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We present trace gas vertical profiles observed by instruments on the NASA DC-8 and at a

ground site during the Korea-US air quality study (KORUS) field campaign in May to June

2016. We focus on the region near the Seoul metropolitan area and its surroundings where

both anthropogenic and natural emission sources play an important role in local photochemistry.
Integrating ground and airborne observations is the major research goal of many atmospheric
chemistry field campaigns. Although airborne platforms typically aim to sample from near surface
to the free troposphere, it is difficult to fly very close to the surface especially in environments
with complex terrain or a populated area. A detailed analysis integrating ground and airborne
observations associated with specific concentration footprints indicates that reactive trace gases are
quickly oxidized below an altitude of 700 m. The total OH reactivity profile has a rapid decay in
the lower part of troposphere from surface to the lowest altitude (700 m) sampled by the NASA
DC-8. The decay rate is close to that of very reactive biogenic volatile organic compounds such

as monoterpenes. Therefore, we argue that photochemical processes in the bottom of the boundary
layer, below the typical altitude of aircraft sampling, should be thoroughly investigated to properly
assess ozone and secondary aerosol formation.

1. Introduction

A thorough investigation on the vertical distributions of trace gases is an essential task to
evaluate the impact of surface emissions on regional air quality.> The negative impacts of
these emissions are of great concern as deteriorating regional air quality is a public health
issue,? as well as economic issue from effects such as reduction in crop yields.3 Recently,
major air pollutants such as ozone and fine particles have also been a concern due to

their designation as short-lived climate forcers (SLCFs).#® Although the assessed radiative
forcing from SLCFs is smaller than those from long-lived climate forcers such as carbon
dioxide, the uncertainty is still relatively high.>

Therefore, the capability to simulate the horizontal and vertical distribution of
photochemical reaction products and their precursors is a necessary first step to

properly diagnose their impacts on regional and global air quality, which requires two
different directions of research. First, the capability to simulate complex land use in

a model framework to determine accurate reactive trace gas emissions from various
anthropogenic activities and natural processes. Second, the ability to accurately represent
transport and photochemical oxidation processes. In this context, Shindell and colleagues®
claimed emission-based assessments of climate forcers requires an accurate process level
understanding of tropospheric photochemistry. A recent assessment on the status of climate
change by the Intergovernmental Panel on Climate Change (IPCC) clearly accepted this
notion. As a result, an extensive discussion of gas—aerosol—cloud interactions is presented in
the most recent IPCC Assessment Report (AR5).5

A megacity embedded in a forest environment is a unique testbed to examine the
complicated photochemical processes from various emission sectors to photochemical
degradation during vertical and horizontal transport processes.® Moreover, considering the
ever growing number of people residing in urban regions,” it is important to understand
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urban photochemical processes and subsequent secondary product formation such as ozone
and aerosols. This motivated us to examine vertical heterogeneity of trace gas distributions
and total OH reactivities over the Seoul metropolitan area (SMA), South Korea. We present
ground and airborne observations conducted as part of the Korea-US air quality study
(KORUS-AQ) campaign in the late spring and early summer of 2016. The focus is placed
on examining vertical heterogeneity over a forested region downwind of the megacity. Prior
studies have clearly demonstrated the complicated nature of oxidation capacity and trace gas
reactivity of the suburban forest region near the SMA. Kim and colleagues® demonstrated
the potential of high oxidation capacity from higher than expected HONO levels in

the suburban forest. Kim and colleagues® also reported that the observed reactive trace
gases can only account for about 30% of the measured total OH reactivity demonstrating
that the majority of reactive compounds cannot be observed with standard measurement
techniques. Both studies have attributed natural processes, particularly biogenic volatile
organic compounds (BVOCs), as the main driver determining oxidation capacity and
reactivity in this region with strong anthropogenic influences of a large megacity with a
population of 25 million.

During the KORUS-AQ campaign,”® the flight path of the NASA DC-8 airborne laboratory
was well coordinated with the ground sites in order to obtain a statistically relevant airborne
dataset to compare with the ground observational datasets. In this study, we compare
observations from a suburban forest ground research site, Taechwa Research Forest (TRF),
and aircraft boundary layer measurements above the suburban forest to examine interactions
between the biosphere and atmosphere in an area with high background anthropogenic
pollution.

