtotal,H O b,H O s,H O2 2 2
= + (7)

where Rb,H O2
is the boundary layer resistance to water vapor.

This was experimentally determined for the leaf cuvette setup
by wetting several pieces of Whatman filter paper (cut out in
the shape of an oak and cypress leaf) with DI water and
suspending the saturated filter paper cutouts in the leaf
cuvette.47 Rb,H O2

could then be calculated using eqs 5 and 6.
This experiment was performed multiple times for each of the
temperatures probed during the study (22, 30, and 35 °C),
with results shown in Table S4. The determination of Rb,H O2

and its subsequent subtraction from R total,H O2
allowed for the

value of Rs,H O2
to be calculated for all oak and cypress leaves in

this study.

3. RESULTS AND DISCUSSION
3.1. Effects of Humidity, Tree Species, and Temper-

ature on HCHO Compensation Point. Individual HCHO
CPs were grouped together based on humidity, tree species,
and temperature to assess whether these environmental
conditions had any statistically significant impact on the
magnitude of the HCHO CP. Figure 3a shows the HCHO CPs
measured for oak at 40 and 70% RH and cypress at 40% RH in
addition to their weighted means. To test whether the HCHO
CPs were statistically different, one-way analysis of variance
(ANOVA) tests were performed (described in the Supporting
Information). Based on the ANOVA results in Table S5, the 40
and 70% RH CPs and the oak and cypress CPs are not
statistically different from each other, suggesting that the
HCHO CP is independent of these RHs and tree species.
Figure 3b shows individual oak HCHO CPs (and the

corresponding weighted means) at different temperatures but
all at the same RH (40%) and PPFD (∼700 μmol m−2 s−1).
ANOVA testing indicates that one of the temperature
groupings is statistically different from the others (p value <
0.05). Further analysis with the TukeyHSD test indicates that
the HCHO CPs at 35 °C were statistically different from those
at 22 and 30 °C. Additionally, there is an observed exponential
rise in the HCHO CP as the temperature increases, which is
similar to what was previously reported for acetaldehyde.48 A
temperature parametrization valid between 22 and 35 °C and
suitable for models was derived for the HCHO CP as shown in
the following equation:

e

CP (T) (0.332 0.051) (0.189 0.068)HCHO
(0.194 0.062)(T 30)

= ± + ± ·
± (8)

The resulting HCHO CPs between 22 and 35 °C range
from 0.3 to 0.9 ppbv, accounting for the 95% confidence
intervals. The HCHO CP in this study is lower than HCHO
mixing ratios observed in Eastern U.S. forests (1.5−6
ppbv),49,50 which suggests that foliage would act as a net
sink of HCHO rather than as an emission source.
Past determinations of a HCHO CP have been reported

over a large range. Rottenberger et al. reported a HCHO CP of
0.49 and 0.21 ppbv for Hymenaea courbaril and Apeiba
tibourbou, respectively, in the field.21 Kesselmeier et al.
reported a CP of 1 ppbv HCHO for Quercus pubescens at a
field site near Montpellier, France.18 Interestingly, Seco et al.
reported a HCHO CP around 20 ppbv for both Pinus
halepensis and Quercus ilex in the laboratory.23 Thus, for the
same genus, Quercus, the HCHO CP ranged from a possible 1
to 20 ppbv. Our experimental HCHO CP results agree in
magnitude with Rottenberger and Kesselmeier even though
these studies were performed in the field with mature trees
(i.e., not saplings). While leaf age has been shown to impact
methanol emissions,51 there does not appear to be conclusive
evidence that this is the case for the HCHO CP. As such, more
studies should investigate the potential impact of leaf and tree
age on the HCHO CP. The disagreement with Seco et al. is
likely due to a range of factors. First, the trees in their study
were exposed to high “urban” levels of HCHO ranging from 4
to 68 ppbv, which could potentially increase the internal
HCHO concentration in the trees after deposition and bias the
CP high. Second, the Seco study used PTR-MS to measure
HCHO, which is subject to humidity corrections.52−54 Third,
the Seco study used different tree species than the current
work, which can lead to differences in HCHO CP based on the
complexity and uncertainty involved in leaf C1 biochemical
mechanisms.55 While this work shows that Q. rubra and C. ×
leylandii have similar HCHO CP, future work should
investigate several different tree species to further constrain
the impact that tree species have on the HCHO CP. Lastly, the
Seco study (ref 23) may have had ambient “urban” levels of O3
in their setup, which can bias the HCHO CP high since O3 can
(1) react with other VOCs in the cuvette depending on the
residence time of air, (2) react heterogeneously on the leaf,
and (3) produce a positive bias in the PTR-MS.56

