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Abstract

Improved urban greenhouse gas (GHG) flux estimates are crucial for informing policy and mitigation efforts. Atmospheric inver-
sion modelling (AIM) is a widely used technique combining atmospheric measurements of trace gas, meteorological modelling,
and a prior emission map to infer fluxes. Traditionally, AIM relies on mid-afternoon observations due to the well-represented
atmospheric boundary layer in meteorological models. However, confining flux assessement to daytime observations is prob-
lematic for the urban scale, where air masses typically move over a city in a few hours and AIM therefore cannot provide
improved constraints on emissions over the full diurnal cycle. We hypothesized that there are atmospheric conditions beyond
the mid-afternoon under which meteorological models also perform well. We tested this hypothesis using tower-based mea-
surements of CO2 and CH4, wind speed observations, weather model outputs from INFLUX (Indianapolis Flux Experiment),
and a prior emissions map. By categorizing trace gas vertical gradients according to wind speed classes and identifying when
the meteorological model satisfactorily simulates boundary layer depth (BLD), we found that non-afternoon observations can
be assimilated when wind speed is >5 m/s. This condition resulted in small modeled BLD biases (<40%) when compared to
calmer conditions (>100%). For Indianapolis, 37% of the GHG measurements meet this wind speed criterion, almost tripling the
observations retained for AIM. Similar results are expected for windy cities like Auckland, Melbourne, and Boston, potentially
allowing AIM to assimilate up to 60% the total (24-h) observations. Incorporating these observations in AIMs should yield a

more diurnally comprehensive evaluation of urban GHG emissions.

Hosted file

AdditionalDataAIM.docx available at https://authorea.com/users/745460/articles/717483-
assimilating-morning-evening-and-nighttime-greenhouse-gas-observations-in-atmospheric-
inversions

Hosted file

SuppInfo_AdditionalDataAIM.docx available at https://authorea.com/users/745460/articles/
717483-assimilating-morning-evening-and-nighttime-greenhouse-gas-observations-in-
atmospheric-inversions


https://authorea.com/users/745460/articles/717483-assimilating-morning-evening-and-nighttime-greenhouse-gas-observations-in-atmospheric-inversions
https://authorea.com/users/745460/articles/717483-assimilating-morning-evening-and-nighttime-greenhouse-gas-observations-in-atmospheric-inversions
https://authorea.com/users/745460/articles/717483-assimilating-morning-evening-and-nighttime-greenhouse-gas-observations-in-atmospheric-inversions
https://authorea.com/users/745460/articles/717483-assimilating-morning-evening-and-nighttime-greenhouse-gas-observations-in-atmospheric-inversions
https://authorea.com/users/745460/articles/717483-assimilating-morning-evening-and-nighttime-greenhouse-gas-observations-in-atmospheric-inversions
https://authorea.com/users/745460/articles/717483-assimilating-morning-evening-and-nighttime-greenhouse-gas-observations-in-atmospheric-inversions

N

© 00 ~N o u

10
11
12

13

14
15

16
17

18
19

manuscript submitted to Journal of Geophysical Research: Atmospheres

Assimilating Morning, Evening, and Nighttime Greenhouse Gas Observations in
Atmospheric Inversions

V. C. Monteiro*?, J. C. Turnbull**, N. L. Miles*, K. J. Davis*, Z. Barkley*, A. Deng®

'GNS Science, Lower Hutt, New Zealand.

2Victoria University of Wellington, Wellington, New Zealand.
3University of Colorado at Boulder, Boulder, Colorado, USA.

*The Pennsylvania State University, University Park, Pennsylvania, USA.
*Vestas-American Wind Technology, Inc.

Corresponding author: Vanessa Monteiro (v.monteiro@gns.cri.nz)

Key Points:

e Assimilating non-afternoon greenhouse gas observations in atmospheric inversions is
reliable when wind speeds are greater than 5m/s.

e Inclusion of non-afternoon atmospheric observations during windy conditions doubles
the current data assimilation in atmospheric inversions.

e Additional observations in atmospheric inversions have the potential to improve
greenhouse gas emissions estimates.
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Abstract

Improved urban greenhouse gas (GHG) flux estimates are crucial for informing policy and
mitigation efforts. Atmospheric inversion modelling (AIM) is a widely used technique
combining atmospheric measurements of trace gas, meteorological modelling, and a prior
emission map to infer fluxes. Traditionally, AIM relies on mid-afternoon observations due to the
well-represented atmospheric boundary layer in meteorological models. However, confining flux
assessement to daytime observations is problematic for the urban scale, where air masses
typically move over a city in a few hours and AIM therefore cannot provide improved
constraints on emissions over the full diurnal cycle. We hypothesized that there are atmospheric
conditions beyond the mid-afternoon under which meteorological models also perform well. We
tested this hypothesis using tower-based measurements of CO, and CH4, wind speed
observations, weather model outputs from INFLUX (Indianapolis Flux Experiment), and a prior
emissions map. By categorizing trace gas vertical gradients according to wind speed classes and
identifying when the meteorological model satisfactorily simulates boundary layer depth (BLD),
we found that non-afternoon observations can be assimilated when wind speed is >5 m/s. This
condition resulted in small modeled BLD biases (<40%) when compared to calmer conditions
(>100%). For Indianapolis, 37% of the GHG measurements meet this wind speed criterion,
almost tripling the observations retained for AIM. Similar results are expected for windy cities
like Auckland, Melbourne, and Boston, potentially allowing AIM to assimilate up to 60% the
total (24-h) observations. Incorporating these observations in AIMs should yield a more
diurnally comprehensive evaluation of urban GHG emissions.

