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Abstract Ketone photolysis is a potentially important source of HOx radicals in the upper troposphere.
To represent this photolysis, models need to include actinic flux, quantum yield, and absorption cross
sections over a range of atmospherically relevant conditions. This work seeks to improve the representation
of ketone ultraviolet (UV) absorption by quantifying it as a function of temperature. We present observations
of 1‐nm resolution absorption cross sections from 200 to 335 nm of methyl ethyl ketone (MEK) and
diethyl ketone (DEK) at temperatures between 242 and 320 K, as well as propyl ethyl ketone (PEK) cross
sections at 296 K. Our measured room temperature absorption cross sections agree to within 2%, 2%, and 5%
with previous studies for MEK, DEK, and PEK spectra, respectively. We parameterize the temperature
dependence of the cross sections of MEK and DEK using a two‐state model, which reproduces our
experimental results well. With additional assumptions, this model can be applied to the temperature
dependence of PEK in the absence of experimental data. This model is appropriate for atmospherically
relevant temperatures both inside and outside the temperatures used in this study and is suitable for
incorporation into model atmospheric photolysis schemes. R programs to facilitate usage of these data are
included in the supporting information. Inclusion of temperature‐dependent absorption cross sections in
atmospheric photolysis calculations decreased the rate coefficients of MEK, DEK, and PEK photolysis in the
upper troposphere when compared to those calculated using only the room temperature cross sections; the
decrease can be as large as 20–25%.

1. Introduction

The primary HOx (OH +HO2) source in the global troposphere is believed to be the photolysis of ozone (O3)
to produce O(1D), whose subsequent reaction with water vapor produces OH radicals. Ketones are an impor-
tant family of atmospheric trace gases with potential to serve as an additional and significant source of HOx

radicals in the upper troposphere (McKeen et al., 1997; Singh et al., 1995; Wennberg et al., 1998). Recent
work suggests that the magnitude of the HOx source from acetone photolysis in the upper troposphere,
where water vapor concentrations are small, could be as much as that via O3 photolysis (Neumaier
et al., 2014).

Methyl ethyl ketone (MEK, 2‐butanone), the next most emitted/produced ketone, is understudied relative to
acetone. Ambient measurements in the troposphere suggest that MEK mixing ratios are approximately one
quarter of those of acetone (Moore et al., 2012; Singh et al., 2004). MEK atmospheric lifetime against oxida-
tion by OH is slightly shorter than that of acetone: ~5–13 days for MEK (Grant et al., 2008; Romero et al.,
2005) as compared to ~19 days for acetone (Brewer et al., 2017). In contrast to acetone and MEK, diethyl
ketone (DEK, 3‐pentanone) and propyl ethyl ketone (PEK, 3‐hexanone) have hardly been investigated,
and we are unaware of reports of atmospheric concentrations of these compounds. However, DEK and
PEK can be directly emitted into the atmosphere or secondarily produced by the oxidation of alkanes and
alcohols (Siegel & Eggerdorfer, 1985; Singh et al., 2004; Yañez‐Serrano et al., 2016). The ultraviolet (UV)
absorption cross section of DEK and PEK in the actinic region are similar to that of MEK (Horowitz,
1999; Keller‐Rudek et al., 2013; Martinez et al., 1992), and the rate coefficient for DEK's reaction with OH
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radicals is approximately 2.5 times larger than that of MEK (Calvert et al., 2011). By analogy to acetone and
MEK, DEK and PEK could potentially contribute to production of HOx and acyl peroxy nitrates in the
troposphere.

Characterization of ketone photolysis pathways is needed because it produces HOx. Ketones are photolyzed
in the troposphere between ~290 and 350 nm. Absorption in this range is due to an electronic transition cen-
tered around the CO bond, which is the chromophore. Following excitation to the singlet upper state, the
molecule quickly undergoes intersystem crossing to a longer‐lived triplet state, from which it can dissociate
or be quenched (Haas, 2003). Radiative deactivation can be shown to be essentially negligible at tropospheric
pressures given the rapid intersystem crossing to the triplet state and long radiative lifetime of the triplet
state (Haas, 2003). The exact amount of HOx produced from the photolysis of ketones depends on the abun-
dance of NOx, possibility of wet scavenging, and transport to other regions.

Keller‐Rudek et al. (2013) have summarized all the available cross sections data on ketones. Multiple mea-
surements of the absorption cross sections of MEK (Martinez et al., 1992; McMillan, 1966; Yujing &
Mellouki, 2000) and DEK (Koch et al., 2008; Koch & Hanson, 2003; McMillan, 1966) exist at room tempera-
ture and higher. PEK cross sections have been reported at only room temperature. (Horowitz, 1999). Nádasdi
et al. (2007) have reported MEK cross sections at atmospherically relevant lower temperatures but only at a
few select wavelengths. Therefore, measurements of the absorption spectra of MEK and DEK at lower atmo-
spheric temperatures are needed to accurately represent their photolysis in chemical transport models and to
calculate their HOx production potential in the troposphere, especially at the upper troposphere where the
temperatures are lower than 298 K.

