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Abstract

In this study, we introduce the Turbulent Enhancement Ratio (TER) method as a new approach for characterizing local emis-
sion sources in complex urban environments, with a focus on the city of Innsbruck, Austria. The idea behind the approach is
to take advantage of highly time resolved trace gas observations, that allow identifying turbulent air motions, from which a
turbulent enhancement ratio can be constructed. We use a comprehensive measurement setup at the Innsbruck Atmospheric
Observatory utilizing advanced instruments to test the approach. Our dataset, spanning from mid-2018 to early 2022, includes
periods affected by the COVID-19 pandemic, allowing us to assess the impact of reduced traffic and changes in domestic fuel
use on NO,/CO; emission ratios. We test the approach by comparing with direct eddy covariance flux measurements of these
tracers. The results show a statistically significant linear relationship between TER and the flux ratio of NOy over CO,, with
regression slopes ranging between 0.96 to 1.1. Weekday TER values are generally higher due to increased traffic, while
weekend values are lower, reflecting reduced commuter activity. Seasonal analysis shows that winter TER is influenced sig-
nificantly by domestic heating, while in summer, traffic is the predominant source of NOy and CO. emissions within the
measurement footprint. The diurnal cycle of TER also highlights the role of valley wind systems in modulating local emissions
through changes in footprint, with valley-up winds bringing higher traffic-related emissions to the site during the day. Our
findings demonstrate that TER is a robust predictor for emission ratios in urban settings, offering insights into the dynamics
of local emissions. The method's ability to capture turbulent fluctuations provides a more nuanced understanding of source

contributions, particularly in environments with complex and mixed emission sources.

1. Introduction

Excess mixing ratios (EMRs, defined as the background corrected concentration of a tracer within a plume) and Normalized
Enhancement Ratios (NERs, defined as the ratio of two EMR) (Yokelson et al., 2009, Parrish et al., 2002, Warneke et al.
2007, Ehrnsperger and Klemm., 2021, Andreae and Merlet, 2001; Lefer et al., 1994, Derwent et al., 2000, Hobbs et al., 2003)
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are often used to evaluate emission inventories or to infer emission ratios from previously unmeasured sources (e.g. biomass
burning in Yokelson et al., 2009). For chemically reactive compounds such as non-methane volatile organic compounds
(NMVOC), the chemical reactivity in the atmosphere (e.g. photochemical age) has to be taken into account when determining
EMRs distant to the emission source (de Gouw et al., 2005). For example, the ratio of co-emitted compounds with well-
established primary emission ratios but exhibiting different lifetimes (e.g. benzene and toluene) can be used to obtain their
photochemical age and consequently to infer their origin. By knowing the reaction rate constants of compounds to be meas-
ured, the excess mixing ratio can then be extrapolated back to an emission source ratio. This technique has been used exten-
sively for urban outflow studies (e.g. de Gouw et al., 2005) and other langrangian type experiments (e.g. McKenna et al.,
1995). Another approach for determining NERs of different pollutants close to the source has been employed in tunnel studies
(e.g. Ehlers et al., 2016, Liu et al., 2014, Nogueira et al., 2015) and in vehicle chasing experiments (Jiang et al., 2005). In
these types of investigations, atmospheric oxidation often plays a minor role when inferring primary emission ratios (Ehlers
et al., 2016). Parrish et al. (2002) demonstrated that urban vehicular NERs can also be obtained by determining EMRs from
static hourly measurements during the rush-hour peak. The analysis thereby relies on the assumption that co-varying pollutants
are rapidly emitted into a shallow boundary layer, resulting in steep concentration increases. This approach works well under
the assumption that the free tropospheric background concentrations of the compounds to be investigated is not significantly
mixed into the surface layer during the rush-hour. For example, long-lived compounds such as CO; and CO exhibit significant
background concentrations where entrainment could bias the correlation analysis. The issue of air parcels exhibiting different
background mixing ratios of CO; and CO has been addressed by Yokelson et al. (2013) who found that inconsistent treatment
of background concentrations can result in significant errors for NER calculations from biomass burning plumes. An alterna-
tive method for directly determining urban emissions of air pollutants can be based on eddy covariance observations (e.g. Lee
etal., 2015, Straaten et al., 2023, Lamprecht et al., 2021, Nemitz et al., 2008). These rely on micrometeorological assumptions
(e.g. Foken, 2008) and are mostly conducted above the roughness layer, which is about twice the average building height in
urban environments (Christen et al. 2004, Ward et al., 2022).