Plain Language Summary

It is crucial to improve greenhouse gas (GHG) emission estimates to inform policy and
mitigation strategies. However, the current model techniques used to estimate such emissions
rely on incorporating only mid-afternoon observations of atmospheric concentrations of GHGs.
For cities, this limits a detailed understanding of emissions during hours of the day when
emissions are the highest, such as the morning rush hours. This constraint is due to the
limitations on how well meteorological models can describe the atmosphere during stable
conditions, such as when calm winds prevail. To understand if there are any atmospheric
conditions when meteorological models have good performance, for non-afternoon hours, we
used atmospheric measurements of carbon dioxide and methane, alongside meteorological model
outputs. We found that observations during non-afternoon hours are suitable for use in models
when wind speed is greater than 5 m/s. This means that it is possible to double the amount of
data that goes into the modeled GHG emission estimates. With this finding, emission estimates
will potentially be improved, leading to a better evaluation of the diurnal cycle of GHG
emissions.

1 Introduction

To ascertain the fulfilment of the Paris Agreement commitments (United Nations, 2015)
and effectively mitigate emissions, we need to quantify emissions at fine scales. Urbanized areas
are responsible for about 75 % of CO, emissions from global energy use (United Nations Human
Settlements Programme, 2022). Several techniques can be used to estimate emissions from cities.
Bottom-up approaches use emission factors, direct reporting, and activity data to derive emission
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inventories (e.g., Gurney et al., 2012, 2019, 2020; Oda et al., 2018; Keller et al., 2022). Top-
down approaches, on the other hand, use atmospheric observations of a trace gas, alongside
atmospheric transport models and optimization methods (e.g., Bayesian atmospheric inversion
modelling or AIM) to infer emission rates.

AIM is widely used to diagnose emission rates at the global (e.g., Konovalov et al., 2006;
McNorton et al., 2022), regional (e.g., Lauvaux et al., 2012; Zhang et al., 2014; Thompson et al.,
2015; Alden et al, 2016; Deng et al., 2017; Wang et al., 2020; Barkley et al., 2021; Maasakkers
et al., 2021; Petrescu et al., 2021; Deng et al., 2022) and local scale (e.g., Lauvaux et al., 2013,
2016, 2020; Wu et al., 2015; Turner et al., 2020; Nalini et al., 2022). In most cases, AIM
assimilates only mid-afternoon observational data (e.g., Lauvaux et al., 2013, 2016; Nalini et al.,
2022) since atmospheric transport models have better capability to simulate the convective
atmospheric conditions that are common during the afternoon (Mahrt, 1998), as opposed to
transient conditions as in the sunrise and sunset hours and the stable atmosphere commonly
observed at night. In contrast to continental scale inversions (e.g., Maasakkers et al., 2021) that
have substantial sensitivity to all hours of the day despite utilising only mid-afternoon
observational data, the shorter transit times of air over the city on the order of few hours mean
that city-scale inversions are typically only sensitive to a few hours of the day. This is a
limitation to our capability to fully understand diurnal cycles of urban emissions, and affects
crucial times of the day when anthropogenic emissions are particularly high (e.g., early morning
rush hours).

If an atmospheric transport model makes a small error in simulating the weak mixing
typical of a stable boundary layer, the error in mole fraction caused by atmospheric transport can
be very large. Stable boundary layers (SBL) mostly occur during nighttime hours and have many
underlying physical processes (i.e., sporadic turbulence, internal gravity waves, nocturnal jets,
inertial oscillations, drainage flows, land surface coupling and heterogeneity, orographic
turbulence) that make them complicated to simulate (Stull, 1988; Steeneveld, 2007, 2014).
Similar challenges happen during periods of transition, such as sunrise and sunset hours. As a
consequence of the complex interactions among all the physical processes of the SBL, modeled
variables such as wind speed and air temperature are often significantly biased (Steeneveld,
2014). On the other hand, convective boundary layers (CBL), which are generally fully
developed in the mid-afternoon hours, present buoyancy-generated mixing which homogenizes
vertical gradients (VGs; Schmidt & Schumann, 1989; Bakwin et al., 1998; Davis et al., 2003).
These physical characteristics make the modelling of the CBL (unstable conditions) more
reliable than that of the SBL.

Thus even though tower-based measurements capture the full diurnal cycle of
greenhouse gas mole fractions, only a fraction of these data are usually included in AIM. Maier
et al. (2022), studied how nighttime observations can be included in AIM for point source
emissions estimates using WRF-STILT (Weather Research and Forecasting — Stochastic Time-
Inverted Lagrangian Transport model). Using a volume approach for point source emissions,
instead of the typical surface emissions approach, they could simulate point source fossil fuel
CO; during nighttime as well as during the daytime. For urban emissions, Lian et al. (2022)
showed an attempt to include morning data in the AIM for emissions estimates during COVID-
19 lockdown in Paris. The results showed that fossil fuel estimates, assimilating both morning
and afternoon observations, were lower than when exclusively using afternoon observations.
This difference was explained as being associated with incorrect BLD simulation at the morning
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hours, problems with near-surface vertical mixing, or diurnal cycle of emissions. Thus, using
morning data without a filtering criteria was not considered a reliable approach. Then, Lian et al.
(2023) used a filtering approach to guide the use of morning and afternoon observations (08:00 -
17:00 UTC) in AIM. The filtering method includes a wind speed threshold used alongside a CO»,
boundary layer depth, and wind direction model-observation mismatch criteria. The inclusion of
morning data using this method provided a greater uncertainty reduction in morning hour fossil
fuel emission estimates (11 to 16%) when compared to the case of assimilating only afternoon
observations. However, there is no attempt to assimilate evening nor night GHG data in urban
AIM, especially using a criteria that can be widely used, where certain observations, such as the
boundary layer depth, are not available. In the current study, we hypothesize that there are
atmospheric conditions during any non-afternoon hours which are relatively well-mixed and thus
reliably simulated by atmospheric models, and able to be incorporated into AIM. Our goal is to
identify well-mixed atmospheric conditions during non-afternoon hours and test the validity of
inclusion of this additional data in AIM. We suggest an approach for filtering observations
based on meteorological conditions rather than time of day, enabling more data to be used in
AIM, using a simplistic approach that avoids the need for complex additional observations.

