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Introduction

Changes in the content of greenhouse gases in the Earth's atmosphere affect the

radiation balance of the planet, reducing thermal radiation escaping from the earth's

surface and slowing down its cooling [1-3]. Over the past few decades, there has been

an increase in the content of CO2 and other greenhouse gases in the Earth’s atmosphere,

which is associated with human activity [4-6]. This in turn leads to a global increase in

the temperature of the Earth’s surface and the lower layer of the atmosphere [7-10]. An

increase in the temperature of the Earth's surface has predominantly negative

consequences for humans, leading to an increase in the number of adverse weather

events [11].

CO2 is called the main anthropogenic greenhouse gas due to its greatest influence

on the Earth's outgoing radiation. This is due to the largest number of CO2 molecules in

the atmosphere and emissions compared to other greenhouse gases [12].

In order to monitor the implementation of accepted international agreements to

reduce CO2 emissions into the Earth’s atmosphere [13, 14], high-quality and up-to-date

information on the sources and sinks of CO2 is needed. According to [15], CO2

emissions from the territories of large cities contribute up to more than 70% of all

anthropogenic CO2 emissions. Therefore, first of all, qualitative assessments of gas

emissions from urbanized areas of the planet are necessary.

Today there are two known approaches to assessing anthropogenic CO2

emissions. The first is the inventory method. It is based on the assessment of emissions

using data characterizing human activity that leads to anthropogenic emissions of CO2

into the Earth’s atmosphere (for example, the amount of fossil fuel burned over a period

of time, the location of industrial enterprises, etc.) [16, 17]. Errors in anthropogenic CO2

emissions according to country-scale inventories can reach only a few percent [18, 19].

However, on an urban scale, errors in the inventory approach can reach 100% or more

[20].

In this regard, an independent approach of assessing anthropogenic CO2

emissions at the city scale is being developed. It is based on measurements of the
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spatiotemporal variation of CO2 in the city's surroundings, a priori information and high

spatial resolution numerical modeling of atmospheric transport. Estimation of

anthropogenic CO2 emissions using this method is an incorrect inverse problem in the

classical sense and in some studies is called the inverse problem of atmospheric transfer.

Measurements of CO2 in the vicinity of a city can be realized using a differential

spectroscopic approach. It is based on parallel ground-based measurements of CO2 total

column (TC) using inter-calibrated spectrometers. At the same time, one of the

instruments measures CO2 content in the windward (unpolluted) part of the city, and the

second - in the leeward (polluted) part. The difference between measurements under

certain meteorological conditions should characterize the anthropogenic contribution of

the city to the CO2 environment. Such measurements are carefully planned and filtered

for subsequent assessment of anthropogenic CO2 emissions. Therefore, the method of

determining anthropogenic CO2 emissions of a city based on such measurements is

called experimental - it is controlled by researchers.

Differential spectroscopic measurements have been carried out regularly and

periodically for several years in some cities of the Earth as part of the COCCON

measurement network [21-23]. St Petersburg is one of the largest industrial centers in

Russia. Probably the territory of the city is a large anthropogenic source of CO2 in

Russia and on the planet. In 2019-2020 Scientists from St Petersburg State University

and two German institutions (Karlsruhe Institute of Technology and University of

Bremen) conducted a joint experiment (Emission Monitoring Mobile Experiment or

EMME), the purpose of which was to assess anthropogenic emissions of the main

greenhouse gases, including CO2, from the territory of St Petersburg. As part of the

EMME campaign, differential spectroscopic measurements of the total abundance of

several gases were carried out in March and April 2019 using two mutually calibrated

Fourier-transform infrared spectrometers. One of the instruments was located in the

windward, and the second in the leeward parts of the city. Details of the experiment and

the first estimates of specific anthropogenic CO2 emissions in St Petersburg are given in

[22].
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Subsequently, a number of researchers assessed anthropogenic CO2 emissions

from the entire territory of St Petersburg for 2019 based on measurements from the

EMME campaign, a priori information and numerical models of atmospheric transport

[24-26]. Studies have shown that differences in the a priori information and atmospheric

transport models used lead to differences in estimates of anthropogenic CO2 emissions

in St Petersburg by ~30% and more. Differences in estimates are associated primarily

with the use of models of CO2 transfer in the atmosphere of different complexity, the

quality of a priori information, and the amount of measurement data.

The aim of the study is to estimate anthropogenic CO2 emissions from St

Petersburg based on ground-based spectroscopic measurements obtained as part of the

EMME campaign, various a priori information and atmospheric transport models.

To achieve the goal, the following scientific tasks were solved in the study:

● assessment of anthropogenic CO2 emissions from the entire territory of St

Petersburg using differential spectroscopic measurements of gas content in the

atmosphere, a priori information and a one-dimensional box model of

atmospheric transport, taking into account the spatial coverage of the

measurements;

● assessment of the influence of absorption and release of CO2 from the water

surface of the Gulf of Finland on the gas content in the St Petersburg region and

its contribution to estimates of anthropogenic CO2 emissions;

● assessing the possibility of successfully using the numerical model of the

chemical composition of the troposphere WRF-Chem to assess anthropogenic

CO2 emissions in St Petersburg by adapting the model to city conditions using

measurements of CO2 content in the atmosphere and its state;

● assessment of anthropogenic CO2 emissions from the entire territory of St

Petersburg using differential spectroscopic measurements of gas content in the

atmosphere, a priori information and the WRF-Chem model;

● comparison of estimates of anthropogenic CO2 emissions in St Petersburg based

on the inventory approach and the method for solving the inverse problem of

atmospheric transfer.
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Methodology

The main method of this work is numerical modeling of atmospheric transport

using as tools a one-dimensional box model, a three-dimensional particle dispersion

model in the atmosphere STILT and a three-dimensional regional numerical weather

prediction and tropospheric composition model WRF-Chem version 4.1.3.

Scientific novelty

The novelty of the work lies in the joint assessment of anthropogenic CO2

emissions in St Petersburg based on differential spectroscopic measurements of total

CO2 content and atmospheric transport models of different complexity - a

one-dimensional box model of atmospheric transport and a three-dimensional numerical

model for forecasting weather and tropospheric composition WRF-Chem.

Unlike earlier studies where a box model was used to estimate emissions from St

Petersburg, the current study uses a technique in which the spatial coverage of

spectroscopic CO2 measurements influences the box model estimate of anthropogenic

CO2 emissions.

The study analyzed the sensitivity of estimates of anthropogenic CO2 emissions in

St Petersburg by solving the inverse problem of atmospheric transport to the spatial

coverage of measurement data, a priori information and the atmospheric transport model

used.

In addition, for the first time, the WRF-Chem numerical model was adapted to the

conditions of St Petersburg using comprehensive measurements of gas content in the

atmosphere and its state to simulate CO2 transport at the urban scale (2 km) over a

period of more than a year.

Also, for the first time, the study collected and analyzed all currently available

estimates of anthropogenic CO2 emissions in St Petersburg for 2019, obtained by the

inventory approach and the method of solving the inverse problem of atmospheric

transfer.

Theoretical and practical significance of the work

The values of anthropogenic CO2 emissions in St Petersburg obtained in the study

support the conclusion that for a qualitative assessment of gas emissions from the
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territories of large cities, in addition to the traditional inventory method, an independent

approach should be used, based on data from parallel spectroscopic measurements of

the total CO2 content in the atmosphere and modeling of atmospheric transfer. This, in

turn, indicates the need to establish regular measurements in the area of the study and

improve modern models of atmospheric transport of high spatial resolution.