In this paper, we report absorption cross sections of MEK and DEK (along with their uncertainties) between
200 and 335 nm at temperatures ranging from 242 to 320 K, with a spectral resolution of 1 nm.We also report
absorption cross sections for PEK at the same resolution and wavelengths at 296 K. The measured
temperature‐dependent cross sections are parameterized for use in models. The data are also used to calcu-
late representative first‐order rate coefficients for the photodissociation (J values) of each compound for a
few representative sets of atmospheric conditions. The model calculations enable us to contextualize the
atmospheric importance of the cross section temperature dependence to the photolysis rate of these com-
pounds, as well as provide atmospheric modelers a basis for comparison to their own ketone photolysis
rate calculations.

2. Materials and Methods
2.1. Experimental Setup

A schematic of the system used to measure the gas phase spectra of MEK, DEK, and PEK is shown in
Figure 1. This apparatus is similar to those used in past studies for similar measurements (e.g.,
Papanastasiou et al., 2011). Two absorption cells, one at room temperature and another at temperature of
interest, were connected in series. The same mixture of a given ketone in a diluent gas was flowed through
each absorption cell; in some instances, the measurements were made using static mixtures, which filled
both cells.

The absorption spectra of MEK, DEK, and PEK were measured between 200 and 335 nm and at the different
temperatures using the apparatus shown in Figure 1. This setup consisted of UV/visible light from a colli-
mated 30‐W D2 lamp, a temperature‐regulated absorption cell, an absorption cell maintained at room tem-
perature, and a 0.5‐m spectrometer equipped with a charge‐coupled device (CCD) detector. The absorption
cell (shown in Figure 1 and labeled D2/CCD cell) was a jacketed Pyrex tube (I.D. ~2.5 cm) where the
temperature‐controlled section was 90.5 cm long. The inset quartz windows ensured that the entire absorp-
tion path length was at the specified temperature. This cell was cooled or heated by flowing a silicone fluid
from a temperature‐controlled bath. The temperature was constant to within 2 K over the entire length of
the tube for all temperatures except at the lowest temperature of the study where the difference between
the coolant entrance and exits ports was ~5 K. The temperature in the cell was taken to be the average
of the temperature between the two ends. The measured temperatures were accurate to 0.5 K. The output
of the D2 lamp was collimated, passed through the absorption cell, and focused onto the entrance slit of
the 0.5‐m spectrometer which was equipped with a 512 × 2,048‐pixel CCD camera. Only the central (~100
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× 2,048 array) pixels were used. The entrance slit width was adjusted to
100 μm that yielded a resolution of ~1 nm as measured by the width of a
mercury atomic line. A mechanical shutter in front of the entrance slit
controlled the exposure (roughly 0.3 s) such that the CCD pixels were
almost completely filled (~80–90%) when the absorption cell was empty.
The absorbance at each pixel was calculated using the linearized Beer‐
Lambert law:

A λð Þ ¼ − ln
I0 λð Þ
I λð Þ

� �
¼ σ λ;Tð Þ× sample½ �×L (1)

where I0(λ) and I(λ) were the intensities measured at each wavelength
with the cell either empty or filled with the nonabsorbing diluent gas
and with the absorbant in the cell, respectively. σ(λ,T) was the ketone
cross section at wavelength λ and at the temperature of the cell, [sample]
was the ketone concertation in the absorption cell, and L was the absorp-
tion path length. Typically, 120 spectra were measured and coadded to
obtain each I(λ) and I0(λ). The measured absorbance at each wavelength
varied linearly with ketone concentration. The absorption spectrum

reported in this work was measured at the highest concentration practicable for the temperature and species
in question, that is, our best quality spectrumwith the highest possible absorbance (<1.1, base e absorbance)
and lowest possible baseline fluctuation (<0.001 absorbance unit). The entire absorption spectrum was then
converted to cross sections by scaling to the cross section at the peak of the near UV band (~280 nm) mea-
sured following a Beer's law analysis. Ketone concentration in the absorption cells was calculated using pres-
sure measurements and the mixing ratio of manometrically prepared ketone/N2 mixtures in 12‐L Pyrex
bulbs.