2. Methods

2.1. Taehwa Research Forest and NASA DC-8 during the KORUS-AQ campaign

The TRF, shown in Fig. 1, was selected as a super site during the KORUS-AQ campaign
for several reasons. The first was the geographic proximity to the SMA. TRF is located

40 km from the city center and 20 km from the nearest edge of the SMA in the

southeastern direction. Previous studies have illustrated that this proximity provides a
background of photochemically processed urban air at the TRF site. For example, Kim

and colleagues?? reported substantially lower levels of CO and NO, at the TRF site

in comparison with the levels observed at the SMA urban sites. On the other hand,
secondary photochemical products, such as ozone, are observed at similar levels or even
higher at the TRF in comparison to urban sites. The second reason was to investigate the
roles of vegetation, particularly BVOC oxidation and photochemistry. With the high NO
conditions downwind of the megacity, the highly reactive nature of BVOCs can enhance the
photochemical production of aerosols and ozone. The site is also located in the middle of a
monoterpene-emitting pine tree plantation (200 m by 200 m) surrounded by a natural mixed
forest including isoprene-emitting oaks. The gradient observations consistently indicate
homogeneous distributions of isoprene inside (18 m or below) and right above the canopy
(30 m)1! from a year-long observation, which indicates that the observations at the site can
represent the concentration footprint of the airshed.
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2.2. Instrumental configurations

In Table 1, instrumental configurations for the dataset presented in this paper are
summarized. The key parameters presented in this study, VOCs and total OH reactivity,
were quantified both on the ground and on the NASA DC-8 airborne laboratory. VOCs
were quantified by a proton transfer reaction-time of flight-mass spectrometer (PTR-ToF-
MS).12 The ground observation was conducted by a commercial instrument (manufactured
by IONICON Analytik GmbH). On the other hand, airborne measurements of VOCs

were carried out using a custom-made PTR-ToF-MS instrument. The instrument described
by Miiller and colleagues!3 was upgraded with an ion funnel and a hexapole ion

guide to improve ion transmission into the mass spectrometer, thus providing higher
sensitivity.24 Both the aircraft and ground instruments were periodically calibrated during
the measurement period using a dynamically diluted certified VOC standard (Apel-Riemer
Environmental Inc., Miami, FL, USA).

Total OH reactivity was measured on the aircraft by a flow tube-laser induced florescence
(FT-LIF) instrument characterizing OH decay inside of a flow tube with ambient air.1®> On
the ground, total OH reactivity was measured using the comparative reactivity method with
a chemical ionization mass spectrometer using the hydronium reagent ion system (CRM-
CIMS).16 The identical analytical system has been thoroughly described and successfully
utilized in previous field campaigns.8:17:18 This includes a thorough description of the
analytical characteristics of the CRM-CIMS system?8 and a comparison of the CRM-CIMS
with an FT-LIF based OH reactivity system (the southern oxidant and aerosol study, SOAS,
in Brent, Alabama, USA, in 2013)29 that is similar to the instrument integrated on the
NASA DC-8.1° The results indicate that the data from both instruments agree within their
analytical uncertainty although they reported a systematic bias likely caused by differences
in inlet configurations. Based on the findings from that study, we shortened the inlet length

and residence time of the ground-based instrument to prevent sample loss (4 m of %”

PFA tubing with less than 0.5 s of the sample residence time). Over the field campaign
period, we conducted periodic calibrations on both the CRM-CIMS OH reactivity system
and the PTR-ToF-MS system. The PTR-ToF-MS system was routinely calibrated using

a standard gas manufactured by Apel-Riemer Environmental Inc. containing isoprene,
acetone, acetaldehyde, a-pinene, benzene, and toluene. After the field work, the standard
gas was recalibrated by a gas chromatography-mass spectrometer system operated by the
Blake Lab in the Department of Chemistry at the University of California, Irvine, USA.

The laboratory also collected whole air samples for VOC analysis during the KORUS-AQ
campaign on the NASA DC-8 aircraft. This analytical system and procedure are described in
ref. 20. A detailed data analysis on the ground VOCs and OH reactivity observations at TRF
can be found in Sanchez and colleagues.?!