To uncover the appropriate atmospheric conditions, we use vertical profiles of trace
gases, carbon dioxide (CO,) and methane (CH,), from the Indianapolis FLUX Experiment
(INFLUX) (Davis et al., 2017) to derive vertical GHG mole fraction differences, normalized by
local anthropogenic fossil fuel emissions (Gurney et al., 2012; 2017), as a proxy for atmospheric
vertical mixing. Vertical mixing in the afternoon is mainly driven by thermal convection
originating from radiative surface heating, which generates thermal turbulence and leads to the
development of a well-mixed (unstable) atmospheric layer (Stull, 1988) with well-mixed GHG
profiles (Bakwin et al., 1998). The height, from bottom to top, of this mixed layer is herein called
boundary layer depth (BLD). During nighttime net radiative cooling at the surface tends to
dampen boundary layer turbulence (Stull, 1988). Mechanical turbulence is an important driver
of mixing during these hours (Mahrt, 1998; Stull, 1988), thus we examine wind speed to identify
turbulent atmospheric conditions.

We partition the vertical differences into surface wind speed categories, as well as into
turbulent kinetic energy (TKE) categories. The mean wind speed can characterize the
stratification of the stable boundary layer (Mahrt, 1998), and is easily measured. TKE describes
the intensity of boundary layer turbulence (Stull, 1988), and although it is not commonly
directly measured, it is usually simulated by atmospheric transport models. Nighttime TKE can
be high due to the positive buoyancy in urban areas (Tong et al., 2022). This suggests that there
might be conditions during non-afternoon hours in urban areas when we will find atmospheric
mixing similar to mid-afternoon hours. Thus, we use these measures of turbulence to identify a
criteria for the use of additional data in AIM.

Further, we evaluate the transport model performance for the criteria found using this
method, to understand whether the well-mixed conditions identified using VGs correspond to the
smallest transport model errors. Thus, we investigated the model-observation differences in both
wind speed and BLD. We use BLD relative biases to seek the atmospheric conditions that result
in the smallest errors. AIM uses trace gas enhancements over background (i.e., CO2xs) as one of
its inputs, comparing observed-modeled enhancements to arrive at the best solution for
emissions. Thus, we also explored how observed CO,xs compares to forward model outputs
(Deng et al., 2017), using the Hestia inventory as the prior emissions map (Gurney et al., 2012;
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2017), to uncover the atmospheric conditions that lead to the best model-observation agreement.
All the results are confronted with typical mid-afternoon conditions, as a reference for acceptable
model-observation divergences. Lastly, we discuss how much additional data can be assimilated
by AIM through the use of this methodology and how other cities where GHG networks are
available can benefit from this method.

2 Methods

2.1 Indianapolis FLUX Experiment (INFLUX) and period of study

We used measurements of CO, and CH,4 from the Indianapolis Flux Experiment
(INFLUX). The INFLUX observation network is deployed in Indianapolis, Indiana, USA, and is
designed to develop and assess methods for greenhouse gas flux measurements and modelling
(Davis et al., 2017). This network is equipped with Cavity Ring-Down Spectrometers (CRDS;
Picarro, Inc.) and regular discrete flask measurements. As many as 12 telecommunication towers
have been instrumented at any one time since 2010 (Miles et al., 2017a; Richardson et al., 2017;
Lauvaux et al., 2016), recording high-frequency continuous measurements of CO, (all sites),
CHy,, and CO (some sites). At some sites, there are measurements at multiple heights. Hourly
outputs of these measurements are publicly available (Miles et al., 2017a).

Indianapolis is in predominantly flat terrain, isolated from other metropolitan areas. The
city is mostly surrounded by agriculture; and, south of the city, there are forested areas (Figure
1). The prevailing wind directions in Indianapolis are southerly (more frequent during warm
months) and westerly (more frequent during cold months), with mean wind speeds at 10 mAGL
averaging 3 m/s during the hottest months and 4 m/s during the coldest months. Indianapolis is
characterized by a city-scale circulation dominated by advection, where urban emissions are
transported downwind the city in plumes, with typical ventilation times of a few hours (e.g.,
Lauvaux et al., 2016).

For this study, we selected January and February of 2016 to represent the dormant
season, and May, June, and July of 2016 to represent the growing season. The dormant season
was chosen to evaluate the CO, fluxes, which in these months, are less influenced by biological
sources (Turnbull et al., 2015; Wu et al., 2022), easing the interpretation of CO, analysis. The
growing season was used to demonstrate the applicability of the method even when biological
CO; fluxes are significant. The time period was selected to match other concurrent
measurements (e.g., boundary layer depth from Doppler Lidar), explained in Section 2.3.2.

For measurements of CO, and CH4 mole fractions, we selected INFLUX Site 01 and Site
09 (Figure 1) as background sites for the calculation of enhancements (see Section 2.3.3), since
they are both considered good upwind backgrounds (Miles et al., 2017b). Site 01 is located at
geographical coordinates 39.5805 N and 86.4207 W, and 256 m above sea level (mASL), within
a forested area, southwest of the city. Site 09, 39.8627 N and 85.7448 W, 277 mASL, is in an
agricultural area and situated east/northeast of the city. From these sites, we used the highest
measurement level for the background determination (Section 2.3.3), which are 121 mAGL and
130 mAGL, respectively. We used measurements at 10 m above ground level (mAGL) and 40
mAGL from Site 02 to obtain the vertical differences (Section 2.2) and enhancements (Section
2.3.3). This site is in a suburban area, surrounded by houses and shops and close to a busy
interstate highway, on the east side of the city (39.7978 N, 86.0183 W, 267 mASL). We used
Halo Photonics Stream Line XR Doppler lidar measurements (Bonin et al., 2018) of boundary
layer depth (Section 2.3.2), obtained from a lidar deployed in the northeast corner of Indianapolis
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(39.8619 N, 86.0043 W, 21 mAGL,; Bonin et al., 2018). Measurements of wind speed (Section
2.3.1) were retrieved from an Automated Surface Observation Station (ASOS, data publicly
available at https://mesonet.agron.iastate.edu/) deployed at the Indianapolis International Airport
(39.7333 N, 86.2833 W, 10mAGL).
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Figure 1. Map with site locations. The tower symbols show the location of INFLUX sites 01, 02, and 09; followed
by the Indianapolis International Airport (data publicly available at https://mesonet.agron.iastate.edu/) and the Halo
Doppler Lidar (Bonin et al., 2018), used for boundary layer depth analysis (Section 2.3.2). The map background
shows the landcover from the 2016 US National Land Cover Database (publicly available at https://www.mrlc.gov/),
and the Interstate highways.