An analysis of the influence of the water surface of the Gulf of Finland on

estimates of anthropogenic CO2 emissions from St Petersburg indicates that the

contribution of the water surface, even under extreme conditions, cannot be compared

with the anthropogenic influence. Thus, when assessing anthropogenic CO2 emissions

in St Petersburg using the experimental method, the contribution of the water surface to

the gas content in the atmosphere can be neglected.

The adaptation of the numerical model of weather prediction and tropospheric

composition with high spatial resolution WRF-Chem to the conditions of St Petersburg

and its surroundings, carried out in the study, makes it possible to use this model to

assess anthropogenic CO2 emissions from the city in the presence of high-precision

spectroscopic measurements of the total CO2 content in the city area.

Personal contribution

All numerical modeling results presented in this dissertation were obtained by the

author independently. The author personally carried out all numerical experiments.

Processing and analysis of the modeling results, as well as their comparison with

measurement data, was carried out by the author personally or with his direct

participation. The author by himself wrote scripts in Python and Bash for processing

and analyzing modeling and measurement data.
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Main scientific results

1. Adaptation of the WRF-Chem numerical model to the conditions of St Petersburg

makes it possible to describe changes in CO2 content in the atmosphere over a

year with a high spatial resolution (2-3 km) with an average discrepancy from

measurements of less than 0.6%. At the same time, the WRF-Chem model

describes the spatiotemporal change in CO2 content in the St Petersburg region

than the available modeling data on the global scale CAMS and CarbonTracker.

The adapted WRF-Chem model can be used to assess anthropogenic CO2

emissions from the territory of St Petersburg.

The result is presented on page 284 of the publication Nerobelov G.M.,

Timofeyev Yu.M., Smyshlyaev S.P., Foka S.Ch., Imhasin H.H. Comparison of

CO2 Content in the Atmosphere of St. Petersburg According to Numerical

Modeling and Observations. Izv. Atmos. Ocean. Phys. 59: 275–286, 2023.

https://doi.org/10.1134/S0001433823020056; on pages 23-24 of the publication

Nerobelov G., Timofeyev Y., Foka S., Smyshlyaev S., Poberovskiy A., Sedeeva

M. Complex Validation of Weather Research and Forecasting—Chemistry

Modelling of Atmospheric CO2 in the Coastal Cities of the Gulf of Finland.

Remote Sens, 15: 1-30, 2023. https://doi.org/10.3390/rs15245757; on pages

267-268 of the publication Nikitenko A.A., G.M. Nerobelov, Yu.M. Timofeyev,

A.V. Poberovskii. Analysis of ground-based spectroscopic measurements of CO2
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in Peterhof. Sovremennye problemy distantsionnogo zondirovaniya Zemli iz

kosmosa, 18(6): 265–272, 2021. (in Russian); on pages 294-295 of the

publication Timofeyev, Y.M., Nerobelov, G.M., Poberovskii, A.V., Filippov N.N.

Determining Both Tropospheric and Stratospheric СО2 Contents Using a

Ground-Based IR Spectroscopic Method. Izv. Atmos. Ocean. Phys. 57: 286–296,

2021. https://doi.org/10.1134/S0001433821020110; on page 343 of the

publication Nikitenko, A.A., Timofeev, Y.M., Virolainen, Y.A., Nerobelov G.M.,

Poberovskii A.V. Comparison of Stratospheric CO2 Measurements by Ground-

and Satellite-Based Methods. Atmos Ocean Opt. 35: 341–344, 2022.

https://doi.org/10.1134/S1024856022040145; on page 693 of the publication

Nerobelov G.M., Y. Timofeyev, S. Smyshlyaev, Y. Virolainen, M. Makarova, S.

Foka. Comparison of CAMS Data on CO2 with Measurements in Peterhof. Atmos

Ocean Opt, 34: 689–694, 2021. https://doi.org/10.1134/S102485602106018X;

and on pages 19-20 of the publication Nerobelov G., Timofeyev Y., Smyshlyaev

S., Foka S., Mammarella I., Virolainen Y. Validation of WRF-Chem Model and

CAMS Performance in Estimating Near-Surface Atmospheric CO2 Mixing Ratio

in the Area of Saint Petersburg (Russia). Atmosphere, 12(3): 387, 2021.

https://doi.org/10.3390/atmos12030387.

The personal contribution of the applicant is to adapt the WRF-Chem numerical

model to the conditions of St Petersburg and carry out a numerical experiment of

the transport of CO2 in the atmosphere in the St Petersburg region for a period of

more than a year; to validate the WRF-Chem model using complex

measurements; to compare data WRF-Chem simulations with global CAMS and

CarbonTracker simulation data.

2. The range of values of anthropogenic CO2 emissions in St Petersburg for 2019,

obtained by solving the inverse problem of atmospheric transfer using differential

spectroscopic measurements and a one-dimensional model of atmospheric

transport, taking into account the spatial coverage of the city territory by

measurements, is 76–105 Mt/year with an average estimate of 91±19 Mt g-1.

Taking into account the limited spatial coverage of paired spectroscopic
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measurements of CO2 content in the atmosphere leads to a decrease in estimates

of anthropogenic emissions of St Petersburg by ~22-55%.

The result is presented on page 755 of the publication Y. M. Timofeyev, G. M.

Nerobelov, Ya. A. Virolainen, A. V. Poberovskii, S. C. Foka. Estimates of CO2

anthropogenic emission from the megacity St. Petersburg. Dokl. Earth Sci.

494(1): 753–756, 2020. https://doi.org/10.1134/S1028334X20090184; and on 243

of the publication Timofeyev, Y.M., Nerobelov, G.M., Poberovskii, A.V.

Experimental Estimates of Integral Anthropogenic CO2 Emissions in the City of

St. Petersburg. Izv. Atmos. Ocean. Phys. 58: 237–245, 2022.

https://doi.org/10.1134/S0001433822030100.

The personal contribution of the applicant is to assess anthropogenic CO2

emissions of St Petersburg by solving the inverse problem of atmospheric

transport using differential spectroscopic measurements and a one-dimensional

atmospheric transport model taking into account the spatial coverage of the city

territory.

3. The contribution of the surface of the Gulf of Finland to the CO2 content in the St

Petersburg area is less than 1% of the anthropogenic contribution of the city and

may not be taken into account when numerically modeling the transfer of CO2 in

the atmosphere in the city.

The result is presented on page 426 of the publication Nerobelov, G.M.,

Timofeyev, Y.M. Estimates of CO2 Emissions and Uptake by the Water Surface

near St. Petersburg Megalopolis. Atmos Ocean Opt., 34: 422–427, 2021.

https://doi.org/10.1134/S1024856021050158.

The personal contribution of the applicant is to assess the absorption and

emissions of CO2 from the surface of the Gulf of Finland based on ship

measurements; and to assess the contribution of the surface of the Gulf of Finland

to the CO2 content in the St Petersburg area in comparison with the anthropogenic

contribution.
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Provisions for defense

● The contribution of taking into account the spatial coverage of paired

spectroscopic measurements when assessing anthropogenic CO2 emissions in St

Petersburg for 2019 using a one-dimensional box model reaches ~40%.

● Adaptation of the WRF-Chem numerical model to the conditions of St Petersburg

allows the model to be used to solve the inverse problem of estimating

anthropogenic CO2 emissions of the city (modeling error ~0.2%) in ~60% of

cases.