3. Results and discussion

3.1 The boundary layer evolution and vertical distributions of trace gases

In Fig. 2, we present the averaged vertical distribution of potential temperature (in the
top far left panel) observed by the NASA DC-8 during the KORUS-AQ campaign over
the SMA. The airborne dataset was filtered to represent data collected in the area shown
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in Fig. 1 to illustrate the observed vertical profiles over the SMA. The overall flight

paths for the KORUS-AQ science flights are shown in Fig. S1 in the ESI.T The ground
observation has been maintained to maximize the overlap between the ground and the
airborne datasets. The seamless coordination between the different platforms can be found in
previous publications.?2:23

As presented in Fig. 2, in the morning (8 am to 11 am) the troposphere is in a stable
condition. As solar radiation causes thermal turbulence at the surface, the boundary layer
evolves into the late afternoon. Therefore, we can expect active vertical transport and mixing
of trace gases emitted from the surface through the entire boundary layer up to ~2 km above
the ground, which is well corroborated by the average daily curtain plot of ozone shown

in Fig. S2,T from an ozone LIDAR instrument located at the TRF during the KORUS-AQ
campaign. The trace gas distributions, shown in Fig. 2 illustrate the mixing processes.

The CO profiles clearly demonstrate the temporal evolution of the vertical mixing processes.
The morning profile (8 to 11 am) shows the stagnated nature of the lower troposphere, but
turbulent mixing inside of the boundary layer becomes more prominent in the afternoon.
The mid-day (11 am to 2 pm) profile shows moderate vertical mixing. Furthermore,

the afternoon (2 pm to 5 pm) presents substantial vertical mixing causing a well-mixed
boundary layer below the altitude of 2 km. The ozone production associated with the
vertical transport of ozone precursors, particularly NO,, can be interpreted by comparing
their vertical profiles. The morning stagnation is conspicuous from the observations of ozone
titration at the surface by the high NO emission from the ground. Consequently, pronounced
NO, was observed in the lowest part of the boundary layer and the concentration sharply
decreases at higher altitude. Towards mid-day and the afternoon, however, elevated ozone

is observed throughout the boundary layer, which can be explained by the photochemical
production of ozone in the boundary layer from convected NO, and VOCs. Some of the
reactive anthropogenic and biogenic VOC profiles are also presented in Fig. 2.

The morning profiles reflect a stratified lower troposphere as previously discussed. On the
other hand, when vertical mixing gets active in the afternoon, the average VOC profiles
consistently illustrate that the photochemical lifetime and vertical mixing time scale are both
critical determinants for the vertical distribution of trace gases. Benzene (kon = 1.28 x 10712
cm3 molecule™ s71 at 298 K), a relatively less reactive VOC, is evenly spread throughout
the boundary layer, but a more reactive VOC such as toluene (ko = 6.16 x 10712 cm3
molecule™! s~ at 298 K) has a mixing ratio that gradually decreases as a function of altitude
in the boundary layer. The most reactive gas among those presented in Fig. 2 is isoprene
(kon = 1.0 x 10720 ¢m3 molecule™ s~ at 298 K) showing the most rapid degradation in

the boundary layer as a function of altitude. The photochemical degradation of isoprene

is expected to be dominated by OH producing methyl vinyl ketone (MVK; Ao = 1.85 x
10711 cm3 molecule™® s71 at 298 K) and methacrolein (MACR; ko = 3.07 x 10711 cm3
molecule™! s71 at 298 K). These compounds have longer lifetimes than isoprene due to

their slower reaction rates, which causes a clear accumulation of MVK and MACR in the
boundary layer. As a result, the ratio of MVK + MACR to isoprene can be used to estimate

TElectronic supplementary information (ESI) available. See DOI: 10.1039/d0fd00081g

Faraday Discuss. Author manuscript; available in PMC 2022 March 24.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Kim et al.