3.2. Comparison of Experimentally Derived Rc.HCHO to
Other Deposition Schemes. Having calculated Rs,H O2

and
Rc,HCHO for each of the leaves experimented on in this study
(see Table 1 for experimental conditions), their corresponding
probability distributions (representing their error from using a
Monte Carlo error propagation approach) were fit using an
Epanechnikov kernel distribution. This allowed for a para-
metrization of Rs,H O2

versus Rc,HCHO to be derived from the
experimental data using a bivariate linear regression (York fit)
with corresponding Monte Carlo approach (N = 5000
runs).45,57−59 Figure 4 shows the experimental data used
with the corresponding parametrization shown in the following
equation:

R R R( ) (1.62 0.06) ( 223 48)c,HCHO s,H O s,H O2 2
= ± · + ±

(9)

Only data points with an Rs,H O2
smaller than 3000 s m−1

were used to ensure normality since data points which had
Rs,H O2

of 3000 s m−1 or greater (and therefore not used in the
parametrization) had low signal (Figure S3). Given the range
of Rs,H O2

used to generate this parametrization (i.e., 500−3000
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s m−1), extrapolating above or below this range to obtain
Rc,HCHO with eq 9 is not advised.
The experimentally measured Rc,HCHO can also be used to

assess estimates of Rc,HCHO from other dry deposition schemes
as a function of Rs,H O2

. For foliage, exchange can happen either
via the cuticle or through the stomata. While uptake via the
cuticle can be described by a single resistor (Rcut), exchange via
the stomata is composed of two resistors in series: Rstom
(representing resistance to diffusion through the stomatal
pore itself) and Rmeso (representing resistance to dissolution in
the moist tissues of the mesophyll). As a result, Rc,HCHO is
comprised of the cuticular (Rcut,HCHO) as well as the stomatal
and mesophyllic (Rstom,HCHO + Rmeso,HCHO) pathways acting as
parallel resistors:

i
k
jjjjj

y
{
zzzzzR

R R R
1 1

c,HCHO
cut,HCHO stom,HCHO meso,HCHO

1

= +
+

(10)

Specific parametrizations of Rcut, Rstom, and Rmeso for OVOCs
were developed by Wesely (1989) with updates by Karl et al.
and Nguyen et al.3,6,29 For HCHO, the Wesely para-
metrizations for Rcut,HCHO, Rstom,HCHO, and Rmeso,HCHO are

i
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jjjjj
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zzzzzR

D

D
Rstom,HCHO

H O

HCHO
s,H O

2

2
= ·

(11)
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H f
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10cut,HCHO lu 5
0

= ·
· * + (13)

where D D/ 1.29H O HCHO2
= is a ratio of the molecular

diffusivity of water to HCHO, Rs,H O2
is the stomatal resistance

of H2O in units of s m−1, H* is the effective Henry’s law
constant for HCHO (3400 ± 200 M atm−1),60 and f 0 is the
reactivity factor (between 0 and 1). In the original Wesely
scheme, f 0 = 0 for HCHO, though the update by Karl et al.
suggested f 0 = 1 was more appropriate for HCHO and several
other OVOCs. Finally, rlu is an empirical factor that considers
seasonality as well as land use type. For vegetation in the
summer, rlu = 2000 s m−1 is an appropriate value.
While Rstom,HCHO is the same in both the Wesely and Karl

parametrizations, the two parametrizations differ in Rmeso,HCHO
and Rcut,HCHO given the different assumptions for the value of
f 0. In the Wesely scheme, Rcut,HCHO = ∼60 000 s m−1 as
opposed to ∼1900 s m−1 for the Karl scheme. Moreover,
Wesely predicts an Rmeso,HCHO of ∼1 s m−1; whereas, Karl
predicts over an order of magnitude smaller resistance of 0.01 s
m−1.
Using eq 10, the Wesely and Karl parametrizations for

Rc,HCHO were calculated as a function of Rs,H O2
and overlaid on

Figure 4 to compare with the experimentally observed Rc,HCHO.
While exact agreement with a parametrization is not expected
for a single leaf due to natural variability, it is notable that the
experimentally observed Rc,HCHO are in closer agreement with
the Wesely parametrization compared to the more recently
updated Karl parametrization over the range of Rs,H O2

obtained
experimentally. The experimental data are unable to
distinguish between the Wesely and Karl parametrizations for
Rs,H O2

< 500 s m−1 since that would require extrapolation from
the experimental data set.
While the stomatal conductance of H2O (gs,H O2

) never
reached zero during any of the dark experiments, an
experimental Rcut,HCHO can be approximated when the leaf
stomata were relatively shut. For R 10000s,H O2