● The use of different sets of measurements, a priori information and atmospheric

transport models lead to a range of values of anthropogenic CO2 emissions in St

Petersburg from ~62 to more than 90 Mt y-1.

● The average anthropogenic CO2 emission of St Petersburg in 2019 based on the

method of solving the inverse problem of atmospheric transfer is 73±13 Mt y-1.
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Chapter 1. Greenhouse gas CO2 and methods for its monitoring in the atmosphere

1.1 Earth's climate change - causes and current conditions

In this chapter, we will review the role of carbon dioxide (CO2) in the Earth's

climate change and the ways of monitoring the spatiotemporal variation of this gas.

The climate of the Earth can be called the average long-term state of its surface

and atmosphere, which is described by such characteristics as the temperature of the air

and the surface of the planet, the amount of precipitation, the height of the ocean

surface, cloudiness, atmospheric composition, etc. Since the formation of the Earth's

atmosphere, its average state has changed very much and continues to change as a result

of interaction with the remaining shells of the Earth (hydrosphere, biosphere,

cryosphere, lithosphere), as well as with external factors (changes in incoming solar

radiation, variations in the gas and aerosol composition of the atmosphere as a result

volcanic eruptions and anthropogenic activity) [1].

Analysis of long-term changes in the Earth's climatic characteristics, as well as

studies of the atmospheres of other planets in the Solar System, indicate the importance

of the composition of the atmosphere, namely the content of greenhouse gases, in

forming the planet's climate. Greenhouse gases are chemical compounds whose

molecules are capable of absorbing and re-emitting electromagnetic (EM) radiation in

the infrared wavelength range (IR or thermal). The Earth's atmosphere contains many

greenhouse gases (H2O, CO2, CH4, N2O, O3, etc.), which are of both natural and

anthropogenic origin. Most greenhouse gases are almost chemically inactive (for

example, CO2, CH4, N2O), which contributes to their long lifetime in the atmosphere

(from several to hundreds and thousands of years [1, 2]). The presence of some

greenhouse gases in the Earth's atmosphere with maximum content in its lower layer

disrupts the planet's radiation balance, reducing the carrying capacity of the atmosphere

for thermal radiation escaping from the earth's surface and slowing down the cooling of

the surface. This phenomenon is called the greenhouse effect. It leads to heating of the
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lower troposphere and provides suitable conditions for a comfortable life for humans

and other living organisms on Earth [3].

The long-term accumulation of greenhouse gases in the atmosphere observed

globally since the middle of the last century [4, 5] is associated with human (or

anthropogenic) activity. This is evidenced by such facts as (1) a decrease in the

concentration of molecular oxygen (O2) at a rate proportional to anthropogenic CO2

emissions; (2) a decrease in the relative content of the carbon isotope 14C in the air,

which is absent in fossil fuels; (3) the increase in CO2 content is faster in the Northern

Hemisphere, where there are many more anthropogenic sources of gas, compared to the

Southern Hemisphere [6].

Today there is increasing confidence that anthropogenic activity is contributing to

the observed gradual increase in the average global temperature of surface air and the

earth's surface and, as a consequence, changes in other characteristics of the Earth's

climate. According to the reports of the IPCC (Intergovernmental Panel on Climate

Change, https://www.ipcc.ch/) [7, 8], the anomaly of the average global air temperature

at the Earth’s surface in the period 2010-2019 in relation to 1850-1900 is in the range

from +0.8 to 1.3 °C. At the same time, with a high probability, the main cause of global

warming and related climate changes is the increase in the content of greenhouse gases

in the atmosphere from anthropogenic emissions [9, 10]. The results of modeling the

past states of the Earth's climate, as well as an analysis of long-term measurements,

indicate a correlation between global climate change and an increase in the content of

greenhouse gases in the atmosphere, which has been actively growing since

approximately the beginning of the industrial revolution, i.e. from the mid-18th century

[7]. The observed global climate changes due to the increasing average temperature of

the Earth's surface and air in the lower troposphere have predominantly negative

consequences for humans. The most significant consequences are caused by an increase

in the number and intensity of annual adverse weather events. These include extreme air

temperatures, heavy precipitation, flooding, drought, and others [11].

Climate changes are also noticeable on a regional scale. For example, the report

[27] indicates that the average air and surface temperatures continue to increase at the
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highest speed in the high latitudes of northern Europe (from Belarus to Finland

according to the IPCC region classification). For the period 2002-2011 the temperature

increase in this part of the Earth is ~1.3±0.11°C relative to the period 1850-1899. In

addition, since 1950, precipitation has increased in northern Europe (by about 70 mm

per decade) and decreased in southern Europe. According to the report [28], the average

temperature of the Earth's surface in the Arctic part of Canada is increasing at a rate

approximately 3 times higher than the average on Earth. This may be caused by a series

of feedbacks. Analysis of climate change in Russia based on observational data [29]

indicates a pronounced gradual increase in the average temperature of the Earth’s

surface. Thus, by 2014, the average temperature increased by ~1.5°C relative to the

average temperature for the period 1961-1990 (the base period accepted by the WMO)

with the highest rate in northern latitudes. At the same time, the rate of increase in

temperature of the Earth's surface for the period 1976-2012 in Russia, turned out to be

more than twice as high as the world average (0.45 versus 0.17°C over 10 years). Trend

of changes in precipitation amounts for 1976-2010 is also positive and amounts to ~0.3

mm over 10 years. During the period from 1996 to 2012, the number of cases of adverse

weather events causing damage to the economy and public health increased in Russia.

According to the report [30], the consequences of global warming are noticeable

in the territory of the large Russian city of St Petersburg (Leningrad region). Thus, over

the 30 years from 1988 to 2017, the average air temperature in the city increased by

1.3°C relative to the average temperature for the period 1961-1990. From 1881 to 2017,

an increase in precipitation was observed from ~500 to 700 mm per year.

1.2 The role of CO2 in climate change

Despite the fact that many greenhouse gases are of natural origin, the

predominant contribution to the continuing increase in the content of these gases in the

Earth's atmosphere is made by increasing anthropogenic activity. The increase in

anthropogenic activity is associated with the growth of the planet's population and

economic development, i.e. with the expansion of production and urbanization of new
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territories [31, 32]. The main source of anthropogenic greenhouse gases is the

combustion of fossil fuels (energy, transport, industry, etc.). According to the report

[29], the main sources of greenhouse gases in Russia are energy, industry, agriculture

and waste processing.

The main anthropogenic greenhouse gases in terms of their impact on the Earth's

climate include carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O). The

predominance of the listed greenhouse gases over others is due to their highest

concentration in the atmosphere. According to the sixth IPCC report of 2021 [33], due

to the development of anthropogenic activity after the industrial revolution and, as a

consequence, the increase in the quantity and power of anthropogenic sources of

greenhouse gases, in the period from 1750 to 2019, the content of CO2, CH4 and N2O in

the atmosphere increased by ∼47, 158 and 23%, respectively. Despite international

agreements on reducing emissions of major greenhouse gases adopted by many

developed countries (Kyoto Protocol [13], Paris Agreement [14], Montreal Protocol

[34], Kigali Amendment [35] and others), their content continues to increase quite

rapidly. For example, if in the 60-70s of the last century the growth rate of global CO2

content was in the range of ∼0.5-1.5 ppm/year, today it is more than ∼2 ppm/year, and

will probably continue to grow [36, 37].