In this study, we introduce a new concept for obtaining urban NERs based on fast (5 to 10 Hz) concentration measurements
allowing to capture turbulent fluctuations in the atmosphere. The approach significantly enhances the ability to determine
ensemble average aggregated NERs in complex urban environments compared to previous studies (e.g. Parish et al., 2002,
Ehrnsperger and Klemm., 2021), and can be used, for example, in combination with factorization and un-mixing models (Karl

et al., 2017) to extract characteristic source averaged NERs. These can be compared to emission inventories.
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2. Methods

2.1. Fieldsite

The flux measurement tower of the Innsbruck Atmospheric Observatory (IAO) is situated on the rooftop of the University of
Innsbruck's Bruno Sander Haus at 617 m a.s.l. (specific coordinates: 47°15°50.5” N, 11°23°08.5” E), with the inlet at 42.8 m
above the street canyon level. The surrounding area is heavily influenced by anthropogenic activities, with traffic and domestic
fuel combustion serving as the dominant sources of emissions. Vegetation contributes only a minor fraction to the local envi-
ronment (Kaser et al., 2022, Peron et al., 2024). The average building height around the tower is approximately 17.3 m,
positioning the instrument inlets well within the constant flux layer, as confirmed by previous studies, including Karl et al.
(2017, 2020).

This site is notably affected by the diurnal valley wind system, which dictates the local wind patterns with a predominant flow
from northeast to southwest during the daytime, and a reversal from southwest to northeast during the nighttime (Supplement
Fig. 1S). These wind directions play a crucial role in the dispersion and transport of pollutants, aligning with the characteristic
daily cycle of emissions from traffic and domestic heating. However, deviations from these predominant wind patterns can
occur during specific meteorological events, such as Foehn winds, which bring a shift to southerly winds, or during other

mesoscale weather phenomena like frontal passages that can introduce significant variability in wind direction and speed.

The flux tower's strategic location and its exposure to the complex wind systems of the alpine environment make it an ideal
site for studying the interactions between local emissions and atmospheric dynamics. The data collected here provides critical
insights into the impact of urban activities on air quality, particularly in regions with challenging topographies like Innsbruck,

where local meteorology can significantly modulate pollutant concentrations and distribution.

2.2. Instrumentation

For data acquisition, we employed a comprehensive measurement setup at the IAO flux tower. A Campbell Scientific
CPEC200 eddy-covariance system, consisting of an EC155 closed-path gas analyser and a CSAT3A sonic anemometer oper-
ating at 10 Hz, was directly mounted on the flux tower to measure momentum flux, CO. concentrations and fluxes. Adjacent
to the EC155 inlet, air was drawn through a 14 m, 3/8 ” heated and light-shielded PFA tube (1/4” ID), which was routed to
the trace gas analysers in the nearby laboratory. The setup up was dimensioned such that the pressure was held constant at
714 mbar, while keeping the sample delay time short (~2-3 s).

NO and NOx measurements were conducted using a two-channel Ecophysics CLD899Y instrument operating in 5 Hz mode.
This instrument was equipped with a molybdenum converter, with a conversion efficiency ranging from 80 % to 97 %, to

reduce NO; to NO. The converter’s efficiency was regularly tested to ensure accurate concentration calculations. To further



10

15

20

https://doi.org/10.5194/egusphere-2024-2939
Preprint. Discussion started: 16 October 2024 EG U h
© Author(s) 2024. CC BY 4.0 License. spnere

validate the NO, concentrations deduceed from the CLD899Y measurements, a Los Gatos Cavity-Ringdown Spectroscopy
(CRDS) instrument was utilized to provide direct measurements of NO, volume mixing ratios. This dual approach enhanced

the reliability of NOx measurements by cross-verifying the data from two different methodologies (e.g. Karl et al., 2017).

Calibration checks were a critical component of the measurement protocol. The CLD899Y was calibrated daily with NO
reference gas, typically around midnight, to maintain the accuracy of NOx measurements. In contrast, the CRDS instrument
was calibrated more frequently, with checks performed every half-hour, ensuring continuous accuracy and reliability of the
NO; data. These calibration results were subsequently incorporated into the post-processing phase, where they were used to
correct and refine the entire measured dataset. Table 1 provides an overview of all the instruments used in this study, along

with additional information about their specifications and operational details.