A second cell, held at room temperature, was used to measure the ketone absorbance at 254 nm. This cell
(Hg/PD cell) was 100.4 cm long with quartz windows. UV light from a pen‐ray mercury lamp (254‐nm Hg
line) was passed through this cell to measure the absorbance at room temperature at this one fixed wave-
length. Both the input and transmitted 254‐nm light intensities were measured using two photodiodes, posi-
tioned before and after the UV beam passed through the cell (Figure 1). This arrangement enabled precise
measurements of the attenuation by continually accounting for the lamp intensity fluctuation.
Absorbance was calculated using the Beer‐Lambert law as in the D2/CCD cell (equation (1)). In the
Hg/PD cell, however, I0(λ) and I(λ) represented the ratios between the intensities measured by the photo-
diode at the far end of the cell (normalized to the measured lamp input) with and without a sample present.
Absorbances over a range of concentrations were measured and plotted against the concentration calculated
using manometric measurements and sample mixing ratio in the mixture of ketone in bath gas. The absorp-
tion cross section (σ254) at 254 nmwas calculated using linear unweighted least squares regression. Once the
absorption cross section at 254 nm was established, the ketone concentration in the temperature variable
could be derived from the room temperature 254‐nm measurements.

The absorption cells were flushed with bath gas (He, ultrahigh purity, >99.99%) and then evacuated to mea-
sure I0(λ) prior to filling or flowing through them with ketones at known concentrations. Subsequent to the
measurements with the ketone to obtain I(λ), the cell was again evacuated or filled with the bath gas to
obtain another value of I0(λ). Comparing the I0(λ) measured before and after filling with the ketone mixture
allowed us to verify that the lamps and optical systems were stable during the measurement of I(λ). These
measurements also helped ascertain if ketones were sticking on the surfaces or the absorption cell and cold
windows. We recorded six ketone spectra at each temperature with different concentrations in the cell. The
system was plumbed such that sample flowed first into the Hg/PD cell, then to the D2/CCD cell; however,
we repeated several of the individual experiments with the flow reversed, and the results were not different;
that is, ketone was not lost in the cells. The measured absorbance at 254 nm at 298 K in the Hg/PD cell
agreed to within 1% with that in the D2/CCD cell.

A large range of ketones concentrations were used in determining the cross sections of MEK. However, the
vapor pressures of DEK at 253 and 242 K are 1.29 and 0.43 torr, respectively (Collerson et al., 1965; Majer

Figure 1. A schematic of the ultraviolet/visible absorption apparatus, which
consists of two cells, one temperature controlled and illuminated with
deuterium lamp (D2/CCD cell) and one at room temperature illuminated by
amercury lamp (Hg/PD cell). Pressure is measured using 100‐ and 1,000‐torr
capacitance manometers. CCD = charge‐coupled device.
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et al., 1985) and that of PEK is ~3 torr at 273 K (Collerson et al., 1965; Majer et al., 1985). Therefore, we were
constrained to measuring DEK cross sections to T > 242 K and PEK cross sections to only 298 K.

2.2. Materials and Handling

MEK, DEK, and PEK samples were purchased from Sigma Aldrich and had stated chemical purities of
≥99.7%, ≥99%, and ≥99%, respectively. The liquids were degassed by freeze‐pump‐thaw cycles prior to
use. The samples were vaporized into the 12‐L glass bulbs and diluted with N2 (ultrahigh purity, >99.99%,
Matheson Tri‐Gas company) to a total pressure of ~800 torr; the mixing ratios of ketones in N2 ranged
between 1% and 3%. The mixing ratio of ketones in these mixtures was also measured using a multipass
infrared (IR) absorption cell with a total optical path length of 485 cm using the IR cross section from
Sharpe et al. (2004). The mixing ratios derived from IR and manometric measurements agreed to within
~2–3%. We further verified that the composition of the mixture did not change over time by repeatedly mea-
suring the IR absorption over the course of several weeks of the measurements.

3. Results
3.1. Measured Absorption Cross Sections

The top and middle panels of Figure 2 show the absorption cross sections of MEK and DEK at five tempera-
tures. The lower panel shows the absorption cross sections of PEK at room temperature. These cross sections
are also tabulated in the supporting information (Table S1). The ketones have large absorption cross sections
at ~200 nm corresponding to the π→ π* electronic transition. These wavelengths, however, are less impor-
tant for tropospheric photolysis since the actinic flux at wavelengths less than 280 nm is negligible in this
region. All three species exhibit a minimum in cross sections around ~210 nm. The peak of the n→ π* elec-
tronic transition is around 277 nm. The absorption due to the n→ π* transition between ~280 and 335 nm is
most relevant for tropospheric photolysis.