Page 6

the boundary layer transport times from a photochemical perspective.2 A similar vertical
distribution can be found in the case of acetone originating from both direct emissions and
as a by-product of VOC oxidation. Singh and colleagues?® reported that the relative source
strength between primary emission and VOC oxidation is around 1 to 2 on a global scale.
The biogenic primary sources are estimated to be around nine times higher than those from
anthropogenic sources on a global scale.28 The vertical distribution of acetone presented in
Fig. 2 is quite similar to that of MVK + MACR except that the concentration of the lowest
part of the profile does not substantially change over the day for acetone in comparison to
MVK + MACR, which may reflect the relative importance of surface emission of acetone
in the morning from traffic. As the day progresses, the relatively slow reaction rate with OH
(kon = 2.31 x 10713 molecule™ s71 cm3), causes acetone from both primary and secondary
sources to appear well-mixed through the boundary layer. Furthermore, the substantial level
(1-2 ppb) in the free troposphere can be attributed to its long chemical lifetime. There

are two distinctive features in the OH reactivity vertical distribution. First, there is the
substantial presence of OH reactivity in the free troposphere, which can be explained by
contributions from relatively long-lived trace gases such as CO and acetone, as most reactive
trace gases were observed to have insignificant levels compared with the values in the
boundary layer. Second, enhanced OH reactivity in the boundary layer is observed in the
afternoon similar to the OVOC vertical profiles such as MVK + MACR and acetone, which
illustrates a homogeneous distribution throughout the boundary layer in the afternoon. In
contrast, VOCs directly emitted from anthropogenic and biogenic activities such as benzene,
toluene, isoprene and monoterpenes illustrate a pronounced mixing ratio near the surface.
Therefore, one can speculate that the relative contribution from OVOCs to OH reactivity
become more important in the upper part of the boundary layer and the free troposphere.

The normalized trace gas and OH reactivity profiles shown in Fig. 3 illustrate the observed
boundary layer behavior in further detail. Fig. 3 (left) shows the vertical distributions of CO,
benzene, toluene, isoprene and monoterpenes below 4 km in the late afternoon normalized
by the lowest altitude observed values. A more pronounced vertical gradient in the boundary
layer can be noticed for the reactive compounds such as isoprene and monoterpenes, in
comparison to the less reactive compounds such as CO, benzene, and toluene. The OVOC
distributions in the late afternoon such as acetone and MVK + MACR, shown in Fig. 3
(right), illustrate the broadly elevated levels in the boundary layer, and divergence in the free
troposphere. OH reactivity distributions in the afternoon follow those of acetone, a longer
lived OVOC.

3.2 Combining ground site and airborne observations

The trace gas observations on the aircraft provide detailed information on interactions
between boundary layer mixing processes and photochemical degradation of trace gases of
various reactivity. One important fact that we should remind ourselves is that the lower
levels of the vertical distribution of trace gases and other parameters are not typically
observed on the aircraft. Other than during a missed approach, or a flight pattern to approach
to a runway with landing gear on very close to the surface without actually landing then
taking off again, at Seoul Airport, the surface air layer where most compounds are emitted,
is never sampled by the instrumentation on most research aircraft. We attempt systematic
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comparisons between datasets collected at the lowest NASA DC-8 altitude and the TRF
ground site. As shown in Fig. 1 and S1, the overall flight tracks over the SMA consistently
followed a prescribed flight path that consists of a missed approach at Seoul Airport then

a turn to the southeastern direction to pass over the TRF. Typically, the DC-8 overpass was
conducted at ~700 m above the ground.

We filtered the data points for the Taehwa overpasses of DC-8. The applied spatial filter
for this analysis is shown in Fig. S3.T The average VOC concentrations in the afternoon
(14:00 to 17:00 local time) for the overpasses, along with standard deviation error-bars, are
shown in Fig. 2. The levels of most VOCs with various atmospheric reactivity are in the
range of the averaged concentrations in the vertical profiles in the SMA. This consistency
implies that the TRF site is representative of the average regional characteristics of trace
gas distributions. It may come as a surprise that a forest site near a megacity can reflect

the regional characteristics. However, as shown in Fig. 1, a substantial fraction of the flight
track is over the forest. On top of that, the prevailing wind direction during the campaign
was mostly easterly (Fig. 4), where forest is the dominant land cover. Lee and colleagues?’
presented the diurnal circulation pattern of Seoul’s city center and its surroundings. In the
analysis, Lee and colleagues?” illustrated that the airmass from the surrounding forest is
circulated into the urban area. Therefore, the quantitative understanding of photochemistry
in the suburban forest is also critical to properly simulate urban air quality.