We grouped the hours of the day into five periods according to the most likely characteristic of
each period (Table 1).

Table 1. Description of the characteristics of each period of the day evaluated. The table highlights the mid-
afternoon hours, which are the typical hours used in city-scale AIM. All times are local standard time = UTC - 5
hours.

Local time Name Description

(LT)

00:00 — 04:59 | Mid-night Hours when, typically, there is a well-established stable nocturnal boundary
layer

05:00 - 08:59 | Sunrise/transition | Hours when there is a transition from stable boundary layer to the
development of a convective boundary layer

09:00-11:59 | Morning Convective boundary layer is developing

12:00 - 16:59 | Mid-afternoon Convective boundary layer is fully developed; typical hours used in AIM

17:00 — 20:59 | Sunset/Transition | Transition from convective boundary layer to stable boundary layer

21:00 — 23:59 | Evening Stable boundary layer is developing.

2.2 Proxy for atmospheric vertical mixing

We used vertical gradients (herein defined as VG) of the trace gases (CO, and CH,) to
determine if the atmospheric vertical mixing during non-afternoon hours is similar to the vertical
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mixing of the same trace gases during mid-afternoon hours. Small vertical differences (where
small is defined by the VG observed in mid-afternoon conditions) can be interpreted as well-
mixed conditions (unstable CBL). The opposite, large VG relative to mid-afternoon conditions,
implies limited vertical mixing, and thus a stable atmospheric surface layer. VGs, however,
change with the magnitude of local emission fluxes, which are also variable throughout the day.
Thus, for CO,, we also normalized the VGs by the local, diurnally varying fossil fuel emissions
around each tower, obtained from Hestia data product (Gurney et al., 2012; 2017) (details can be
found in Text S1). There is one major methane source in Indianapolis, a landfill located in the
southwest of the city, and other city wide emissions originate from the natural gas distribution
system (Cambaliza et al., 2015). These sources might have seasonal variations, but it is not
expected to vary over the diurnal cycle. Thus, it is assumed that CH,4 has a constant flux
throughout the day, and a normalization by CH, flux is not needed, since the magnitude of the
VGs is compared to mid-afternoon hours, cancelling out a constant CH, flux.

The averaged VG for a period of time (e.g., 00:00 - 04:59, 05:00 - 08:59, 09:00 - 11:59,
12:00 - 16:59, 17:00 - 20:59, 21:00 - 23:59) of a trace gas mole fraction is calculated by the
difference between the top level measurement and the bottom level measurement of the trace gas
at each tower, divided by the top-bottom height difference:

Y77 1 [X(h )] our_[X(h )] our
VG[X][time] =q IP—lIour=1( . hhl—hz 2k ) (1),

where [X(hq)]nour 1S the trace gas mole fraction (CO, or CHy) at height hy, and [X (h,)]50ur the
trace gas mole fraction at height h,, both measured at the same hour. Then we averaged the
hourly VG from hour 1 to hour H, over each period of time. We computed the vertical
differences for Site 02, where h, is the measurement at 40 mAGL and h, is the measurement at
10 mAGL.

We normalized the VG [X](;ime) by the averaged vertical gradients during afternoon
hours,

(77 VG[X] [time]

G [X] [time] = (2)’

VG[x] [afternoon]

and then, for CO; we also normalized by averaged fossil fuel emissions (f_femissions[time]):

—~ VG[CO,1¢i VG[co,] -
Va [COZ][time;emission] = ( Zltime] >/( Zlafternoon] ) (3)

ffemissions[time] ffemissions[afternoon]
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2.3 Determining the tenable atmospheric conditions that lead to inclusion of non-
afternoon data

2.3.1 Wind speed and turbulent kinetic energy (TKE)

We used observed wind speed and simulated TKE to determine the tenable conditions for
the inclusion of additional data in AIM. After calculating the VG [X] [time], WE SUbsetted these
gradients under different categories of wind speed and TKE to compare to mid-afternoon VGs.

We categorized the VG [X] [time] fOr each time period into six wind speed ranges: <2 m/s,
2-3 m/s, 3-4 m/s, 4-5 m/s, 5-6 m/s, > 6 m/s. We used hourly-averaged surface (10 mAGL) wind
speed measurements from the Indianapolis International Airport (Figure 1) retrieved from the
ASOS network, through the lowa Environmental Mesonet (publicly available at
https://mesonet.agron.iastate.edu/). The choice of publicly available data is helpful to test and
expand the method to other cities worldwide.

For TKE we used outputs from 1 km resolution WRF runs for Indianapolis (Deng et al.,
2017), extracted at 50 mAGL, providing an alternative criterion that directly represents turbulent
mixing and links the observed VGs to the transport model. Similar to wind speed, for each site,
we calculated the mean VG within a TKE range, in 0.2 m?/s? intervals, starting from <1.0 m%/s?
up to >1.6 m?/s%; and then, we normalized by fluxes. We note that TKE is a direct measure of the
intensity of atmospheric turbulence, unlike the indirect measure of 10 mAGL wind speed. TKE
measurements, however, are not as commonly available, but are computed in many of the
boundary layer parameterizations using numerical weather models such as WRF (Weather
Research and Forecasting) as a step in AIM.

2.3.2 Model-observation differences

We used hourly-averaged BLD retrieved from a Halo Photonics Stream Line XR Doppler
lidar (Bonin et al., 2018; data available online at
https://csl.noaa.gov/groups/csl3/measurements/2016influx/halo/), to compare with WRF
estimates of BLD (Deng et al., 2017; Deng et al., 2020). Modeled BLD was extracted at the
location of the Halo Doppler Lidar (Figure 1). First, we evaluated hourly absolute and fractional
biases between model and observation, averaged for each period of the day, to understand if the
biases during non-afternoon hours were significantly different from the biases from the mid-
afternoon hours. Secondly, we looked at the mean absolute error (MAE) and model-observation
bias under the wind speed and TKE classes explained in Section 2.3.1; e.g., calculated the biases
for very stable cases and for relatively well-mixed cases during non-afternoon hours. We
hypothesized that if the fractional model-observation differences are on the same order of
magnitude for both afternoon and non-afternoon hours, then it should be reasonable to
extrapolate the use of such observations in AIM.