Figure 3 shows the ratios of absorption cross sections at various temperatures, σ(T), to those measured at 298
K, σ(298 K), for both MEK and DEK. The UV absorption of MEK and DEK increases with increasing tem-
perature at wavelengths ≥277 nm. As temperature increases, the absorption band broadens and the cross
sections at longer wavelengths increase. Temperature dependence of the cross sections for MEK and DEK
differ at short wavelengths, <240 nm. The key point to note is that the cross sections have simpler relation-
ships with temperature within the atmospherically relevant wavelength region.

We have also plotted the fractional uncertainties in the measured cross sections at each wavelength in the
supporting information (Figure S1). We report cross sections at wavelengths where absorbances were at least
0.015–0.02, 10 times our detection limit of 0.0015–0.002 at the 3σ level. The reported uncertainty in the UV
cross sections of MEK, DEK, and PEK is at the 2σ level and includes (i) the precision of the cross section at its
peak (~1%); (ii) the fluctuation of the D2 light intensity (baseline stability) which is typically ~0.1% at wave-
lengths longer than 215 nm; (iii) the accuracy of the pressure measurements (~0.5%) for the mixture prepara-
tion as well as for pressure measurement in the absorption cells; and (iv) the uncertainty in the optical path
length (~0.2 cm) Because these factors are assumed to be uncorrelated, the total uncertainty in the measured
absorption was calculated by adding these contributions in quadrature. These errors contribute minimally
until the cross sections decrease rapidly at the two extremes of our measurements. At the atmospherically
important wavelengths near 300 nm, the measured absorbance is uncertain to ±1.5%, except for DEK at
296 K.

3.2. Comparison to Prior Measurements

Figure 4 compares the room temperature UV absorption spectrum of MEK, DEK, and PEK determined in
this work with those from previous work, as well as with that of acetone. For MEK, the International
Union of Pure and Applied Chemistry (IUPAC) recommends the use of cross section measurements of
Martinez et al. (1992) and IUPAC (2005). Overall, the cross sections measured in this study are in excellent
agreement with the previous data from 210 to 335 nm, within 2%, 2%, and 5% of the Martinez et al. (1992)
and Horowitz (1999) measurements, respectively, for MEK and DEK, and PEK.
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3.3. Temperature Dependencies of Cross Sections

In order to use our measured cross sections for interpolation between measured temperatures and for extra-
polation beyond the temperatures our measurements, we have created a two‐state model to represent the
temperature dependence of the absorption cross section of C3–C6 saturated ketones. Following the method
of Nicovich and Wine (1988) for H2O2 cross sections, we assume that the temperature dependence observed
in the absorption cross sections of ketones arises from the changes in the population of the C = O stretch in
the ground state. This methodology has already been used for acetone by Hynes et al. (1992), who also used

Figure 2. These panels present ultraviolet absorption cross sections (σ) in 10−20 cm2 of the three species studied in this
work from 200 to 340 nm. MEK (C2H5C(O)CH3) and DEK (C2H5 C(O) C2H5) cross sections at 242, 253, 273, 296, and
320 K are shown the top two panels. DEK cross sections are shorter at 242 and 253 K due to the higher uncertainty at those
lower temperatures. The third panel shows the PEK (C2H5 C(O) C3H7) cross sections at 296 K, the only temperature at
which it was measured. DEK = diethyl ketone; MEK = methyl ethyl ketone; PEK = propyl ethyl ketone.
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the model to extrapolate MEK (using only room temperature measure-
ments) to other temperatures, using the dependence seen for acetone.
The electronic transition in the carbonyl group is responsible for the UV
absorption, and so we parameterize our two‐state model using a carbonyl
stretching frequency (ΔE) of the ketones. The carbonyl ΔE for aliphatic
ketones is between 1,705 and 1,725 cm−1 (Silverstein et al., 1981); conse-
quently, we expect that, at temperatures <350 K, only the first vibration-
ally excited state in the C = O stretch to have significant population
relative to that of the ground state, and thus a model with only two states
is adequate.

We model σ(λ, T) of each ketone as a linear combination of σ0(λ), repre-
senting the absorption cross section for electronic excitation from ground
state, and σ1(λ), representing the cross sections for electronic excitation
from the first vibrational state (Nicovich & Wine, 1988). The populations
in these two states are partitioned according to the fractional populations,
X0 and X1, which are themselves functions of T and ΔE, as shown below.