Despite humanity’s desire to transition to an almost emission-free type of energy,

according to one of the scenarios [38], the transition to energy production that is clean,

from the point of view of the impact on the Earth’s climate, by 2050 requires spending

~4*1012 USD per year, which is about 4% of the world's gross domestic product (GDP)

in 2021 (about 96*1012 USD) and is a colossal cost. For example, the estimated annual

spending on clean energy is approximately equal to the GDP of Germany in 2021 (4.2 *

1012 USD) and more than the GDP of Russia (1.78 * 1012 USD), Great Britain (3.19 *

1012 USD), France (2.94 * 1012 USD), Italy (2.1*1012 USD) and many other countries

[39]. However, it is predicted that following this scenario, by 2050, only less than 50%

of all energy consumption could come from clean production [38]. It is therefore clear

that in the coming decades we will continue to record an increase in greenhouse gases in

the atmosphere from human activity.
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CO2 is called the main anthropogenic greenhouse gas, the increase in its content

has the greatest impact on the increase in global surface temperature of the Earth.

According to [12], radiation forcing of CO2 (i.e., the effect on changes in the Earth’s

radiation balance) is approximately 4 times more than methane forcing, 6-7 times more

than chlorofluorocarbons and 8-10 times more than nitrous oxide. This is due to the

highest level of CO2 molecules in the Earth’s atmosphere, which is caused by a greater

number of anthropogenic sources and the magnitude of their emissions. Thus, on

average, the content of CO2 in the atmosphere is ~200 times higher than CH4 and ~1000

times higher than N2O. As for the amount of substance emitted into the atmosphere,

CO2 emissions are ~3 times greater than CH4 emissions and ~10 times greater than N2O

emissions.

1.3 Main sources and sinks of CO2

The Earth's atmosphere is one of four reservoirs of carbon (mainly in the form of

CO2), in which the content of the substance constantly changes due to interaction with

three other reservoirs - biota (particularly plants), the ocean and fossil fuel deposits in

the bowels of the Earth. The type and rate of interactions between the atmosphere and

the other three reservoirs determines the variety of CO2 sources and sinks and the

degree of their impact on the gas content in the atmosphere [40].

The Earth's interior is the largest reservoir of carbon, where it accumulates in the

form of fossil fuels (coal, natural gas, oil), as well as in the form of sedimentary rocks,

which accounts for the largest portion. For example, carbon reserves in the form of

sedimentary rocks in the Earth's interior are about 100 t m-2 (~60 thousand times more

than in the atmosphere), and in the form of fossil fuels - 0.01 t m-2 (average over the

Earth's surface area). Despite the size of this reservoir, most of the accumulated carbon

has a very low rate of exchange with the atmosphere, which takes hundreds of

thousands and millions of years [2]. Due to the large size of the occupied territory and

the high rate of exchange, the ocean is called the main natural source and sink of CO2 in

the atmosphere on a global scale over time periods ranging from tens of years to
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millennia. In terms of carbon reserves, this reservoir is in second place, containing

approximately 60 times more matter than the atmosphere [41]. Biota is a natural factor

that is more significant for the dynamics of CO2 in the atmosphere over time periods

from days to months. In this case, the main contribution is made by the process of

photosynthesis in plants, which has a pronounced seasonal nature [2, 6, 41-43].

Anthropogenic activity leads primarily to an increase in CO2 content in the

atmosphere, since it does not have such large and strong gas sinks as the ocean surface

and biota. The main anthropogenic source of CO2 is the combustion of fossil fuels, as a

result of which carbon from the largest reservoir, the interior of the Earth, moves into

the atmospheric reservoir, where it can linger for hundreds and thousands of years [6,

43].

From this we can conclude that the main sources of atmospheric CO2 determine

the gas content primarily in the lower layer of the atmosphere. Thus, in [44] it is shown

that the CO2 content in the layer up to 12 km is, firstly, higher than in the overlying

layer, and secondly, it is subject to greater seasonal changes. The second conclusion was

confirmed in the study [45].

The total contribution of the biosphere and the ocean surface leads to a constant

absorption of ~50% of CO2 from anthropogenic sources. According to the results of the

study [46], for 2010-2019, the probable increase in CO2 in the atmosphere was 5.1±0.02

GtC y-1, which was facilitated by anthropogenic CO2 emissions as a result of the

combustion of fossil fuels (9.6±0.5 GtC y-1), changes in land use (mainly deforestation

forests, 1.6±0.7 GtC y-1), natural absorption of gas by the ocean surface (2.5±0.6 GtC

y-1) and biota or biosphere (3.4±0.9 GtC y-1). At the same time, the constant cycling of

much larger amounts of carbon between the atmosphere-ocean (about 90 GtC y-1) and

atmosphere-biosphere (about 120 GtC y-1) reservoirs does not make a significant

contribution to climate change [46].

1.4 Modern methods for monitoring spatiotemporal variations of CO2 content

Because of the importance of carbon dioxide in changing the Earth's climate,

scientists from all over the world have been creating and developing systems for
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monitoring this gas in the atmosphere for decades. Monitoring variation in the content

of CO2 and other greenhouse gases in the Earth’s atmosphere began in the middle of the

last century with the work of the American scientist Charles Keeling [4]. Today,

monitoring and analysis of the information received is carried out regularly by scientists

from all over the world; it involves all kinds of measurements (ground-based local and

remote, satellite, aircraft, etc.) and numerical models of atmospheric composition

[47-51].

Note that modern monitoring of the dynamics of carbon dioxide in the Earth’s

atmosphere consists not only of assessing the gas content, but also of analyzing sources

and sinks. If the CO2 content in the atmosphere can be used to judge the current climate

impact of the gas, then information about sources and sinks makes it clear what makes

the most significant contribution to the content. For example, as mentioned, today the

greatest contribution to the increase in CO2 content globally comes from gas emissions

from anthropogenic sources, ~50% of which annually remains in the atmosphere, and

the other half is predominantly absorbed by the ocean surface and vegetation. However,

some studies [52] indicate that in the future, at the current or increased emission rate,

the share of CO2 from anthropogenic sources leaving the atmosphere in natural sinks

will decrease. This should lead to an increase in the rate of growth of CO2 content in the

atmosphere and, as a consequence, to an acceleration in the increase in temperature of

the Earth's surface. Therefore, at the moment, correct information about the sources and

sinks of CO2 at various spatial scales is valuable. Such information will make it possible

to obtain a prediction of Earth's climate change according to the most plausible scenario,

as well as monitor the contribution of countries, regions, cities and individual objects

(thermal power plants, industrial enterprises, etc.) to the increase in CO2 content in the

Earth's atmosphere.

Information on variations in CO2 content in the atmosphere obtained by various

methods has its advantages and disadvantages. A fairly detailed review of modern

measuring methods and instruments for monitoring CO2 in the atmosphere is given in

the report [16]. Below we briefly describe the main modern measuring systems and
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numerical models for monitoring carbon dioxide in the atmosphere, as well as methods

for assessing the sources and sinks of CO2.

Today, two types of CO2 measurements are carried out on a regular basis globally

- local, characterizing a small volume of air (for example, in the vicinity of a measuring

station near the Earth's surface), and remote, providing information mainly on the

integral gas content in the entire atmosphere and in its selected layers (for example, in

the troposphere and stratosphere).