Table 1: Overview of the measurement equipment used during the campaign at the IAO fieldsite.

Instrument Name Measurement Measured Sample Calibration Reference LOD
Principle Parameter(s) Rate Check(s) Gas

Campbell CSAT3A Sonic dd, ff 10 Hz annual

Campbell EC155 Infrared Absorption CO2 10 Hz daily CO2 (499ppm+2%)® | 0.15ppb
) o ) Synthetic Air 5.0%

Eco Physics CLD899Y | Chemiluminescence | NOx, NO, NOzV 5 Hz daily 0.05ppb

NO (909pph+5%)3)
LGR NO: Analyzer Cavity Ringdown NO2 5Hz % hourly Scrubbed air¥ 0.05ppb
Geosphere TAWES? | multiple T, p, dd, ff 1/(10 min) annual

B calculated from NOy and NO
2 operated by the national meteorological organization Geosphere
% used for calibration

4 used for zeroing

2.3. Dataset

The dataset spans from mid-2018 to early 2022, achieving an overall data coverage of 88.9%. Data gaps are primarily due to
laboratory and instrumentation maintenance, which were minimized as much as possible. The fluxes used for calculating the
flux ratios were determined following the methodology outlined by Striednig et al. (2020). To account for lags between in-
struments, resulting from residence times within the sampling tubes and potential filter contamination, corrections were ap-
plied using a widely accepted cross-covariance analysis performed at half-hourly intervals. The dataset also captures the
period of the global COVID-19 pandemic, which affected Austria from March 2020 to the end of 2022, including four lock-
downs by the end of 2021. The dataset was filtered according to accepted micrometeorological criteria (Foken, 2008). We

used the following quality assurance/quality control (QA/QC) criteria: a signal-to-noise ratio > 3, a steady-state criterion <
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0.5, a noise RMSE < 20 for NOy and CO-, fluxes and a correlation coefficient > 0.5 for TER while TER and FR were calculated

for 30 min averages.

3. Theory

The excess mixing ratio (Yokelson et al., 2013, Andreae and Merlet, 2001) is derived by subtracting the background of a
species of interest X from its mixing ratio within a plume:

EMRy = X — X, 1)
where X is the measured mixing ratio within the plume and Xuq the background reference value measured outside the plume.
The normalized enhancement ratio is then calculated by dividing the EMR of X by the EMR of a reference species Y (preferably

of long atmospheric lifetime):

)

If the background values of X and Y are not determinable, Yokelson et al. (2013) describes the NERx;v as slope of the regression

line between species X and Y:

NERy,, = = 3)

where (Y)(X) is the covariance between X and Y, and {X)? the variance of X. For single plume studies this approach is often
sufficient to characterize the source, but in areas with superimposed and different emitters, such as common in complex urban
settings, we propose an extension to eq. (3), by relating enhancement ratios to turbulent motions (e.g Van der Hoven, 1957).
Therefore, eq. (3) will be adapted to separate local and non-local sources by applying Reynold’s decomposition which leads
to an approach that we term the Turbulent Enhancement Ratio (TER):

Reynold’s
(7+y’)(}+x') assumptions (y')(x')

(X+x')? (x')?

(4)

TERyy =

where X’ (Y') can be interpreted as the fluctuating parts around the mean X ().

For fast measurements (e.g. 1 — 10Hz) the fluctuating parts can be interpreted as a turbulent enhancement ratio (TER), and in
analogy to eddy covariance flux measurements (F(X), F(Y)) reflects an aggregated primary source emission ratio between

compounds X and Y:

(w'x’)

w'y’

F RX/Y = (5)

—~
~

where w' represents fluctuations in vertical wind speed.
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4. Results

4.1. Validation of the Turbulent Enhancement Ratio

A key issue for measuring EMRs in complex urban environments is that the difference between background and plume en-
hancement is often not well defined due to the superposition of many individual plumes. This can introduce biases far away
from sources. Fig. 1 presents the comparison between the TER and the Flux Ratio (FR) of NOx over CO,, segregated into
daytime (left panel) and nighttime (right panel) periods. We consider the flux ratio as the reference method as it is directly
related to surface emission variations. The daytime period from 8 to 16 UTC typically features a well-mixed planetary bound-
ary layer (PBL) with pronounced turbulence, so that the accuracy of eddy covariance (EC) methods is generally well accepted.
Conversely, nighttime conditions often do not meet EC criteria due to reduced turbulence and a higher relative influence of
horizontal advection fluxes. Therefore, the time series data have been filtered using standard QA/QC criteria as outlined in
Foken (2008). Due to the urban heat island effect, we typically do not see a pronounced stratified stable urban nocturnal
boundary layer in Innsbruck. In fact, most of the time we observe unstable conditions during night time, which has been
observed at many other urban sites (e.g. Christen et al., 2004, Oke et al., 2017, Ward et al 2022).