> s m−1 as
shown in Figure S3, experimentally obtained Rc,HCHO ranged
from ∼8000 to 52 000 s m−1 with a median value of ∼30 000 s
m−1. Given that Rc,HCHO ≈ Rcut,HCHO for large Rs,H O2

, a possible
median lower bound for the magnitude of Rcut,HCHO is 30 000 s
m−1, which is similar in magnitude to the Wesely estimate of
Rcut,HCHO of ∼60 000 s m−1. Additionally, assuming an
Rcut,HCHO of 30 000 s m−1 and evaluating eq 9 at Rs,H O2

of
500 and 3000 s m−1, the cuticular pathway contributes 2 and
15%, respectively, to Rc,HCHO. This indicates that the cuticle
plays a negligible to a limited role in HCHO exchange and that
HCHO emission and uptake are controlled by the stomata.
Branch enclosure measurements of trees in a tropical forest
corroborate our result that HCHO uptake is stomatally
controlled.21 However, this study is the first to parametrize
the HCHO total foliar surface resistance as a function of H2O
stomatal resistance for incorporation into models.
With an experimentally obtained median estimate for the

value of Rcut,HCHO and using eq 11 for Rstom,HCHO, experimental
values for Rmeso,HCHO can also be calculated for each leaf. Figure
S4 shows the corresponding Rmeso,HCHO and Rstom,HCHO for all
experiments with a H2O stomatal resistance less than 3000 s
m−1. While error bars representing the 95% confidence interval
overlap with Rmeso,HCHO predicted by both Wesely (∼1 s m−1)

Figure 4. Bivariate linear regression (York fit) of experimentally
obtained Rc,HCHO versus their corresponding Rs,H O2

. Error bars on the
fit denote the 95% confidence interval. Only data with a H2O stomatal
resistance of 3000 s m−1 or smaller (conversely a H2O stomatal
conductance of 15 mmol m−2 s−1 or greater) are shown and used for
determining experimental fit. Comparisons to Wesely (1989) and Karl
(2010) HCHO dry deposition parametrizations are also shown for
comparison.
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and Karl (0.01 s m−1) for a majority of the experiments, there
were a non-negligible number of leaves (N = 15 out of 36)
where even the confidence interval bounds on Rmeso,HCHO are
substantially higher than the Rmeso,HCHO predicted by either
model framework for dry deposition. The effective Henry’s
Law constant for HCHO (3400 ± 200 M atm−1) would have
to be lower by nearly 2 orders of magnitude before the Wesely
dry deposition parametrization would become comparable in
magnitude to many of our observed high Rmeso,HCHO. This
suggests a dependence of Rmeso,HCHO on other factors (perhaps
biological) that are currently unaccounted for in dry deposition
frameworks to explain some of the observed higher Rmeso,HCHO
values.7 Nevertheless, the experimental data points support
choosing f 0 = 0 as in the Wesely scheme for HCHO as
opposed to f 0 = 1 as recommended by Karl et al.
3.3. Atmospheric Implications. The laboratory HCHO

CP and leaf resistance results have a direct impact on the
magnitude of the deposition flux (eq 2) as a sink of HCHO.
Experimental results show a nonzero HCHO CP (i.e., Ci ≠ 0)
and support the use of f 0 = 0 for calculating mesophyllic and
cuticular resistances. As such, HCHO deposition fluxes
calculated using these laboratory recommendations would be
smaller than fluxes calculated by models that use f 0 = 1 and Ci
= 0. Figure 5 shows the percent difference in the HCHO

deposition flux when using an f 0 = 0 and Ci = 0.52 ppbv
(HCHO CP at 30 °C) relative to f 0 = 1 and Ci = 0 ppbv over a
range of ambient HCHO mixing ratios and Rs,H O2

commonly
encountered in a pristine forest. Only ambient mixing ratios in
which both scenarios predict deposition are compared. During
the day when Rs,H O2

is lower and ambient HCHO is higher,
calculated HCHO deposition fluxes using an f0 = 0 and a Ci =
0.52 ppbv are generally 20−50% lower than fluxes calculated
using f 0 = 1 and a Ci = 0 ppbv. However, fluxes can be 80−
90% lower at nighttime when Rs,H O2

is high and ambient
HCHO is low, although the absolute magnitude of the
deposition flux would be lower at night than during the day.
Given that the HCHO deposition fluxes calculated using

experimental recommendations weaken the deposition sink, it
is useful to compare the deposition sink against two other sinks
of HCHO: photolysis and loss by OH (loss by NO3 is assumed

negligible). A lower predicted deposition flux of HCHO when
using f 0 = 0 with nonzero HCHO CP has the effect of
increasing the fractional contribution of photolysis and OH as
HCHO loss processes. Given that these loss pathways are a
source of HO2,