For surface wind speed, we calculated model-observation correlation and biases to
determine the weather model capability to reproduce surface wind speed, seeking good
agreement that can justify the use of wind speed as a criterion to determine suitable atmospheric
conditions for the use of data in AIM.

2.3.3 Enhancements over a background

We calculated enhancements over background (or X,.,) for Site 02 (inlet height 40
mAGL) using an upwind site located outside of the urban plume, thus, either Site 01 (inlet height
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121 mAGL) or Site 09 (inlet height 130 mAGL). Site 01 was adopted when air masses were
coming from 180 — 360 degrees, and Site 09, otherwise. The measurements were matched in
time, thus the X, at, for example 13:00 LT, represents the difference between the mole fraction
at Site 02 at 13:00 LT and the mole fraction measured at Site 01 or 09 at 13:00 LT, following the
equation 4:

Xes = [X] — [X]bg (4),

where [X] is the observed CO, mole fraction at Site 02, and the [X],, is the mole fraction at the
background site (e.g., 01 or 09). [X] and [X],, are measured at the same time.

Modeled X, can be derived from forward models, through the use of influence functions,
also called footprints. An influence function gives us the history information of the airmass that
travels to a receptor (a certain place), arriving at a certain time. In our study, the receptor is our
site location (e.g., Site 02) where we have a trace gas mole fraction measurements. We used a
Lagrangian Particle Dispersion Model (LPDM) and a weather model (WRF) to obtain the
influence function at each site (Uliasz et al., 1994; Deng et al., 2017). The model was set up so
the influence function results in a gridded map of a trace gas concentration per unit mass per unit
time (e.g., ppb/(mol/h)), and it is produced for 72 hours back in time. The domain of the
influence function is 87x87 km?, with 1 km? resolution, centered at downtown Indianapolis
(39.7597 N, 86.1472 W). To compute X, ., we combined the influence function with the Hestia
prior emissions map (Gurney et al., 2012; 2017), which is an emission product based on bottom-
up methods, developed for Indianapolis, providing sectorized fossil fuel CO, (spatial scale of
individual buildings, road segments, and industrial/electricity production facilities) at fine
temporal resolution (1 hour). We computed the modeled enhancements of CO3, [X],s m, ata
given observation point, i, using:

[X]xs_m = H;x (5),

where H; is the influence function at a given site i computed using WRF and LPDM, and x is the
emission map. Here we assumed that emissions from Hestia (Gurney et al., 2012; 2017) at night
are as well known as during the day, and if observation-model differences are the same order of
magnitude as in mid-afternoon, we suggest that AIM can be used during these periods with
reliability similar to that of the mid-afternoon hours.

To demonstrate whether X, are dominated by transport errors, we compared observed
enhancements to vertical differences of a trace gas ([X]airr = [X]n, — [X]n,)- If X are greater
or very close to the vertical differences, then the modeled enhancements are not dominated by
transport errors.

2.4 Replicability for growing season

During the growing season, the fluxes of CO, are more complex. The spring and summer
in Indianapolis have intense biological activity (e.g., Turnbull et al., 2015), with agricultural and
natural vegetation adding CO, fluxes from photosynthesis and respiration to the anthropogenic
emissions. The analyses for VG[C0,] can be repeated if the vertical mixing is normalized
VG[CO0,] by the total fluxes (fossil fuel and biogenic), to remove the strong dependence of the
VGs on local fluxes. In the absence of biogenic fluxes, we applied the method to the growing
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season (May, June, and July of 2016) using the normalized VG [C0,] only by estimated
anthropogenic fossil fuel fluxes (as in equation 2) and the VG[CH,], which is not influenced by
biogenic fluxes, to test how wind speed filtering of our observations performs outside the
dormant season. Thus, exactly the same method applied for the dormant season. We evaluated
whether seasonality of wind speed and boundary layer depth, and the absence of known biogenic
fluxes would impact the method and alter the criteria.

3 Results and discussion

3.1 Atmospheric conditions suitable for the use of non-afternoon measurements in
atmospheric inversions during the dormant season

VG[X] [time] Categorized according to observed wind speed, showed a clear pattern
indicating that the smallest VGs occur during windy conditions (Figure 2 a,b). For wind speeds
<3m/s, the 176[602][“,”6] is up to 30 times larger than those observed in the mid-afternoon and
the I7G[CH4][time] up to 100 times larger than the mid-afternoon. As the wind speed increases,
the VGs become closer to mid-afternoon mixing conditions. When wind speed is higher than 5
m/s, the vertical mole fraction gradient does not exceed 2.5 times the mid-afternoon gradients,
and for specific times of the day (e.g., 09:00 — 11:59 LT), it is even smaller than the mid-
afternoon VGs (Figure 2 a). Similar behavior is seen for I7G[CH4][time] (Figure 2 b).

Splitting the VG [X] [time] USING simulated turbulent kinetic energy (TKE), however,
showed averaged VGs more evenly distributed across different TKE ranges, thus a less
prominent pattern than the one observed when using wind speed (Figure 2 ¢,d). Morning hours
(09:00 — 11:59 LT), however, are consistently similar to mid-afternoon for any TKE value, but
for other hours of the day, TKE >1.6 m?/s” showed VG [CO,]{time; @nd VG [CHyl time]
comparable to mid-afternoon hours (about 2.5 times the averaged VGs of mid-afternoon hours),
making this value a recommended cut-off. However, this less prominent pattern observed for
TKE versus wind speed suggests that TKE is a less straightforward criterion to determine
suitable conditions for inclusion of additional data in AIM. We note that, in urban areas, positive
buoyancy may be observed even for nighttime, opposite to what is seen in other landscapes
(Tong et al., 2022).