Both daytime and nighttime periods exhibit high linearity between TER and FR, with R? values of 0.99, indicating a strong

correlation. The regression slopes range from 0.96 during the day to 1.1 at night, reflecting a consistent relationship within

the uncertainty bounds. Daytime ratios typically exhibit a broader range, with most values extending up to ~ 4 Z%Z; compared
to nighttime ratios, which are generally lower. This variation is caused by differences in source contributions between day

and night, such as reduced traffic emissions during night time.

The limits of the observed ratios align well with typical NOx/CO: ratios reported in the literature for urban activities, support-
ing the validity of the measurements (e.g., the NO,/CO; ratio for domestic fuel derived from EMIKAT (https://www.emikat.at,

last accessed: 28 August 2024) is 0.83 222 the NO,/CO;, ratio for traffic is on the order of 3.353 :ZZ max

umol’

) (Peitzmeier

etal., 2017)). Generally speaking, combustion processes from domestic fuel burning are “cleaner” in terms of NOx emissions,
due to lower combustion temperatures (Zeldovich mechanism) and better-controlled burning conditions; per emitted CO,

about 3-4 times more NOy is emitted from internal combustion engines of motor vehicles (Oland, 2002, Karl et al., 2017).
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Figure 1: Comparison of TER and FRs for day (a) and nighttime (b). The turquoise points are QA/QC-filtered half-hourly ratios
for the entire campaign. Black points (with error bars representing the standard error of the median) are the medians binned into
intervalls of 0.2 nmol/umol. The solid line is the regression line for the black points.

The analysis demonstrates a robust linear relationship between TER and FR across both day and night periods and underscores

the reliability of using TER as an alternative of FR in complex urban settings.

Fig. 2 (A) illustrates the volume mixing ratios of NOx and CO; over the course of a single, sunny summer day (June 11, 2019).
The NOx concentrations exhibit a characteristic diurnal pattern, with low levels and minimal variation during the night, fol-
lowed by a marked increase in the early morning, coinciding with the rise in traffic activity. Throughout the day, strong
atmospheric turbulence ensures efficient vertical transport of NOy from the street canyon to above the urban roughness layer,
resulting in the detection of numerous plumes. These plumes have durations ranging from a few seconds to fractions of a
minute. The CO; signal displays the expected diurnal cycle, characterized by elevated levels during the night and a daytime
minimum attributable to photosynthetic activity, accompanied by increased variability. Spikes in the CO; signal frequently
correlate with those in the NOy data, suggesting a common source. The signals of NOy and CO; reflect the influence of
multiple superimposed sources within a complex environment, where traditional methods for quantifying emissions are only

partially effective.

Panel B provides a more detailed examination of this complexity by isolating a segment of data spanning 2.5 minutes during
the morning rush hour (beginning at 07:20:00 local time = UTC +2 h). The original NOy and CO, data have been artificially
down-sampled to 5 s and 60 s intervals, respectively, representing typical sampling rates of slower measurement instruments.
While the original dataset clearly reveals correlating plumes (highlighted by a grey area) of NOy and CO, these nuances are

lost with longer sampling intervals. Accurate detection and quantification of these variations within the measurement interval

7



10

15

20

https://doi.org/10.5194/egusphere-2024-2939
Preprint. Discussion started: 16 October 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

is crucial for calculating correct emission ratios. Although most plumes remain visible at a 5 s sampling rate, averaging over
60 s significantly smooths the signal, obscuring critical details. The low pass filter caused by slower data acquisition intro-

duces a systematic bias.