Q ¼ 1þ e
−ΔE
RT (2)

X0 ¼ 1
Q

(3)

X1 ¼ 1−X0 ¼ Q−1
Q

(4)

such that the overall absorption cross section is

σ λ;Tð Þ ¼ X0 Tð Þσ0 λð Þ þ X1 Tð Þσ1 λð Þ (5)

We fit the measured cross sections at each temperature to equation (5)
while affixing ΔE at the value expected for the C = O stretch in each of
the ketones. These σ0(λ) and σ1(λ) are shown below in the left column
of Figure 5 for the four ketones. The second column displays model
performance for each ketone compared either to our measurements
(in the case of MEK and DEK) or to IUPAC recommended values (in
the case of acetone). Comparable plots for PEK are displayed, but the
compound is treated differently due to the lack of low‐temperature
data; this is discussed below. The calculated values for σ1(λ) for acet-
one, MEK, and DEK are realistic and comparable to those for highly
absorbing species such as O3 and NO3 (Sander et al., 2011). We do
not claim that σ0(λ) and σ1(λ) represent the cross sections from ground
and excited states respectively, but they are consistent with a situation
in which temperature changes impact the populations of ketone mole-
cules in the vibrational levels of the ground state, thereby facilitating
the transition of those molecules to their excited state. Additionally,
although this model tends to result in specific structure in the σ1(λ)
cross section and diffuse structure in the σ0(λ), we have no data to sug-
gest that this observation is an accurate physical representation of the
two states. It would be interesting to measure the cross sections at
lower temperatures and at much higher temperatures. However, our
model successfully represents the measured cross sections at all tem-
peratures and wavelengths of this study. Furthermore, in the absence
of experimental data, this model provides an empirical method to calcu-
late ketone cross sections at atmospherically relevant temperatures
beyond those measured in our study.

Figure 3. These panels show the ratio of absorption cross sections (σ) of
MEK and DEK at various temperatures to those measured at 298 K, as a
function of wavelength. DEK= diethyl ketone; MEK=methyl ethyl ketone.

Figure 4. A comparison of the ultraviolet absorption spectra in 10−20 cm2

from this (black) work with those previously reported for temperature
between 294 and 300 K by various authors as compiled by the Mainz
absorption cross section database (Keller‐Rudek et al., 2013). DEK = diethyl
ketone; MEK = methyl ethyl ketone; PEK = propyl ethyl ketone.
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Using our measured data and assuming ΔE = 1,720 cm−1, equation (5) gives an overdetermined system of
five equations and two unknowns and can thus be solved at each nanometer increment using a QR decom-
position algorithm (Gander, 1980). This solution is shown in Figure 5 below. According to this solution, σ1(λ)
is ~2–3 orders of magnitude higher than σ0(λ). The performance of this model relative to observations is
shown in Figure 5b as a ratio between modeled and observed σ(λ, T). This model deviates only ~5% at

Figure 5. A two‐state model for C3–C6 saturated ketones, parameterized with a C =O stretch frequency of 1,720 cm−1. In
all cases, the left column presents σ0(λ) and σ1(λ) in units of 10−18 cm−2. σ0(λ), displayed in orange with its values on the
left y axis, is 2–3 orders of magnitude lower than σ1(λ), displayed in blue on the right y axis. The right column shows
the ratio of modeled σ to that observed at temperatures and wavelengths of our study. (a and b) The model results for
acetone, using data fromGierczak et al. (1998). All other panels use data taken in this study. (c and d) The results for MEK.
(e and f) The results for DEK. (g) The model results for PEK. DEK = diethyl ketone; MEK = methyl ethyl ketone;
PEK = propyl ethyl ketone.
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longer and more atmospherically relevant wavelengths, which compares well with more traditional higher
order polynomials. The observed red shifting of σ1 relative to σ0 is also consistent with excitation from an
upper vibrational state to the same electronic upper state.

In order to verify that our method works generally for short aliphatic ketones, we performed the same cal-
culations for acetone using ΔE = 1,720 cm−1, and the acetone spectra measured at temperatures from 235 to
298 K by Gierczak et al. (1998). In that paper, the authors improved upon the resolution of the acetone mea-
surements relative to Hynes et al. (1992) but found that the two‐state system did not reproduce their results
well. However, by using ΔE= 1,720 cm−1 and our QR decomposition methodology, we were able to produce
a useful fit, comparable to the quality of fit for MEK and DEK, which is presented in Figures 5a and 5b. The
σ0(λ) and σ1(λ) values in Figure 5a are comparable to those found in Figures 5c and 5e, and the fit as shown
in Figure 5b is also within 5% except at the very low cross section values beyond 325 nm. The parameterized
model values for σ0(λ) and σ1(λ) for all four compounds are tabulated in the supporting
information (Table S2).

Because we did not measure PEK spectra at temperatures beyond room temperature, we cannot explicitly
model PEK in the same way as acetone, MEK, and DEK. However, in the absence of experimental data at
temperatures other than 296 K, we can use this physical model to give us an empirical basis for PEK
temperature‐dependent absorption; of course, this is not verified by observations and could be uncertain.
If we assume that any differences between DEK and PEK spectra are due solely to differences in the ground
state absorption (σ0), it is possible to construct a usable model for the temperature dependence of the PEK
spectra. As with DEK, we build the model using ΔE = 1,720 cm−1 but affix σ0(λ) such that the model cor-
rectly represents our room temperature measurements of the PEK spectrum. Figure 5g thus closely resem-
bles Figure 5e, with a slightly higher peak value of σ1(λ).