Among the global networks of local measurements of surface CO2 content, we

can highlight the WMO GAW (The Global Atmosphere Watch) program [53]. Within

the framework of this program, since 1989, global measurements of atmospheric

composition have been carried out using ground-based, mast-based, radiosonde, aircraft,

satellite and other measurements. As part of the program, surface CO2 concentrations

are measured at many ground stations [54]. In addition to this program, there is a global

measurement network, the Global Greenhouse Gas Reference Network [55], which is

part of the American research center National Oceanic and Atmospheric

Administration, Earth System Research Laboratories (NOAA ESRL) [56] and is aimed

at studying the atmospheric content of the three main greenhouse gases - CO2, CH4 and

N2O. The network carries out measurements of local CO2 content at the Earth's surface

layer and at specific altitudes (aircraft, mast and radiosonde measurements).

Regular local measurements of CO2 at the Earth’s surface, as well as on masts, are

carried out at the Finnish measuring stations SMEAR (Station for Measuring

Ecosystem-Atmosphere Relations) [57]. We also note the European measuring network

ICOS (Integrated Carbon Observation System, https://icos-atc.lsce.ipsl.fr/), the purpose

of which is to study the sources of the main greenhouse gases, including CO2, in the

Earth’s atmosphere. Within the ICOS network, since 2009, regular ground-based

measurements of the local content of greenhouse gases have been carried out at

approximately 40 stations [58].

There is not a wide national network of regular greenhouse gas measurements in

Russia. Regular CO2 measurements in Russia are carried out under the leadership of

Roshydromet and maintained by employees of the Voeikovo Main Geophysical
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Observatory (St Petersburg) at three stations - the Teriberka (Kola Peninsula, since

1988), New Port (Yamal Peninsula, since 2002) and Tiksi ( north of the Republic of

Sakha (Yakutia), since 2011). All three stations are remote from large anthropogenic

sources and are located in the Arctic part of Russia. Previously, under the leadership of

Roshydromet, measurements were also carried out at two island stations - Bering Island

(1986-1994) and Kotelny Island (1983-1993) [59].

Since 2004, within the framework of the Japan–Russia Siberian Tall Tower Inland

Observation Network (JR-STATION) program, scientists from the Zuev Institute of

Atmospheric Optics SB RAS (Tomsk, Russia) together with colleagues from Japan

(National Institute for Environmental Studies, Tsukuba and Center for Environmental

Remote Sensing, Chiba University, Chiba) organized a monitoring network for the

measurements of local concentrations of carbon dioxide and methane, currently

consisting of 9 observation posts [60, 61]. Most stations are located far from large

anthropogenic sources of CO2, which also makes it possible to study the natural

influence on the content of carbon dioxide in the atmosphere. Measurements are carried

out at the Earth's surface and at heights from masts and aircraft flights.

Since 2013, at the Faculty of Physics of St Petersburg State University in Peterhof

(St Petersburg), episodic measurements of ground-level CO2 content have been carried

out using the Los Gatos Research Greenhouse Gas Analyzer (GGA-24r-EP) [62-64].

Regular measurements of CO2 content are also carried out in Central Russia. At

the Obninsk research station, under the guidance of scientists from the Federal State

Budgetary Institution “Research and Production Association Typhoon” (Obninsk,

Central Russia), since 1998, measurements of the CO2 and CH4 content in a surface

layer have been carried out by Fourier spectroscopy [65].

Using such measurements, it is possible to characterize local features of

variations in CO2 content, which are applicable to limited volumes of air (for example,

the surface layer of the atmosphere), territory (for example, a metropolitan area,

suburbs, forest, etc.) and time period (day, night, winter, summer). Despite their

limitations, local measurements clearly reflect seasonal and annual changes in

atmospheric CO2 content [62].
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Unlike measurements of surface layer CO2 content, the gas content in the entire

atmosphere is less sensitive to dynamic processes in the Earth's boundary layer.

Measurements of CO2 content in the entire dry atmosphere (hereinafter referred to as

total column or TC) characterize the dynamics of gas in the atmosphere under the

influence of sources and sinks of various kinds. Often, to describe the TC, the XCO2

value is used, which characterizes the average ratio of the number of CO2 molecules to

the number of dry air molecules in the entire atmosphere or in its particular layer. This

value is expressed in ppm (parts per million, millionths of mass or volume).

Measurements of total CO2 and other greenhouse gases are regularly carried out

on the global measurement networks TCCON (Total Carbon Column Observing

Network) and COCCON (Collaborative Carbon Column Observing Network).

Measurements on the TCCON network [66] have been carried out since 2004 using

FTIR spectrometers from Bruker Optics GmbH at more than 20 stations. The

requirements for measurement accuracy are 0.25%, but researchers on the network are

not limited to this value, trying to achieve the smallest error in retrievals of CO2 TC

[67]. One of the most reliable and widespread devices on the TCCON network, Bruker

125RH, measures the spectra of incoming solar radiation in the IR range with a spectral

resolution of about 0.02-0.002 cm-2. To retrieve the TC of CO2 and other gases, the

inverse problem of atmospheric optics is solved, in which the measured spectra are

interpreted using a priori information (the state of the atmosphere, the vertical profile of

the gas under study and interfering gases) and special programs (for example, PROFFIT

[68] and GFIT [69]) .

Measurements on the COCCON network [21] began in 2016, in which about 18

scientific groups from around the world are currently involved. Unlike TCCON, the

main instrument of this network is the Bruker EM27/SUN FTIR spectrometer. This

spectrometer has a coarser spectral resolution of 0.5 cm-1, which, however, measures IR

spectra also with small errors due to careful inter-calibration of instruments [70, 71]. In

addition, the Bruker EM27/SUN spectrometer is mobile and can be used not only in

stationary, but also in field measurements [72, 22, 24]. The random error of XCO2
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measurements using Bruker EM27/SUN instruments is approximately an order of

magnitude lower than that of the Bruker 125HR and constitutes 0.03-0.08% [70, 22].

We also note the NDACC (Network for the Detection of Atmospheric

Composition Change, https://www-air.larc.nasa.gov/missions/ndacc/) measurement

network [73], which includes measurements of incoming IR radiation by Fourier

spectrometers from the end 20th century to the present, which can be interpreted to

retrieve the TC of CO2. However, the main objectives of this network do not officially

include the retrieval of CO2 TC. Therefore the retrieval of the content of this gas is

carried out on the NDACC network in private research (see, for example, [74-77]).

In Russia, measurements of total CO2 content are carried out by individual

scientific institutes. For example, at the station in Peterhof, St Petersburg, since 2009,

measurements of a series of environmentally and climatically important gases

(including CO2) have been carried out using a Bruker 125HR Fourier spectrometer

[75-77, 44]. At the same time, since 2012, measurements of a series of gases at the

station in Peterhof have been included in the international NDACC measurement

network described above.

The results of ground-based measurements of CO2 TC are valuable as reference

data for the validation and calibration of satellite measurements, since they are more

accurate [78]. At the same time, ground-based remote measurements are irregular in

space (distances between nearest stations can reach thousands of kilometers) and have

small territorial coverage.

The main advantage of satellite measurements is global coverage. Satellite

measurements of CO2 are based on recording reflected and scattered, as well as the

Earth’s own radiation in the IR wavelength range [16]. The possibility of the retrieval of

CO2 content from satellite measurements appeared in 1979 with the launch of the

American TOVS instrument (Television Infrared Observation Satellite Operational

Vertical Sounder, NOAA series satellites) to an Earth orbit [79]. The device measured

infrared radiation leaving the Earth in the range of 4.3-15 microns in approximately 20

spectral channels and was created to reconstruct the profile of temperature, humidity

and other atmospheric parameters. The spatial resolution of IR radiation measurements
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was about 20 km. It has been shown that the retrieval of CO2 TC based on TOVS

measurements with a resolution of 15° has errors of the order of 2 ppm (less than 1%).