The correlation between the synthetic NERy (based on an averaging filter of x minutes) and the original TER is shown in

Panel C for both sampling intervals. While the R? is still reasonable, the bias is significant (NERs = 0.43332 nmol

umol’

0.45 nmol

NERGO =0.39

034 Hmol) because of the variation of the background concentration that cannot be accurately separated anymore

for slower sampling rates. It is important to highlight that even shorter averaging intervals do not significantly improve the
guantification of emission sources, while the bias does not deteriorate much further with longer intervals. This clearly demon-
strates that the detection of turbulence down into the inertial subrange is a crucial factor for the accurate determination of
emission sources. In environments with multiple overlapping emission sources, such as cities, the turbulent enhancement ratio

is therefore the preferred methodology to quantify the sources.
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Figure 2: (A) Volume mixing ratios for NOx (turquoise line) and CO: (red line) on June 11, 2019, with a sampling rate of 5 Hz. (B)
A focused view over a 2.5-minute period showing the original NOx and CO2 volume mixing ratios alongside the artificially calculated
moving averages for 5 s (olive (dashed) line) and 60 s (purple (dashed) line). (C) Comparison of the TER and NER. The olive and
purple dots represent the corresponding TER/NER ratios, while the solid lines show the linear fit for the different sampling rates.
The solid black line represents the 1:1 line (median).

4.2. Traffic Analysis

Traffic plays a crucial role for CO2 and NOx emissions in Innsbruck and, besides domestic fuel use, is the second prominent
emission source within the measurement footprint. Variations in traffic volume can significantly shift the NO,/CO: ratio,
resulting in a greater influence of other sources. Fig. 3 illustrates traffic data collected at a monitoring station operated by the
government of Tyrol, located very close to the field site and representative of the traffic activity within the flux footprint . The

predominant vehicle type is passenger cars with nearly 10 million vehicle counts during the campaign. Trucks, including
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heavy-duty vehicles (HDVs), light-duty vehicles (LDVs) and busses account for 8.4 % of total traffic on weekdays and even

lower (5.1 %) on weekends, making passenger cars a major player at the field site.

The diurnal traffic pattern remains consistent across all seasons, characterized by a rapid increase in the morning hours. After
reaching a local maximum around 07:00 UTC, traffic volumes remain relatively stable throughout the day, with a slight up-
ward trend, peaking in the late afternoon. Nighttime traffic volumes typically hover around 99587 vehicles per hour (vph),
increasing to approximately 936133° vph (on average) during the day. Seasonal variations in traffic volume are minimal and

do not indicate a significant change between summer and winter.
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Figure 3: Seasonal traffic patterns and vehicle type distribution at the field site. Panels A-D show the average daily traffic volume,
with the turquoise line representing weekdays (Mon-Thu) and the red line representing weekends (Sun). The green lines in Panels
A and D indicate the daily traffic patterns during the first and second lockdown, respectively. The grey shaded area represents the
standard error. Panels E and F display the overall traffic volume for weekdays (E) and weekends (F), with separate bars for cars
and trucks.

The weekday/weekend effect typically results in a reduction of around 28.5 % during weekends, which is primarily driven by
changes in commuter traffic. While weekend night time traffic is slightly elevated due to leisure activities, daytime values are
significantly lower in line with reduced weekend activities. Notably, the rush-hour peaks are absent on weekends, after reach-

ing a plateau, there is little variability until traffic levels approach the weekly average again towards the end of the day, when

traffic activity drops off sharply.
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The COVID-19 pandemic and the associated lockdowns in Austria had a direct impact on traffic volumes due to mobility
restrictions, though the effects varied across different lockdowns. The first, more stringent lockdown in March/April 2020,
which included a total curfew, led to a nearly -55 % reduction in traffic activity. In contrast, subsequent lockdowns, which
were more relaxed, resulted in a more modest traffic reduction and were comparable with the weekend traffic load and pat-
terns. Interestingly, even during the lockdown periods, a small rush hour peak was still visible in the data, indicating some

level of consistent traffic activity.

4.3. Case Studies

4.3.1. Weekly and seasonal trends

Based on these findings, we apply the TER analysis to a long-term data set of the same period as used in the previous traffic
data comparison. Fig. 4 provides a detailed analysis of the TER of NOx over CO; across various seasons and times of the day,
highlighting the significant influence of both diurnal and seasonal variations. The figure discriminates TER analysis between
weekdays (Monday to Thursday) and weekends (Sunday). Across all seasons, the lowest TER values are observed during
nighttime, reflecting ratios typically associated with domestic fuel use. In contrast, the highest TER values occur in the early

afternoon, corresponding to ratios indicative of traffic-related emissions.