To examine the differences in various observed trace gas levels at the TRF and on the NASA
DC-8, we present diurnal variations of VOCs from primary emissions of toluene, isoprene,
and monoterpenes and OH reactivity in Fig. 5. The average diurnal variations are based on
the ground observational dataset at the TRF for the dates when the NASA DC-8 conducted
its science flights. The data points in the plots are averages of the airborne observational
datasets when the NASA DC-8 flew near the TRF. Fig. S4t illustrates exemplary temporal
variations of isoprene and OH reactivity observed at the TRF and the DC-8 over the TRF
filtered by the spatial filter illustrated in Fig. S3.1 The presented dataset for this analysis is
based upon 14 days of science flights over a month.

Most of the observed trace gases, regardless of biogenic or anthropogenic origins, illustrate
a clear difference between the ground and the airborne observations due to the stagnation
processes discussed above (Fig. 5). As the boundary layer develops towards the afternoon,
moderately long-lived VOCs such as toluene were observed at comparable levels at the TRF
on the ground and at the DC-8 700 m altitude. However, the ground observations of the
reactive trace gases such as isoprene and monoterpenes are substantially higher during the
afternoon than those from airborne observations.

For further examination, we reconstruct the vertical distribution of reactive VOCs such

as isoprene and monoterpenes and OH reactivity, by assuming first-order decay. For this
analysis, we assume that the airmass that the NASA DC-8 sampled is from the forest.
Again, it can be justified by the fact that the horizontal wind direction governing advection
was predominantly from the forest area. As the TRF site was established in the middle

of a pine plantation, which has relatively high monoterpene emissions, it is possible that
monoterpenes are overrepresented relative to the other local landscapes. However, site
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survey results indicated that monoterpene concentrations observed outside of the plantation
in the surrounding research forest were at similar levels to those inside of the plantation.1!
In addition, a substantial fraction of the surrounding natural forest is composed of conifers
(~50%) in South Korea.1! Therefore, the comparison of the reactive trace gas datasets
between TRF and the overpass airborne measurements provides insight on the vertical
divergence of reactive trace gases in the lower planetary boundary layer in this region.

The first order decay constants of isoprene, monoterpenes, and OH reactivity are calculated
with the following equation.

[concentration], = [concentration]o X e k? )

where kis the first order decay constant (m™2); Zis altitude (m); [concentration]g is the
concentration observed at the TRF; and [concentration], is the concentration at altitude z

The first order decay constant (k) can be deduced from the concentrations observed on the
DC-8 overpass and at the TRF in the late afternoon (2 pm to 4 pm) and are presented in Fig.
6. The specific input values and deduced decay constants are summarized in Table 2.

The detailed analysis by Karl and colleagues?® quantitatively describes the impact of
physical parameters such as vertical heat flux, and chemical aspects such as chemical
lifetime, that are mostly governed by hydroxyl radical concentrations. The OH reactivity
vertical divergence clearly illustrates that the reactive compound divergence is mostly
governed by chemical reactions since it more sharply decreases in its magnitude than that
of isoprene. Since we know the reactivity of isoprene (Aisoprene—on = 1.0 x 10710 cm?
molecules™ s71 at 25 °C), we can relate this to the average reactivity of monoterpenes,
consisting of many different isomers, Table 3. It is clear that monoterpenes have a
chemical divergence that is as much as three times faster than isoprene. It is notable that
the dominant monoterpenes identified by the gas-chromatography technique at this site,
B-pinene, a-pinene, and 3-carene,®2%:30 are not very reactive compared with isoprene.
Therefore, the rapid decay of monoterpenes illustrated in Fig. 3 leads us to conclude

that the total monoterpene measurement of the PTR-ToF-MS technique may mostly be
detecting very reactive monoterpene species, with lifetimes of a few minutes such as
ocimene (cis-B and trans-p3L), that are difficult to quantify by offline GC techniques as