9 our results suggest that this would have the
effect of increasing the oxidative capacity of the atmosphere, in
particular in the vicinity of the canopy. While dependent on
various factors (e.g., leaf area index, boundary layer height,
Rc,HCHO, etc.), f 0 = 0 with nonzero HCHO CP would increase
HO2 from the other HCHO loss pathways by a few percent.
A 1-D box model, the FORest Canopy Atmosphere

Transport model (FORCAsT; see the Supporting Informa-
tion),50,61 was also used to check how the dry deposition sink
compares against the other major loss processes of HCHO in a
forest canopy. Figure 6 shows the percent contribution of dry

deposition, photolysis, and reaction with OH to the overall
HCHO sink strength within the canopy (6−22.5 m) as a
function of ambient HCHO volume mixing ratio (0−1 ppbv)
at 30 °C. Reaction with OH is a minor HCHO sink within the
canopy, and the two major HCHO sinks are photolysis and dry
deposition. At the HCHO CP (0.52 ppbv), there is no
contribution of HCHO dry deposition to the total sink. As the
ambient HCHO rises above the CP, dry deposition becomes
the dominant sink at and above 0.65 ppbv ambient HCHO.
This result indicates that the dry deposition contribution to the
overall sink strength is very sensitive to HCHO mixing ratios
within 0.1 ppbv of the HCHO CP. While the experimentally
determined HCHO CP and leaf resistance results have
reduced the overall HCHO dry deposition sink strength
relative to literature parametrizations, HCHO dry deposition is
still expected to be the dominant HCHO sink in the canopy
for typical ambient HCHO mixing ratios greater than 1 ppbv.

4. CONCLUSIONS
Leaf-level measurements of HCHO foliar exchange performed
under a variety of controlled laboratory conditions provided
the first temperature-dependent parametrization for the

Figure 5. Percent difference in the HCHO deposition flux when using
f 0 = 0 and Ci = 0.52 ppbv (HCHO CP at 30 °C) relative to f 0 = 1 and
Ci = 0 ppbv. No comparison is made in the dotted region since using
f 0 = 0 and Ci = 0.52 ppbv predicts an emission flux.

Figure 6. Percent contribution of dry deposition, photolysis, and
reaction with OH to the total HCHO sink budget as a function of
HCHO mixing ratio when using f 0 = 0 and Ci = 0.52 ppbv (HCHO
CP at 30 °C). Each sink is integrated over the canopy region in the
FORCAsT model at the University of Michigan Biological Station
site.
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HCHO CP and a statistically robust data set to assess the
performance of commonly used model frameworks for HCHO
dry deposition. An exponential temperature dependence was
observed for the HCHO CP from 22 to 35 °C with a mean
range of 0.3−0.9 ppbv HCHO. Moreover, the CP was
statistically shown to be independent of both humidity (40−
70%) and a deciduous (Q. rubra) versus evergreen (C. ×
leylandii) tree species. The results indicate that trees are not
likely a primary source of HCHO as daytime mixing ratios in
forests are typically larger than 1 ppbv HCHO.
The HCHO leaf resistance and exchange velocities were

shown to be controlled primarily by the stomata, which
accounted for at least 85% of the HCHO total foliar surface
resistance (Rc,HCHO) even at a nighttime H2O stomatal
resistance (Rs,H O2

) of 3000 s m−1. Furthermore, it is
recommended that atmospheric chemistry models utilize f 0 =
0 for HCHO as well as incorporate the lab-based CP
temperature parametrization. Updating models with these
parametrizations results in upward of a 50% reduction in
daytime HCHO deposition fluxes. However, dry deposition is
still the major sink of HCHO within forest canopies, and a
weaker HCHO deposition flux increases atmospheric oxidation
given that HO2 produced from the other HCHO loss pathways
(i.e., photolysis and OH) is increased by a few percent.
Overall, the results of this study indicate that HCHO

exchange has a larger foliar resistance than currently predicted,
which motivates further laboratory-based OVOC bidirectional
exchange experiments for the accurate prediction of OVOC
sources and sinks in forests. Further experiments should also
investigate the impact of tree age (young vs mature) and
several tree species on HCHO CP and exchange velocities to
assess the applicability and robustness of this study. Addition-
ally, these results suggest that the missing positive flux of
HCHO identified in forest canopies and elsewhere is not
attributable to direct HCHO emission from foliage but rather
to some other process.
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