The transport model generally underestimates the observed surface wind speed, but has a
strong correlation at all hours of the day during the dormant season. The lowest r? (0.80) is found
for the period between 05:00 - 08:00 LT, while the highest r* (0.90) was found during the late
morning hours (09:00 - 11:00 LT) , indicating good model performance for this variable (Figure
S1). Thus, wind speed is a straightforward variable to determine the inclusion of additional data
in AIM, given that the model and observations have good agreement and showed to be a good
proxy for atmospheric stability. For this reason, the following results will be focused on the use
of wind speed as the variable to determine a criterion for suitable atmospheric conditions for
inclusion of data in AIM.
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Figure 2. Mean vertical gradients normalized by the mid-afternoon (12:00 to 16:59 local time) vertical gradients
VG[X] [time]) @nd categorized according to observed wind speed (from Indianapolis International Airport) and

modeled turbulent kinetic energy (TKE), for different time periods of the day, for January and February 2016. (a)
Wind speed and normalized vertical gradients of CO,; (b) wind speed and normalized vertical gradients of CHy; (c)
turbulent kinetic energy and normalized vertical gradients of CO,; (d) turbulent kinetic energy and normalized
vertical gradients of CH,. The black dashed line represents the size of the mid-afternoon VG, while the red dashed
line represents 2.5 times the size of the mid-afternoon VG. Figures are limited to 10 times the mid-afternoon VG for
better visualization. Note that, in this figure, the vertical gradients of CO, are not normalized by fossil fuel emissions
(which is done in Figure 3).

A similar pattern was also observed using the absolute VGs for both species, and the
smallest gradients occur during the mid-afternoon hours, when the atmosphere is well-mixed,
independent of the wind speed (Figure S2). These mid-afternoon VGs typically range from -0.02
to -0.06 ppm/m of CO, and from -0.04 up to -0.40 ppb/m of CH,4. For calm winds (<2 m/s), VGs
are the largest in magnitude for hours between 00:00 — 08:59 LT and 17:00 — 23:59 LT. This
overall pattern is not surprising since mechanical turbulence is a function of wind speed, and
increased turbulence will decrease the mole fraction VGs. In the mid-afternoon hours, e.g., 12:00
—16:59 LT, buoyancy typically produces additional turbulence, and this is reflected in the small
magnitude of the VGs at this time. Not coincidentally, these are the typical hours included in
atmospheric inversions for GHG emissions estimates. Further, we found that VGs are most
sensitive to changes in wind speed for non-afternoon hours, when buoyant mixing is relatively
weak.

Even though fluxes vary over the day, the normalization by local fossil fuel flux did not
affect the overall pattern observed when using the VGs alone (Figure 3), but revealed similar
ratios between %[COZ][time;emissmn] across all hours the day (Figure S3). This indicates that
VGs are not highly sensitive to atmospheric transport errors for windy conditions. We noted that
only minor differences were found when compared to mid-afternoon conditions. Thus, for the
dormant season, the VGs did not show strong sensitivity to the fossil fuel flux diurnal cycle,
allowing for a simplified interpretation of VGs.
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Figure 3. Mean vertical gradients normalized by fossil fuel emissions (details can be found in Text S1) and by the
normalized mid-afternoon (12:00 to 16:59 LT) vertical gradient (equation 2) and categorized according to observed
wind speed (from Indianapolis International Airport) for different time periods of the day, for January and February
of 2016.

Using a trace gas assumed to have small or no diurnal variation in emissions, such as
CH., enables us to examine if the results for CO, are driven primarily by changes in turbulence
or fluxes. The similarity in results for both CO, and CH, during the dormant season suggests
that these results are representative primarily of changes in mixing. Thus, it indicates one can use
the method for either tracer gas interchangeably, and extend this methodology into the growing
season, when biogenic fluxes can be a confounding factor (see Section 3.4).
We also noted that using modeled wind speed to categorize VGs resulted in the same overall
pattern as using observed wind speed (Figure S4). However, since the model underestimates
surface wind speed, one possible caveat, is that using the modeled wind speed can reduce the
amount of data that could possibly be included, since less observations will match the criterion
(e.g., fewer observations when modeled wind speed is greater than 5 m/s).

3.2 Boundary layer depth assessment for different criteria

For January and February of 2016, on average, the WRF model underestimates BLD
during the mid-afternoon hours regardless the wind speed during the dormant season, while for
non-afternoon hours, when wind speed is lower than 3 m/s, the opposite is observed (Figure S5
a). It suggests that, under light wind conditions, the modeled buoyancy flux might be
overestimated, resulting in an excessive growth of the BLD during non-afternoon hours (Figure
S6).

For non-afternoon hours, the relative model-observation mismatch in boundary layer
depth decreased as wind speed increased, and for wind speed greater than 5 m/s, the absolute
relative bias decrease to less than ~(+)30% (Figure 4). When wind speed is lower than 5 m/s,
averaged bias typically exceed 100%. For mid-afternoon, averaged biases did not exceed -21%,
with the only exception at calm winds (<2 m/s), indicating that this period of the day
satisfactorily reproduces the BLD.
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Figure 4. Mean boundary layer depth (BLD) bias (mean mismatch between hourly modeled and observed BLD) for
different time ranges shown at local time (LT), categorized by wind speed classes, for January and February 2016.

un
o

(@]

BLD bias (time; (%)

It is important to note that the presented biases are averaged over the selected periods of
time, and there might be many hours when the mismatches will exceed 30%. We, then, looked at
the number of non-afternoon hours that will meet both conditions, i.e., relative BLD bias smaller
than 30% at wind speed greater than 5 m/s. We found that 65% of the hours will have both
conditions.

Thus, during the dormant season, we found that when wind speed is above 5 m/s, VGs
are about 2.5 times the typical mid-afternoon VVGs, and the BLD bias is also smallest (30%)
under these conditions. We found that both conditions are met for the majority of the non-
afternoon hours. Given the similarity of these conditions to typical mid-afternoon hours, we
concluded that GHG mole fractions, when wind speed is greater than 5 m/s, for any hour of the
day, can be used in AIM for Indianapolis.