The first satellite measurements aimed at studying greenhouse gases, including

CO2, were started by scientists from Japan in 1996 with the launch of the IMG

(Interferometric Monitor for Greenhouse gases) instrument [80]. The device had a

spectral resolution of 0.1 cm-1 and measured IR outgoing Earth's radiation in the range

of 3.3-14 μm with a spatial resolution of 8 km [81].

To date, space agencies from around the world have put into operation more than

ten satellite instruments, which, based on measurements of the Earth’s re-emitted and

reflected IR radiation, make it possible to obtain information about the content of CO2

and other gases both in the entire dry atmosphere and in particular layers. These are

GOSAT, GOSAT2 (Japan), SCIAMACHY, IASI (EU), OCO-2, OCO-3, AIRS, TES

(USA), IKFS-2 (Russia), TanSat (China) and others instruments [47, 82-87 ]. Modern

satellite measuring systems make it possible to obtain information about CO2 with a

spatial resolution of up to 2-3 km (for example, TanSat and OCO-2/OCO-3) and with

systematic random errors of up to about 0.4 ppm (0.1%) and 0.7-1.4 ppm ( 0.2-0.3%),

respectively [88].

Thanks to the progress achieved in understanding atmospheric physical processes

and spatiotemporal variations in CO2 sources and sinks, modern numerical models of

the dynamics of gas and aerosol composition in the atmosphere have been actively used

over the past few decades to monitor carbon dioxide in conjunction with complex

measurements [89-93]. Unlike measurements, modeling data have the required time

periodicity and spatial coverage, are fully controlled by the researcher, and are often

much cheaper than organizing regular stationary or field measurements [93]. However,

even the most developed models have limitations in information about the main

influencing factors - atmospheric transport, distribution of CO2 sources and sinks, CO2

emissions, daily and seasonal variations in gas emissions, etc., which affect modeling

errors.

Numerical models of atmospheric transport and atmospheric composition are

widely used in monitoring atmospheric CO2. They are used to (1) determine the factors
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influencing the variation of CO2 in the atmosphere [94, 95]; (2) assess of gas sources

and sinks [96, 97]; (3) predict possible climate changes on Earth under various scenarios

of future CO2 emissions [98-100], as well as for other tasks.

Nowadays, there is no universal numerical model of the atmospheric composition

that would be suitable for all kinds of objectives. We can say that for certain areas of

application (for example, one of the three listed above), spaces and time intervals, there

is its own class of numerical models. Models used to predict possible climate changes

from the effects of increasing CO2 levels in the atmosphere generally cover the entire

Earth's surface and most of the atmospheric layer (usually up to hundreds of

kilometers). Such models are among the most complex, since they must take into

account the entire range of physical and chemical processes (including feedback)

occurring both in the atmosphere and in the rest of the shells of the entire Earth. An

example of such a model is SOCOL (SOlar Climate Ozone Links) [101]. The latest

version of this model, SOCOL v4.0 [101], consists of three main parts - a model of

interaction between the Earth's shells (MPI-ESM1.2 [102]), a chemical model

representing reactions with gases and aerosols (MEZON [103]) and a model

microphysics of sulfur-containing aerosols AER [104]. The horizontal spatial resolution

of the model is 1.9°x1.9° (i.e., on average ~200x200 km2) with a vertical distribution at

47 hybrid levels from the Earth's surface to approximately 0.01 hPa. However, in this

version of the model, the spatiotemporal change in CO2 is not calculated, but is set in

advance from the results of other global models or, for example, reanalysis data.

Predefined information about the CO2 content is associated with parameterization

schemes for short- and long-wave electromagnetic radiation coming to and leaving the

Earth, which makes it possible to take into account the influence of gas variations in the

atmosphere on changes in the temperature of the Earth's surface and other

characteristics of the atmosphere.

Another type is numerical models of weather prediction and atmospheric

composition with high spatial resolution over a limited area. They are used, for

example, to study the dynamics of CO2 content in regions or cities with a spatial

resolution of up to 1 km or less. Such models take into account local meteorological
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conditions, complex terrain, heterogeneous distribution of CO2 sources and sinks in

urban areas and other features that cannot yet be fully taken into account in global

models.

An example of a model of this class, which is actively used in the scientific

communities of many countries for monitoring CO2 and assessing anthropogenic

emissions of this gas, is WRF-Chem (Weather Research and Forecasting - Chemistry

[105-107]). Like the global SOCOL model, WRF-Chem consists of a dynamic and a

chemical part. However, limiting the study area, specifying geophysical properties

(relief, albedo, temperature, type of underlying surface, etc.) with a spatial resolution of

up to several meters and describing atmospheric processes with a resolution of up to 1

km or less allow the use of the WRF-Chem model for analyzing processes and

phenomena with time scales up to minutes (for example, local short-period changes in

surface CO2 concentration).

1.5 Modern methods for determining CO2 emissions, their advantages and

disadvantages

The third component of modern monitoring of CO2 in the atmosphere is the

assessment of emissions from gas sources and sinks. There are two methods for

estimating emissions. The first and widely used is the inventory approach. It is based on

the assessment of anthropogenic CO2 emissions using information characterizing human

activity [16, 17]. Examples of such information are the amount of fossil fuel consumed

in the energy sector, industry, transport, etc., land use data, the location of combined

heat and power plants (CHP) and industries (for example, metallurgy), night

illumination of urban areas and much more. Some of such data characterizes the

magnitude of CO2 emissions, while the other characterizes the spatiotemporal

distribution of sources and sinks, which is important when distributing integral

emissions, for example, of the entire country across regions, cities, and even individual

city districts. For example, one of the global databases of anthropogenic CO2 emissions

ODIAC (The Open-source Data Inventory for Anthropogenic CO2) [108] has a spatial
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resolution of ~1 km on average, which was obtained due to the spatial distribution of

total emissions of individual countries by known point sources and by night satellite

imagery. At the national level, databases of anthropogenic CO2 emissions with high

spatial resolution also exist (for example, for China [109]). Errors in anthropogenic CO2

emissions based on the inventory approach at the national level (i.e. from the territories

of countries) can reach only a few percent [18, 19]. However, when moving to the city

scale and above, the errors in emission estimates can exceed 100% [20]. For example,

works [110] and [111] present estimates of CO2 emissions from the territories of

Chinese cities for 2010 and 2012. The differences in estimates for some cities reach

almost 80%.

Probably, to monitor the national contribution of most developed countries to the

increase in CO2 content in the Earth’s atmosphere, it is sufficient to use existing

inventory approach methods. However, firstly, not all countries provide information on

the basis of which it is possible to estimate anthropogenic CO2 emissions of equal

quality and with uniform regularity [112]. Secondly, for monitoring and controlling the

contribution of the country’s subjects up to the analysis of individual cities and sources

on their territories, the errors of the inventory approach, as already mentioned, can reach

100% or more [20, 113]. Thirdly, according to estimates, from ~35% [114] to more than

70% [15] of anthropogenic CO2 emissions occur in urban areas. Accordingly,

high-quality and comprehensive monitoring of anthropogenic emissions of CO2 and

other greenhouse gases from the territories of large cities is required to monitor accepted

obligations to limit emissions.

These and other reasons led to the development of an independent method for

assessing anthropogenic emissions of CO2 and other greenhouse gases. It is based on

high-quality measurements of spatiotemporal gas variation, a priori information, and

numerical modeling of atmospheric transport.