The sharp increase in TER during morning hours is closely aligned with increasing traffic, a major contributor to NOx and
CO; emissions, and high TER values (2-5 nmol/umol). Weekend TERs are generally lower compared to weekdays, which

can be attributed to the absence or delay of morning rush hour traffic and an overall reduction in traffic load.

The variability in TER across different seasons reflects changes in both anthropogenic and meteorological factors. The pri-
mary driver is the shift in domestic fuel use, particularly the increased use of heating systems during winter, which signifi-
cantly impacts emissions. In contrast, during the intermediate seasons of spring and autumn, atmospheric conditions, such as
warmer weather periods, play a crucial role in modulating domestic fuel consumption. The impact of vegetation on CO-, fluxes
at the fieldsite is negligible (Lamprecht et al., 2021). Another contributing factor is the seasonal variability of the measurement
footprint, where even minor shifts can result in a greater or lesser influence of traffic-related emissions. The diurnal cycle of
TER consistently shows a significant increase when wind patterns shift from valley-down winds (typically at night) to valley-
up winds during the day, due to the differing land use characteristics within the diurnal footprint (see Supplement Fig. 2S).
During synoptic weather conditions in winter, west winds prevail almost throughout the entire day on average, resulting in

signals originating from a region associated with low NO,/CO; ratios (E, F).

10



10

https://doi.org/10.5194/egusphere-2024-2939
Preprint. Discussion started: 16 October 2024
(© Author(s) 2024. CC BY 4.0 License.

Summer

TER

TERFaII
[nmol/umol]

TERWinter

Spring

TER

[nmol/umol]

[nmol/umol]

[nmol/umol]

EGUsphere\

Weekday Weekend
5 . —gvsg A . 0
4l o g oS e o | - °© 5 o s 300
° 50
3t ouuoogoo'&g ; é oot ..ooono'o'o 0] H S ®ee 240
NI A T %g é?,o °%8o0° oo 180
0, 8 ! $o0l , 83° 8. 1120
1’83 .'.o oo o 88 gé %é@g
0 _. o®® [ ) 000000000 a... o o .©©ééé© A 0%%%%° .. () é)@ 60
5 iy < —=*++0
° %8 o 7183, Cc D
4l o °_ 8% o & IEENE 300
1% ogg 8 ke o )
3t nouoogon'oug.? 8 % soe 00 | o %00 (I ““008 C @ oee .o"o'oo' 240
2l .8 IR L R e
1 O;S Los A S{OF f ; %% 1120
[ ol |o OO
0 _. O oo {*1°%ed%0e . T @éié;éé% oo ooo® ééé 60
5 0
)t . E F
4t 0% .o 0 ® 1300
go o @ 8 58 ° o
3r ooo-c-c;ueuoo@.“sdgdg.. ..ou%uod c;-:) oo00e u...‘o.c...'..o-. Pg. 0;0 .0 ;.Q 000000 240
2+t 3 oé 1 g 8 0 © ? 19 g ® ’e g
@ o®® OIORON 2g 8 °8
8¢ oL N 120
1’0.0.. 7ok ééé%éé ¢ é
ol .
5 s t+—t+++2+4 +——t——————
co.280° 8 8%, G H
al §°° § 97 9%00 ° 300
o~ 8 [}
08 oo Plef 8 i )
3r ouooo;cyou.oo. ° L gogoo . u'u"o'c-;.uoo ] o A oo "0 1240
2+ I ONOICIC 8%0° 0‘8 oo 180
O [
1 LI lo 1 c;og"g el 120
. Ol
YOPT 4 9000 0700, b0) 6 Tt .}ééééé # ol9807% gq o 0% %0b0d T éé? 60
ot LI o
o © N ‘ o‘o o © ‘ ("\l - © -0
time [UTC] time [UTC]

TER: NO _/CO, e TER: NO_/CO
X 2 X 2

o outliers ¢ wind direction‘

dd [°]

dd [°]

dd [°]

dd [°]

Figure 4: Box plots of the hourly TER during weekdays (Monday to Thursday, left) and weekends (Sunday, right) throughout the
seasons. Black dots represent median values, circles indicate outliers, and the bars the interquartile range and the overall distribu-
tion. The green points denote the predominant wind sectors for each time interval.