3.3 COxs during the dormant season

Modeled CO,xs overestimate the observations for all hours of the day (Figure 5 a,b). The
averaged COyxs normalized by fossil fuel emissions and boundary layer depth, either observed
and modeled, have similar magnitude across all hours of the day for windy conditions (Figure 5
c,d). This shows that under low wind speeds, CO2xs are much more subjected to transport
errors.
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463 Figure 5. Mean CO, enhancement for January and February 2016. (a) Observed enhancements (CO,xs obs). (b)
464 Modeled enhancements (CO,xs model). (c) Observed enhancement normalized by fossil fuel emissions and

465  observed boundary layer depth. (d) Modeled enhancements normalized by fossil fuel emissions and modeled

466 boundary layer depth.

467

468 We also note that since no filtering of atmospheric conditions is needed to use the data
469  for mid-afternoon hours (i.e., atmospheric transport is well simulated, reproducing consistent
470  COyxs for all wind conditions), it is justifiable that previous work has only included mid-

471 afternoon hours. There is little change in MAE and bias during the afternoon with wind speed
472 (Table 2). This is opposite to the remaining hours of the day, when MAE and bias dramatically
473 decrease with more turbulent conditions. The model-observation performance also diverges
474 significantly for non-afternoon hours due to problems in the modeled atmospheric transport, as
475  also seen by the BLD model-observations performance.

476

477  Table 2. CO, enhancement mean, mean absolute error (MAE), and bias from all conditions, for atmospheric

478  conditions when wind speed is smaller than 5 m/s, and greater than or equal to 5 m/s. All times are in local time =
479 UTC-5. * The mean refers to the observed CO, enhancement.

Local time CO,xs CO,xs COyxs
(LT) (all conditions) (wind speed <5 m/s) (wind speed >5 m/s)
MEAN* | MAE | BIAS | MEAN* | MAE | BIAS | MEAN* | MAE | BIAS
(ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) (Ppm) (ppm) | (pPm)
00:00-04:59 2.6 4.4 31 33 5.6 45 1.6 2.7 15
05:00-08:59 3.8 4.3 3.4 4.3 4.9 4.0 2.9 3.1 2.3
09:00-11:59 3.1 3.3 2.5 3.8 4.6 35 2.7 2.4 1.7
12:00-16:59 2.2 2.4 1.9 2.7 2.9 2.2 2.0 2.2 1.8
05:00-20:59 3.2 3.9 2.6 3.8 4.4 2.9 2.6 3.3 2.3
09:00-23:59 2.5 4.8 3.4 3.8 5.7 3.7 1.2 3.8 3.1
480
481 We also observed that CO,xs is typically larger than vertical differences for all hours of

482  the day with >5 m/s wind speed, and similar to mid-afternoon conditions, showing that the trace
483  gas signal is not dominated by VGs (Figure 6 b). Yet for calmer wind conditions, we noticed the
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enhancements are more susceptible to transport errors, shown by averaged vertical differences

that can be greater than the enhancements, mainly noted between 05:00 - 08:50 LT and 21:00 -

23:59 LT (Figure 6 a). Thus, in stable atmospheric conditions, simulation of VGs is more

senositive to transport errors.
1

10
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Figure 6. Absolute mean of hourly observed CO, enhancement (Site 02 - background) normalized by CO, vertical
differences (Site 02) for January and February of 2016. (a) Wind speed < 5 m/s. (b) Wind speed > 5 m/s. In (b) the
scale is cut-off at 10; the morning (09:00-11:59 LT) averaged ratio between CO,xs,s and CO,diff is ~17. Note that
this large difference might be due to rapid changes in VGs during these hours of the day. Error bars are the standard
error of the mean. Hours are in local time. Using Site 02 inlet height 40 mAGL, background is either Site 01 (inlet
height 121 mAGL) or Site 09 (inlet height 130 mAGL). Site 01 was adopted when air masses were coming from 180
— 360 degrees, and Site 09, otherwise.

0‘3“’9

3.4 Growing season

Growing season VG [C 0, ](sime) and VG[CHy](time) (Figure S7), and
%[COZ][time;emission] (Figure S8), showed similar patterns as in the dormant season, with VGs
becoming closer to zero with the increased wind speed. We assume that the large differences in
VGs during the morning hours might be related to rapid changes in VGs that occur about this
time of day (09:00 - 11:59 LT), due to the rapid changes in surface warming that occur within
these warm months (May through July).

There is seasonality in the wind speed, with the growing season being characterized by
calmer winds than the dormant season. WRF simulated calm winds less robustly, resulting in
smaller model-observation correlation for all hours of the day, when compared to the dormant
season, although still underestimating the observations (Figure S9). The smallest correlation
between these variables (r* = 0.40) is found at late hours of the day (21:00 - 23:59 LT), while the
strongest correlations were found at late morning (09:00 - 11:59 LT), r* = 0.80, and mid-
afternoon (12:00 - 16:59 LT), r* = 0.76. The mean bias is also significantly larger for wind speed
greater than 5 m/s (Figure S10) than during the dormant season (Figure S6), for non-afternoon
hours, possibly due to fewer observations within this wind range. Biases for these hours varied
from -1.7 m/s (09:00 - 11:59 LT) to -2.8 m/s (21:00 - 23:59 LT). For mid-afternoon hours, the
bias for unstable conditions (-1.5 m/s) is only slightly greater than the observed during the
dormant season (-1.3 m/s). This discrepancy can be explained by the reduced frequency of strong
wind speeds during non-afternoon hours compared to the dormant season. A direct consequence
of using the wind speed as a criterion is that we expect that fewer observations during the
growing season will be included in the AIM, which can possibly create noise, due to fewer
observations, in posterior emissions estimates for non-afternoon hours.
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The boundary layer also has seasonality, and similar to wind speed, we found larger
biases for the growing season than for the dormant season. The smallest mean relative bias that
encompasses all hours of the day is 40% (opposed to 31% for dormant season), when wind speed
is greater than 6 m/s (opposed to 5 m/s during the dormant season) (Figure S11). This relative
bias corresponds to non-afternoon VGs up to 5.5 times larger than typical afternoon VGs, when
wind speed is greater than 6 m/s (Figure S12). For wind speeds greater than 5 m/s, we found that
in the late hours of the day (21:00 - 23:59 LT), the BLD bias exceeded 100%, but for all the
remaining hours, it is kept below 40%. For these wind conditions (except for 21:00 - 23:59 LT),
we also found that VGs are less than 5.5 times the typical afternoon VG[C0,]. VG[CH,] were so
small in the mid-afternoon (close to zero), that non-afternoon conditions easily exceeded 10
times the afternoon VGs (Figure S12). Thus, although we initially assumed that CH4 would be an
alternative to avoid the complications of the CO, biogenic fluxes, both trace gases showed
similar patterns that can indicate the most likely atmospheric conditions for data usage.