The main idea of the method is to correlate the measured increase in CO2 content

with the source using information about the state of the atmosphere over the past period

of time. Information about the past state of the atmosphere can be obtained using

numerical models of the dynamics of gas composition of varying complexity. This



31

approach often uses CO2 measurements either at the Earth's surface or in the entire

atmosphere, derived from ground, tower, aircraft and satellite measurements [22, 24, 96,

115, 116]. Among the disadvantages of the method, one can highlight the high cost of

measuring equipment and its dependence on weather conditions, which can significantly

affect the number of quality measurements during the year. In addition, as will be shown

below, the disadvantage of the method is the complexity of numerical models of

atmospheric transport, which, for example, complicates the assessment of the error of

the method.
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Chapter 2. Estimation of anthropogenic CO2 emissions in St Petersburg using a

box model

2.1 Experimental estimate of CO2 emissions as a sequence of solving inverse

problems of atmospheric optics and atmospheric transport

Estimation of anthropogenic CO2 emissions using data from measurements of gas

content in the atmosphere, a priori information and an atmospheric transport model is an

inverse problem that is ill-posed in the classical sense and in some studies is called the

inverse atmospheric transport problem [117, 25, 118]. In addition, the inverse problem

of atmospheric transfer is preceded by an ill-posed inverse problem of atmospheric

optics, with the help of which the CO2 content in the atmosphere is restored.

In a classical sense ill-posed problems are those which do not satisfy three

conditions for a well-posed problem suggested by Hadamard. According to [119] these

conditions can be formulated as follows:

1. every function f from the set F has a solution 𝜑 from the set 𝛷;

2. the solution 𝜑 is unique;

3. small changes of the function f correspond to small changes of the solution 𝜑, i.e.

the problem is stable.

Previously, it was believed that problems that did not fall under the Hadamard

conditions of a well-posed problem could not be solved. However, in the 60s, the Soviet

mathematician and geophysicist Andrei Nikolaevich Tikhonov formulated new

conditions of well-posed problems, which made it possible to approximately solve

inverse problems that are incorrect in the classical sense [120]. Conditions of

well-posed problems according to Tikhonov can be formulated as in [119]:

1. it is a priori known that some functions f from the set F have solutions 𝜑 from the

limited part of the 𝛷 set (let's call it a subset M);

2. the solution 𝜑 is unique, but on the subset M;

3. small changes of the function f, which do not take the solution 𝜑 outside of the

subset M, correspond to small changes of the solution 𝜑.
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With the advent of new non-classical Tikhonov conditions for well-posed

problems, opportunities have emerged for solving a wide class of atmospheric optics

problems and, as a consequence, atmospheric transport problems. Figure 1 presents a

general diagram describing the main stages of solving inverse problems of atmospheric

optics and atmospheric transport, which ultimately lead to the estimation of CO2

emissions. This scheme combines the main stages of solving two inverse problems,

which are described in many studies [24, 96, 112, 25, 121, 26]. Although we will focus

on the inverse problem of atmospheric transport in what follows, a diagram of the

inverse problem of atmospheric optics is presented to demonstrate the complexity of the

procedure for determining CO2 emissions from measurements.

Figure 1: Scheme of inverse problems of atmospheric optics and atmospheric transport

Despite the fact that determining CO2 emissions based on measured gas content

and direct modeling of CO2 transfer from sources is an inverse problem, today there is

no general theory that would be used to solve it. Scientists use different mathematical

algorithms, the main task of which is to minimize the difference between measured and

simulated data constraining by a priori information (for example, the Bayesian approach

described in [122]).

As can be noted from Figure 1, the method for determining anthropogenic CO2

emissions by solving the inverse problem of atmospheric transfer is used not separately,
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but together with the inventory approach. From an inverse problem perspective,

inventory-based emissions data are a priori information that is often available with

global coverage, high spatial resolution, and temporal variability (from interannual to

daily). Using a priori information and a forward operator, which is a well-validated

atmospheric transport model, one can transfer from CO2 emissions to the spatiotemporal

distribution of gas content in the atmosphere. By comparing model results with

high-quality CO2 measurements, a priori emissions are adjusted until differences

between model results and measurements are minimized. Corrected emissions when the

minimization condition is achieved are a solution to the inverse problem of atmospheric

transfer. A priori information allows, firstly, to limit possible solutions, and secondly, it

speeds up the process of finding a single solution. The method used is a relatively

simple representation of the solution to the inverse problem, since, in addition, it is

necessary to take into account the errors of modeling, a priori information and

measurements, on which the errors of the estimated emissions depend.

Errors in solutions of classically ill-posed inverse problems strongly depend on

the quality of the a priori information and direct operator used. The direct operator of

the inverse problem of atmospheric optics is a well-studied and validated model of

radiation transfer in the atmosphere. In turn, the direct operator of the inverse problem

of atmospheric transfer is a model of the dynamics of the gas composition of the

atmosphere (for example, the previously mentioned WRF-Chem). Such models are very

complex, as they simulate many dynamic and chemical atmospheric processes that

interact with each other.

Work [115] presents estimates of total CO2 emissions from natural and

anthropogenic sources for the entire Earth's surface for 2004-2006 in comparison with

independent estimates based on the method of solving the inverse problem of

atmospheric transfer. According to the study, estimates range from 12,000 to 13,000 Mt

C y-1, i.e. up to approximately 8% relative to the minimum estimate (random error).

However, estimates of natural CO2 emissions from solid surfaces differ from a priori

ones in some cases by more than 100%. Work [121] shows that, depending on the

choice of a priori natural CO2 emissions, the random error in estimates can reach about



35

10% for the entire Earth’s surface. Moreover, the obtained estimates for individual

regions exceed the a priori ones by up to ~100% (for example, for the territory of

Russia).

The Russian megapolis of St Petersburg is one of the largest industrial centers in

the country. The city's population is more than 5 million people, and its area is ~1400

km2. There are about ten combined thermal and power plants, many industrial

enterprises in the city, and there is also high transport activity. It is obvious that St

Petersburg is a major anthropogenic source of CO2 in Russia and on the planet as a

whole. A qualitative assessment of anthropogenic emissions from large cities is an

important task, for example, to determine the total and regional annual contributions of

Russia to CO2 content, i.e. contributions to changes in radiative forcing of this gas.

Studies [24, 26] determine the total anthropogenic CO2 emissions from the

territory of St Petersburg based on spectroscopic measurements of the total gas content.

It is shown that the atmospheric transport models used in these works lead to estimates

of CO2 emissions that differ by ~30% and more. According to [123, 124], differences in

numerical models of atmospheric composition lead to even more significant differences

in estimates of anthropogenic and natural CO2 emissions, which reach ~50% and more.

The purpose of the current chapter is to estimate anthropogenic CO2 emissions

from St Petersburg based on solving the inverse problem of atmospheric transport using

measurements of CO2 total column (TC) and modeling atmospheric transport using a

box model. The difference from the already carried out estimates of CO2 emissions of St

Petersburg in [22, 24, 26] is that current estimates will be given for the city area covered

by the measurements of CO2 TC.

2.2 Concept of the balance approach for estimating anthropogenic CO2 emissions

The assessment of CO2 emissions based on the balance approach is based on the

condition that the number of gas molecules entering and leaving a certain volume must

be equal, provided that there are no sources or sinks of CO2 within this volume [125].

Thus, the non-zero difference between the number of CO2 molecules entering and
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leaving the volume will determine the presence and size of sources or sinks inside the

volume.