We considered the possibility of deriving ΔE via optimization of σ0(λ) and σ1(λ), rather than using canonical
values of the C = O stretch frequency, as Hynes et al. (1992) did for acetone. We tested a range of ΔE values
between 1 and 2,000 cm−1. The results of this analysis are included in the supporting information (Figure
S2). For MEK, aggregated error and the number of negative values is minimized at ΔE = 800 cm−1 and
ΔE = 600 cm−1, respectively, which is similar to ΔE = 950 cm−1 found by Hynes et al. (1992) for acetone.
At 350 K, ΔE = 600 cm−1 implies that 7.8% of molecules would be in the first vibrationally excited level,
which may challenge our assumption of a two‐state model (i.e., the population in the next vibrational level
would not be negligible). The larger value of ΔE ensures that a two‐state model is reasonable over the tem-
perature range of our study.

Regardless of which ΔE is used, this two‐state model allows us to extrapolate our data to temperatures out-
side of the range we were able to measure. Neither choice of ΔE causes large discontinuities in σ relative to
measured values when modeled at temperatures up to 350 and down to 160 K. As one might expect from

comparing the relativemagnitudes of σ0(λ) and σ1(λ) in Figures 5a, 5c, and 5e, themodel parameterized with

ΔE = 1,720 cm−1 produces a smaller temperature response with decreasing temperatures relative to the
model parameterized with ΔE = 600, while the reverse is true at temperatures >350 K. Whichever parame-
terization is chosen, the model produces usable results at atmospherically relevant temperatures outside the
range of measurements. Figure S3 shows the performance of the model at these extreme values. For atmo-

spheric applications, we providemodels parameterized atΔE= 1,720 cm−1, whose σ0(λ) and σ1(λ) values are
provided in the supporting information (Table S2). We also include an R program
(Brewer_JValue_Subroutines_Code_S1.R) that can use the two‐state models provided in Table S2 to output
cross sections at any atmospherically relevant temperature. This code will be discussed in more detail below.

As many modeling applications of J value calculation take place in demanding computation environments
(e.g., in the context of a globally resolved chemical transport model), modeling applications of cross sections
tend to use some form of wide‐band average binning in order to efficiently and accurately compute J values,
such as the Fast‐J (Wild et al., 2000) binning schemes. As such, we believe that adapting our data for a wide
array of binning schemes will be most useful in facilitating its future use by the community. Thus, we have
produced a Fast‐J (Wild et al., 2000) treatment of our cross section data, which is included in the supplement
to this paper (Table S4). In the code supplement to this paper, we have also included an R program capable of
binning our data in other binning schemes; this code is also discussed further in section 3.5.
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3.4. Calculated J Value Comparisons

The first‐order rate coefficient for the removal of ketones, the J value (s−1), is given by equation (6):

J ¼ ∫
λ2
λ1σ λ;Tð Þ×Φ λ;T;Pð Þ×F θ; λð Þ (6)

where F is the actinic flux (quanta·cm−2·s−1·nm−1), Φ is the quantum yield for the destruction of the mole-
cule, σ(λ,T) is the absorption cross section (cm2) of the molecule, and λ1 and λ2 are the limits of wavelengths
available in the atmosphere over which the molecule absorbs,

We have calculated J values for each compound using model‐derived clear‐sky actinic flux to roughly show
the photolytic loss rate coefficients for these ketones in the troposphere. We used the National Center for
Atmospheric Research tropospheric ultraviolet visible (TUV) radiative transfer model version 5.3.1 (publicly
available at https://www2.acom.ucar.edu/modeling/tropospheric‐ultraviolet‐and‐visible‐tuv‐radiation‐
model) to simulate monthly average solar noon actinic flux in 10° latitude bins for a variety of altitudes.
This model uses the top of atmosphere irradiance modified by scattering and absorption to calculate an acti-
nic flux for a given condition using a four‐stream pseudospherical approximation (Madronich &
Flocke, 1999).