Fig. 5 provides a detailed analysis of the average NOy and CO; fluxes as a function of the daily mean temperature. Panel A

specifically illustrates the behaviour of CO, fluxes, which display a distinct negative correlation of dCO2/dT = -0.49 umol/K

at temperatures below 12 °C, what agrees well with Ward et al. (2022). On the other hand, at daily mean temperatures ex-

ceeding this threshold, the CO; flux stabilizes (dCO./dT = +0.02 pmol/K), indicating that sources contributing to CO, emis-

sions at higher temperatures remain constant, irrespective of further temperature increases. The fact that this change in pattern

occurs around 12 °C aligns well with the heating threshold defined by the Austrian norm ONORM H 7500-3, locally known

1
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as the “Heizgrenze” (heating threshold). Most automatically controlled heating systems are only activated when the outside

temperature drops below this level.
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Figure 5: (A) temperature dependency for CO: (red dots) and NOx (turquoise dots) fluxes across daily mean temperatures ranging
from -5.0 °C to 25.0 °C. The boxplot is split into 2.5K intervals, where the black dots indicate the median, and the other box plot
elements illustrate the interquartile range and whiskers. Black circles are representing outliers. The linear fit for NOx fluxes is
calculated across the entire temperature range, while for CO2 fluxes, it is separated into two regions (T1< 12 °C, T2 > 12°C) exclud-
ing the values for < -2.5 °C. The black vertical line at 12 °C marks the heating temperature threshold for Austria. (B) displays the
frequency of occurrence of the binned daily mean temperatures, grouped by season.

In contrast, the NOx flux demonstrates a different pattern. It shows a very moderate positive temperature dependence
(dNO/dT = +0.14 nmol/K) that is relatively constant across the entire range of temperatures examined. This suggests that

NOx emissions, which are largely influenced by traffic, do not vary significantly with temperature changes. The interplay of
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these two trends is reflected in the Turbulent Enhancement Ratio, which decreases at lower temperatures. This decrease can
be attributed to the increase in CO; sources, which become more prominent as temperatures drop, thereby altering the ratio
between NO, and COx.

The temperature dependency of CO; fluxes aligns closely with the natural gas consumption analysis conducted by Stichaner
et al. (2024), which also reveals a negative correlation at a specific temperature threshold. Natural gas is predominantly used
for heating in the RCP (ie. residential/domestic, commercial and public) sectors. Since many heating systems within the
footprint are powered by gas and oil, sources with lower NO,/CO; ratios become more prominent during the heating season.

Panel B highlights the frequency of occurrence of daily mean temperatures, binned in 2.5 K sectors, across different seasons.
This comparison reveals a clear trend towards higher CO; fluxes during colder seasons. The analysis suggests that the colder

months are characterized by increased domestic heating, which significantly contributes to CO, emissions.

4.3.2. Lockdown vs. Non-Lockdown

In March 2020, the COVID-19 pandemic reached Austria, with Tyrol becoming a hotspot during the first wave. A strict
lockdown, including a state-wide quarantine, was implemented from 16 March to 13 April, with a full easing of measures by
mid-May. According to an analysis of emission changes by Lamprecht et al. (2021) during this period, NOy and CO; emis-
sions decreased to different levels, which should also be evident in relative changes of the TER. For the analysis shown in
Fig. 6, the first lockdown period was compared with the corresponding non-lockdown period in 2019. Panels (A, B) present
the associated TERs for weekdays (A) and weekends (B). Comparing the relative changes between the TER during the first
lockdown (in March 2020) and the reference period (March 2019) show significant reductions of -32.182%5-22 % on weekdays
and -55.14225-38 % on weekends, with the most pronounced decrease occurring during rush hours, although the overall
diurnal cycle remains unchanged. The large variability in reduction rates between weekdays and weekends can be attributed
to the small number of Sundays (4) during this intense operational period (I0P), coinciding with a transitional phase in Austria
from cold to warmer weather. Synoptic variability during this time had a significant influence on the local footprint and

emission changes, which introduces some limitations to the interpretation.