a number of previous studies have reported.32 The decay rate of OH reactivity is faster
than that of isoprene (~twice) but slower than that of monoterpene. Therefore, this analysis
quantitatively illustrates that a substantial amount of reactive trace gases are composed of
highly reactive species, which directs us to investigate potential sources for compounds
causing missing OH reactivity.33 Indeed, a detailed analysis by Sanchez and colleagues?°
reported 61% of total OH reactivity was missing at the TRF during the KORUS campaign.
It is also notable that ozone may play a significant role in the fast vertical decay of
monoterpenes. In general, higher reactivity towards OH for specific monoterpene isomers
warrants higher reactivity towards ozone (e.g. Kim and colleagues#), and as shown in Fig.
2, substantial ozone was present in the boundary layer over SMA.
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Therefore, the observed high level of missing OH reactivity in the canopy during the
KORUS-AQ campaign is likely to be mainly driven by highly reactive VOCs, such as
reactive monoterpenes. These compounds would be quickly oxidized very close to the
surface to produce less reactive oxidation products. If they are monoterpenes or similar
compounds, then their oxidation products will likely be partitioned into the particle phase
and will not have any further impact on oxidation capacity. Therefore, it is plausible that
these highly reactive compounds have only limited impact on oxidation capacity near the
surface, possibly inside of the forest canopy, which would serve as an important constraint to
evaluate regional photochemistry such as NO, lifetime (e.g. Loughner and Cohen3®).

4. Conclusion

The examination of the vertical evolution of collective trace gas reactivity illustrates that
the ground reactivity is dominated by very reactive gases consistent with reactive BVOCs.
This observation suggests that most reduced trace gases emitted from the surface of the
suburban forest are mostly oxidized near the surface below the region probed by a large
research aircraft such as the NASA DC-8, due to flight restrictions. Therefore, we urge the
deployment of additional platforms to investigate photo-oxidation processes in the lower
troposphere, such as tall towers, tethered balloons and unmanned aerial vehicles to directly
measure and investigate the rapid photochemical processes occurring in this region. These
results also provide a critical constraint to evaluate model performance to assess the role
of megacities in the global climate system for producing short-lived climate forcers such as
ozone and aerosols.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Google Ear

Fig. 1.
Location of the two ground super sites and stereo manoeuvring for NASA DC-8 for the

KORUS-AQ field campaign in 2016. The top left map shows the flight track over the SMA.
The circular flight pattern on the left of the TRF illustrates spiral profiling.
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The averaged vertical profiles quantified on the NASA DC-8 during the KORUS-AQ
campaign over the SMA. The blue, the red, and the dark yellow profiles illustrate average
profiles for morning (8 am to 11 am), mid-day (11 am to 2 pm), and late afternoon (2 pm to

5 pm), respectively.
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Fig. 3.
The normalized profiles of trace gases observed on the NASA DC-8 during the KORUS-AQ

in the SMA.
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Fig. 4.
A wind rose showing observed wind distributions near the TRF. The wind data is filtered

using the geographical filter shown in Fig. S3.t
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An illustration of the vertical decays of isoprene, monoterpenes, and OH reactivity using
afternoon averaged datasets at TRF and NASA DC-8 during the TRF overpasses in the late
afternoon (2 pmto 5 pm).
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Table 1

A list of the instrumentation deployed for KORUS-AQ that was used for this study

Instrument

Parameters

Ground

NASA DC-8

Comparative reactivity method-chemical ionization spectroscopy (CRM-CIMS)

Thermo Scientific 42i

Cavity ring down spectroscopy (Los Gatos)
Thermo Scientific 49i

Luffi 501 C

Thermo Scientific 48i TLE

Thermo Scientific 43i TLE

Proton transfer reaction-time of flight-mass spectrometer (PTR-TOF-MS)
Flow tube-laser induced florescence technique!®
Chemiluminescence technique3®

UV absorption spectroscopy36

Differential absorption CO measurement3’

PTR-ToF-MS

OH reactivity

NO

NO,

O,

Temperature

CO

SO,

VOCs and OVOCs
OH reactivity
NO,

03

CcO

VOCs and OVOCs
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Table 2

A summary of averaged observed values at TRF and on the NASA DC-8 during its overpass above the TRF in
the late afternoon (2 pm to 5 pm local time)

Monoterpenes  OH reactivity

Altitude (ppb) (s Isoprene (ppb)  Toluene (ppb)
0m (TRF) 0.2 27.8 0.36 1.28
700 m (NASA DC-8) 0.03 6.8 0.19 1.04
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Table 3

A summary of the vertical decay analysis of monoterpenes, isoprene and OH reactivity. Ratios with the value
determined for isoprene are presented

Monoterpenes  OH reactivity Isoprene

Rate constant (m™) 2.7 x 1073 2.0x1078 9.0x10™
Ratio 3.0 2.2 1
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