Figure 6 shows the calculated J values for MEK for quantum yields from IUPAC recommendations and
Romero et al. (2005). For each of these quantum yields, we calculate J values using two sets of cross sections:
(1) modeled temperature‐dependent cross sections as per section 3.3 of this paper and (2) the IUPAC recom-
mended room temperature cross sections from Martinez et al. (1992), referred to as σMartinez in Figure 6.
Quantum yields and cross sections were calculated using the same reanalysis‐derived temperature and pres-
sure data in order to ensure that both factors vary simultaneously, as they do in the real atmosphere.
Additionally, we compare these photolysis rate coefficients to the rate coefficients for removal of MEK by
reaction with OH. Concentrations of OH were from Spivakovsky et al. (2000) that does not include any
HOx produced from the oxidation of MEK, DEK, or PEK. The rate coefficients for OH reaction with the var-
ious ketones are taken from Calvert et al. (2011). The temperature, pressure, and OH profiles used to gener-
ate this plot are included in the supporting information (Table S3), as are the R programs used to calculate all
the quantum yields used in this paper (Brewer_JValue_Subroutines_Code_S1.R), discussed in section 3.5
below.

Figure 6 shows that, for all three compounds, the inclusion of the temperature‐dependent cross sections
leads to a decrease in the J value in the upper troposphere. In these specific location, season, and cloudless
conditions, the change is on the order of 20–25%. Figure S4 in the supporting information replicates Figure 6
with an assumed cloud optical depth of 25% and 100% cloud cover; the change in the J value due to the
temperature dependence is unaffected by this parameter and remains on the order of 20–25%. Because the
reference IUPAC values are for 296 K, we expect a decrease in the J value as a result of using our
temperature‐dependent cross sections, which decrease with temperature. In addition, Figure 6a shows that
the choice of quantum yield is important to understanding the change of J value with altitude, especially
under upper tropospheric conditions. Irrespective of cross section used, the inclusion of the wavelength‐
dependent QY from Romero et al. (2005) decreases the J value relative to the IUPAC QY recommendation
below 6 km; above 6 km, using these cross sections increases the J value relative to the IUPAC recommen-
dations. Furthermore, because no experimental studies of PEK quantum yields are known, Figures 6e and 6f
assume a quantum yield of 1 at all wavelengths and pressures, which accounts for the different shapes of the
vertical J value profile in Figure 6e as compared to Figures 6a and 6c; the calculated J values are, therefore,
upper bounds for PEK loss. These observations point to a need for more detailed quantum yield measure-
ments for these species as well. Finally, Figure 6 shows that loss rates to photolysis are larger than due to
reaction with OH at all altitudes for MEK and above 5 km for DEK and PEK.

Figure 7 presents MEK J values in the troposphere derived using ourmeasured temperature‐dependent cross
sections at local solar noon at each 10° latitude bin (i.e., −90, −80, … , 80, 90) during four different months
representative of seasons: January (boreal winter), April (boreal spring), July (boreal summer), and October
(boreal autumn). This is done to exemplify how photolysis rate coefficient changes with location and season.
Photolysis rate coefficients are largest in the tropical tropopause throughout the year, with J values reaching
~2 × 105 s−1. However, this figure uses actinic flux characteristic of a cloudless sky and constant aerosol
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Figure 6. (a) Photolytic and OH‐reaction loss rate coefficients (10−6 s−1) for MEK in April at the equator with no clouds
present. J values are calculated using two different absorption cross sections (from this study andMartinez et al., 1992) and
two different quantum yield possibilities. Shaded areas in plots (a), (c), and (e) represent the upper and lower bounds
of uncertainty in the cross sections propagated through to the J value. The quantum yields are from the IUPAC recom-
mendations (International Union of Pure and Applied Chemistry, 2005) and Romero et al. (2005). (b) The ratio of the J
values calculated with our cross sections to those using the IUPAC recommendations for each quantum yield used
(International Union of Pure and Applied Chemistry, 2005). Shaded area in plots (b), (d), and (f) represent the ratio
between the upper (and lower) bounds of this study's calculated J values to the upper (and lower) bounds of the J values
calculated according IUPAC cross sections. Panels (c) and (e) show DEK and PEK J values under the same conditions.
These J values are also calculated using two different absorption cross sections but using only the quantum yield from
Romero et al. (2005) for DEK and an assumed quantum yield of 1 for PEK. J value uncertainties in (a), (c), and (e) reflect
only the uncertainties in cross sections and not those in the various quantum yields used. Panels (d) and (f) show the same
ratio as panel (b), calculated for DEK and PEK, which each use only one quantum yield. DEK = diethyl ketone;
MEK = methyl ethyl ketone; PEK = propyl ethyl ketone; IUPAC = International Union of Pure and Applied Chemistry.
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optical depth, as such it should be primarily be treated as a comparison with modeled photolysis rates
coefficients and quick look up. It is not meant to represent true atmospheric values. A similar pattern and
rough values are to be expected for DEK or PEK. These rates will change depending upon the parameters
specific to various atmospheric models; however, we include this generalized example for illustrative
purposes. As to be expected, the photolysis maximizes in the tropical upper troposphere. From Figure 6, it
appears that for MEK, photolysis is likely to be more important than loss to OH, regardless of the
quantum yield used. For PEK and DEK, the two loss processes compete in the lower troposphere. Our
study highlights the need for elucidation of the quantum yields of these species under
atmospheric conditions.