Compared to the approximately -55 % reduction in weekday traffic during the lockdown, the TER remains higher. This is due
to the complex interplay of various emission ratios that determine the TER. In addition to the reduction in traffic, there was
also a decrease in emissions from domestic heating. This is evident from the diurnal temperature profile shown in Panel (C).
In 2020, daytime maximum temperatures (08-16 UTC) were on average 2.44+0.34 °C higher (with a maximum of 4.27 °C)
than in 2019, leading to a 16.67 % reduction in heating days and, consequently, reduced energy consumption for heating

systems. According to the Google Environmental Insights Explorer (https:/insights.sustainability.google/, last accessed:

26 August 2024), energy production for heating and hot water in the region is derived from electric power (37.47 %), gas
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(31.26 %), and oil (31.26 %), with the latter two being significant sources of NOy and CO; emissions in the footprint. As
emissions from sources with smaller ratios decrease, the relative impact of other emission ratios becomes more pronounced,
resulting in a TER that remains higher than the traffic reduction alone would suggest. Overall, the observed TER changes
with and without a lockdown are generally consistent with the modelled emission changes based on direct flux observations
(Lamprecht et al., 2021) with changes between -59 % for NOy and -38 % for CO, fluxes.

Panel D of Fig. 6 illustrates the dominant half-hourly wind directions during the 10Ps, providing insights into potential dif-
ferences in the turbulent footprint of the measurements. Both 10Ps exhibit relatively similar wind regimes with minimal
variability, except the time between 18 UTC and midnight. During this period, the wind direction during the lockdown phase
shifts back to 240 ° (valley-down wind), whereas in 2019, the wind remains predominantly within the 0-60 ° sector. Never-
theless, the overall comparability between the two periods is strong, as the prevailing wind regimes ensure that the same

source areas were consistently captured during the key daytime hours (08-16 UTC).
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Figure 6: Comparison of the TER (A, B), temperature (C) and wind direction (D) during the first COVID-19 lockdown in 2020 with
a non-lockdown period in 2019. The points in (A) and (B) represent the original TER values for the lockdown (red) and non-
lockdown (turquoise) periods for weekdays and weekends, respectively. The corresponding solid lines represent a 3-point moving
average, with the grey shaded area indicating the standard error. The relative change between the TER during lockdown and non-
lockdown is shown by a solid green line. Panel (C) presents the diurnal temperature profiles, along with the numbers of heating
days for the lockdown (LD) and non-lockdown (Non-LD) periods. Panel D illustrates the predominant wind directions in 10° inter-
vals for both 10Ps.
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5. Discussion and Summary

Here we demonstrated that time resolved observations of air pollutants, which capture most of the variance of the turbu-
lent flow, can be used to determine local enhancement ratios of different air pollutants. These turbulent enhancement
ratios (TER) are in excellent agreement with flux ratios from eddy covariance observations of NOx and CO; in the city
of Innsbruck. The advantage of the turbulent enhancement method is that, in principle, no additional instrumentation
other than the tracer observations is needed. The analysis presented here can be used in combination with a growing
number of instrumentation technology, that can capture multi species at high time-resolution, such as spectroscopic and
mass — spectrometric techniques. The TER method opens up possibilities for measuring and interpreting tracer — tracer
enhancement ratios in complex environments, where plume separation is difficult, such as in urban settings, and in prin-
ciple does not require data pre-treatment that is often necessary for eddy covariance observations. We find that the sam-
pling rate for determining TERs should be at least 1 Hz or faster to resolve the most important turbulent time scales in
urban environments, and to avoid significant bias due to ensemble averaging.

In Innsbruck, long-term analysis of the TER shows that the NO,/CO; enhancement ratio can be explained by the super-
position of two main sources: traffic and energy usage for heating and warm water generation. We are able to describe
the variation of the turbulent enhancement ratio of NO,/CO; based on the superposition of traffic activity and temperature
driven activity in the RCP sector. In summer, the daytime TER lies close to the expected ratio from traffic emissions (e.g.
2-5.3 nmol/umol; Peitzmeier et al., 2017). In winter a higher fraction from heating in the residential, commercial and
public sectors is evident and reduces the ratio. NOy emissions in Innsbruck are predominantly associated with traffic (e.qg.
> 90 % e.g. Lamprecht et al., 2021). In contrast, CO2 emissions have a sizeable contribution from traffic and the RCP
sector. The reduction of the NOL/CO: ratio is therefore primarily driven by changes in CO; emissions throughout the
season (i.e. higher emissions in winter). This explains the variation of the TER during weekend, weekdays, different

seasons and during hard mobility restrictions during the COVID-19 pandemic.
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