Looking at the CO,xs normalized by local anthropogenic fossil fuel emissions and boundary
layer depth (Figure S13), we note that, as in the dormant season, there is a more consistent
behavior of the normalized CO,xs as the wind becomes strong, for both observed and modeled
variables. Large discrepancies were observed for early and late hours of the day. Unlike the
VGs,it may be necessary to normalize the growing season CO2xs by biogenic as well as fossil
fuel fluxes. Hence, the large discrepancies might be associated with biogenic respiration not
accounted for in this study.

Lastly, replicating the ratio between observed CO,xs and the vertical differences, we note
that, on average, for the growing season, the COxs are typically larger than the vertical
differences for all wind speed conditions (Figure S14). The only exception is when wind is
greater than 5 m/s at late hours of the day. This is consistent with the large BLD and wind speed
biases found within these hours, which is likely due to the small amount of data available in this
category. Another important caveat for this specific analysis is that biological fluxes might be
largely impacting the background sites during the growing season, making these enhancements
(without accounting for biogenic fluxes) not be a good representation of anthropogenic
emissions.

Thus, despite of the seasonality of the variables (e.g., CO, fluxes, wind speed, boundary
layer depth), combining all the results, there is not a significant difference between the patterns
observed for dormant and growing season, indicating that 5 m/s is a reasonable criterion for both
seasons.

3.5 Expected non-afternoon observations to be added in urban AIM

Using only mid-afternoon hours and excluding calm winds (e.g., <2 m/s), 21% of the
data is retained for Indianapolis. Retaining only the non-afternoon hours for which the wind
speed is >5 m/s results in adding an additional 37% of the data for a total of 58% of the available
data, close to tripling the amount of data used (Figure 7).



558
559

560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577

manuscript submitted to Journal of Geophysical Research: Atmospheres

1.0
Local time (LT)
12:00 - 16:59

-0.8 - ET ws 2 2 mis)
° I 00:00 - 04:59 LT
0.6 [ 05:00 - 08:59 LT
g =1 09:00 - 11:59 [T
©0.4 [ 17:00 - 20:59 LT
-3 BN 21:00 - 23:59 [T
e

0.2

0.0

=2 =3 =4 =5 =6
Wind Speed (m/s)

Figure 7. Data fraction from the total 24 hours of measurements by period of time using wind speed criteria.
Baseline is mid-afternoon hours (12:00 — 16:59 LT) for all wind conditions (excluding calm wind).

Using the same wind speed criteria derived for Indianapolis, we examined the fraction of
data that could be retained for other cities around the world which already have GHG
observational networks (Figure 8), using wind speed data from the closest international airport of
these cities (ASOS network), through the lowa Environmental Mesonet (publicly available at
https://mesonet.agron.iastate.edu/), for the year of 2021. We note each city has its own
meteorological characteristics. For example, Melbourne has strong winds during night-time,
while in Los Angeles, the wind is the strongest in the sunset transition hours. Since turbulent
mixing near the surface is tightly connected to near-surface winds, we can extrapolate our
findings to other cities using the wind conditions for these cities.

The wind speed criterion derived from Indianapolis gives an indication of the additional
data that could be added for other cities. Windier cities like Melbourne, Auckland, and Boston
benefit strongly, since there are a large number of hours that fall within wind speeds higher than
5 m/s. Cities with calmer winds like Zurich and Sao Paulo would add far less additional data. We
do, however, recommend that before including additional data into AIM for other cities, a more
rigorous analysis such as presented here for Indianapolis should be performed, as we have
insufficient evidence to determine that 5 m/s is an appropriate wind speed threshold for all cities.
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Figure 8. Data fraction that will be added into inversion models for different cities when wind speed is > Sm/s, on
top of the data fraction typically used on inverse systems (mid-afternoon) when removing calm winds (< 2m/s). This
is based on 2021 wind speed datasets from the international airports as a representation of wind conditions in the
cities where there is a greenhouse gas network in place. Indianapolis is used as a reference, and the other cities are
sorted by largest to smallest data fraction.

4 Conclusions

We have identified a simple wind speed criterion that can be used to add GHG
enhancement observations to AIMs outside of the afternoon conditions typically used for AIMs.
Analysis of vertical gradients of CO, and CH, categorized by different wind speed conditions
indicated the most likely atmospheric conditions that can lead to the use of additional data in
AIM. Further analysis that linked the model performance to the observed vertical gradients,
confirmed that under unstable conditions, biases in BLD and enhancements are much smaller
than under atmospheric stable conditions.

The use of additional data under relatively well-mixed atmospheric conditions will allow
us to begin to use urban AIMs to study critical hours of the day, when emissions are at their
highest levels in specific sectors. One example are the traffic rush hours, which fall within the
transition of atmospheric conditions, close to sunset and sunrise hours, which means abrupt
changes in the atmospheric boundary layer depth. Our analyses suggest that by selecting
relatively windy atmospheric conditions, e.g., > 5 m/s, data throughout the day can be applied to
AlIMs without introducing inordinately large errors in atmospheric transport. This criterion will
allow to more than double the amount of data available to be assimilated by AIMs, which in
urban environments will allow AIMs to better estimate fluxes for all hours of the day.
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