MEK is an understudied but relatively abundant ketone in the troposphere, with abundances up to 25% of
that of acetone (Yañez‐Serrano et al., 2016). Its inclusion and accurate representation in global chemical
transport models is potentially an important part of making those models fully represent the tropospheric
HOx budget, especially in the upper troposphere. Our work suggests that the inclusion of the temperature
dependence we measured is useful to correctly representing MEK chemistry in the troposphere. DEK and
PEK atmospheric abundances are unknown, but the similar photolytic properties of these compounds sug-
gest that, if found in abundance, they could also impact global oxidative potential.

Figure 7. The contours here show methyl ethyl ketone (MEK) J values in 10−6 s−1 for four seasons. Pressures and tem-
peratures used to generate these values are 10‐year (2007–2017) monthly means from National Centers for Environmental
Prediction reanalysis; the cross sections used are from the two‐state model presented in this study; the quantum yields
are from Romero et al. (2005). The actinic fluxes are used in this plot are solar noon values created using a customized
tropospheric ultraviolet visible model run. We used the photochemistry‐optimized standard tropospheric ultraviolet
visible input file with the following specific conditions: (1) We used a four year total pre‐stratospheric‐depletion O3 col-
umn values (mean monthly values from 1978 to 1982) from the TOMS instrument aboard the Nimbus 7 (Keating et al.,
1989); 2)We assumed clear sky, and we fixed the surface albedo value at 0.1 irrespective of surface type (i.e., water or land);
(3) We used an aerosol single scattering albedo of 0.99; we used a continental aerosol profile (aerosol optical depth at
550 nm= 0.235; Elterman, 1968); and (5)We used temperature and pressure profiles from a 2007–2017 average of monthly
National Center for Atmospheric Research National Centers for Environmental Prediction reanalysis data (Kalnay et al.,
1996). These assumptions were chosen to create a simplified model output that others could easily replicate.
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3.5. Implementation in R

The schemes presented here have been implemented as a program in R, an open‐source programming envir-
onment (R Development Core Team, 2010), which is available on all operating systems. The program
(Brewer_JValue_Subroutines_Code_S1.R) makes use of multiple nested subroutines and wrapper functions
in order to perform three computations:

1. Use the two‐state models provided in Table S2 to output a cross section forMEK, DEK, PEK, or acetone at
any atmospherically relevant temperature.

2. Calculate the quantum yields for MEK, DEK, or PEK used in Figure 6.
3. Bin any quantum yield, cross section, or actinic flux according to a given wide‐band binning scheme,

such as those found in global models or other applications where calculation speedmust be given highest
priority (Wild et al., 2000).

Themodular approach to the code included allows additional quantum yield schemes to be added in as sepa-
rate functions, which can be called in their own right. Moreover, the code to perform the wide‐band binning
is extensible and should be usable for most binning schemes; the details are discussed further in the
supporting information. Finally, this paper also includes an additional program
(Brewer_JValue_Example_Code_S2.R), which gives an example implementation of the subroutines
included in Brewer_JValue_Subroutines_Code_S1.R.

4. Summary

1. We present new measurements of MEK and DEK absorption cross sections at temperatures between 242
and 320 K and of PEK at 298 K between 200 and 335 nm. We use these measured values to refine our
understanding of the role of photolysis in the tropospheric chemistry of these compounds.

2. We show that themeasured cross sections are robustly represented by a two‐state model.While we do not
have data to assess the accuracy of the model at temperatures below 242 K, this model can be extrapo-
lated to temperatures below our measurements to provide empirical, numerically stable, and physically
reasonable ketone cross sections at all tropospherically relevant temperatures. We further show that this
same model also allows us to simulate the temperature dependence of acetone UV absorption cross sec-
tions and we suggest that an analogous treatment works for PEK.

3. For MEK, DEK, and PEK, the inclusion of temperature dependence leads to a decrease in photolysis rate
coefficients of up to 20–25%, when compared to photolysis rate coefficients derived using available room
temperature literature recommendations. This decrease is largest in the upper troposphere (Figures 6 and
7), where ketone photolysis is thought to be most important to global oxidation potential.

4. We provide a set of calculated J values for easy comparison at both 1 nm and wide‐binned resolutions and
produce first‐order estimates of photolysis rates in the troposphere. We also provide the code necessary to
extend and modify this work as needed in future applications.
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