The simplest use of the balance approach to estimate anthropogenic CO2

emissions can be implemented using a box model of atmospheric transport and

measurements of gas content in the atmosphere (Figure 2) [125]. Within the box model,

a certain volume of the atmosphere with a fixed size is allocated. At the boundaries and

inside the selected volume X, input parameters are set that describe the transport of air

through the volume (for example, wind speed) and its change inside (the amount of

solar radiation, sources and sinks of gases, gas and aerosol composition, etc.).

Figure 2: Schematic representation of the simplest box model of atmospheric transport in Euler form

(image adapted from [125])

When considering the change within a given volume of a gas such as CO2, several

assumptions can be made to simplify the modeling of gas transport. Firstly, CO2 is

almost inert gas and usually when modeling changes in its content in the atmosphere,

chemical reactions are not taken into account. In addition, the main sink of CO2 at the

city scale is vegetation during the growing season (approximately from mid-spring to

mid-autumn) [126]. Accordingly, considering the dynamics of CO2 content in months

with weak plant activity, from the point of view of CO2 release and absorption, for the

northern regions of Russia it can be assumed that vegetation makes almost no

contribution to the gas content. Thus, to some approximation, we can assume that only

anthropogenic activity is the source of CO2 when a volume of air is transferred over a

certain territory in a short period of time (several hours).
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2.3 Data and methods

2.3.1 Differential spectroscopic method for determining anthropogenic CO2

emissions

In recent years, a balance approach based on a box model has been implemented

to estimate anthropogenic CO2 emissions using remote spectroscopic measurements of

electromagnetic radiation in the atmosphere. Using such measurements, it is possible to

obtain information about the total (or total) content of CO2 and other gases in the entire

atmosphere. The main advantage of measurements of total CO2 content (TC) in the

atmosphere over local measurements is that they characterize the contribution of factors

to the atmospheric CO2 content at different altitudes [72].

It can be assumed that the study of CO2 TC will lead to greater uncertainty in

assessing the city’s anthropogenic contribution to CO2 content. However, in the last

decade, the differential spectroscopic (hereinafter referred to as DS) method for

assessing anthropogenic emissions of CO2 and other greenhouse gases has been actively

developing [72, 22, 24, 95, 26, 127, 128].

The essence of the DS method is based on simultaneous measurements of CO2 in

the windward and leeward parts of the city using inter-calibrated mobile spectrometers.

Since ground-based spectroscopic measurements of TC characterize the volume of air

covering the layers of the troposphere and stratosphere, then, in the case of CO2, these

measurements reflect the total influence of all main factors. These include atmospheric

transport, biogenic impact, anthropogenic contribution, absorption of CO2 by the water

surface, biomass combustion, volcanic eruptions, etc. Accordingly, the difference

between the CO2 measurements of two mutually calibrated instruments in the windward

and leeward parts of the city, under certain conditions, should highlight the influence of

the city (anthropogenic contribution), reducing the influence of factors outside it.

“Certain conditions” can be, for example, the state of the atmosphere with a slightly

changing wind direction, high wind speed [127], as well as a relatively large sample of

CO2 measurements in the windward and leeward parts of the city. The first condition, if
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we mentally remove the anthropogenic impact of the city, will ensure the transfer of

background air mass similar in properties to the measurement points in the windward

and leeward parts of the city. The second condition should reduce the residence time of

the air mass in the city and reduce the degree of change in its physical properties under

the influence of local features (for example, under the influence of the urban “heat

island”). Finally, the third condition will ensure the reliability of conclusions about the

measured contribution of the city to CO2.

The advantages of this method are the high accuracy of CO2 TC measurements,

which is achieved through mutual calibration of instruments before measurements.

Disadvantages include the limitation of measurements to daytime and cloudiness (when

using solar radiation), as well as the relatively high cost of mobile spectrometers.

Nevertheless, the differential method of emission estimation can be considered as a

promising ground-based method for validating inventory and satellite methods for

determining anthropogenic CO2 emissions. For example, in Munich, a system for

operational control of anthropogenic emissions was created, based on the DS method

[129].

2.3.2 CO2 TC measurements as part of the EMME campaign

In the period 2019-2020, in the large Russian megapolis of St Petersburg,

scientists from St Petersburg State University and two German institutes - Karlsruhe

Institute of Technology (Karlsruhe, Germany) and University of Bremen (Bremen,

Germany) - conducted a joint project Emission Monitoring Mobile Experiment

(EMME). One of the main goals of the project was to assess greenhouse gas emissions

based on the DS method from the territory of St Petersburg. For this purpose, a pair of

inter-calibrated IR Fourier spectrometers from Bruker model EM27/SUN was used. In

the period from March to April 2019, parallel measurements of CO2 and other

greenhouse gases were carried out over 11 days in the windward (background) and

leeward (polluted) parts of the city. To do this, the scientists of EMME campaign

selected each day carefully using meteorological measurements, forecasts and
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calculations of the numerical model of particle dispersion in the atmosphere HYSPLIT.

Of the 11, only 9 days were selected by the EMME campaign participants for analysis,

of which 4 were also selected as the best days for assessing anthropogenic CO2

emissions. A description of the measurements performed, as well as measuring

instruments, are presented in detail in [22]. The measurement results of the EMME

campaign are presented on the website https://www.imk-asf.kit.edu/english/3884.php

[last access 05.07.2023].

Subsequently, the resulting paired measurements were used to determine the

anthropogenic contribution of St Petersburg to the CO2 content ( ) on a specific day.∆𝑐
By solving the inverse problem, using a box model and obtained as the difference∆𝑐
between parallel measurements of CO2, the authors of [22] estimated specific

anthropogenic CO2 emissions from the territory of St Petersburg and estimated errors.

Thus, anthropogenic CO2 emissions from a unit area of St Petersburg based on EMME

measurements in 2019 are 89 kt km-2 y-1 with a variability of 28 kt km-2 y-1 based on

nine days and 85 kt km-2 y-1 with a variability of 12 kt km-2 y-1 based on the 4 best days

of measurements. Systematic and random errors are about 14 and 40%, respectively.

In [26], EMME measurements were used in conjunction with a one-dimensional

box model of atmospheric transport to estimate the total anthropogenic CO2 emissions

of St Petersburg for 2019. According to the study, anthropogenic CO2 emissions of St

Petersburg in 2019 were ~65 Mt g-1 with an error of 20-40%.

The results of a more detailed study to assess the total CO2 emissions of St

Petersburg in 2019 and 2020 based on EMME measurements are presented in [24]. In

contrast to [22, 26], the study [24] uses the HYSPLIT model of particle dispersion in the

atmosphere. According to the study, the total emissions of St Petersburg in 2019 and

2020 are approximately 75.8 and 68.4 Mt y-1 with variability of 5.4 and 7.1 Mt y-1,

respectively. The authors point out that the estimates obtained more than double the

emissions of the inventory databases for the territory of St Petersburg. In addition, the

study provides an assessment of the total anthropogenic CO2 emissions of St Petersburg

based on measurements of the near-surface gas content. The resulting estimate is

approximately 30% less than that based on the DS IR method. This finding supports
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claims about the possible uncertainty in estimating CO2 emissions based on local gas

measurements.

As part of the EMME program in 2019, a pair of inter-calibrated Bruker

EM27/SUN IR Fourier spectrometers was used [70, 130]. The devices measure the

spectra of direct solar radiation in the IR wavelength range of 4000–12000 cm−1 with a

spectral resolution of 0.5 cm−1. Based on the measured solar spectra and the algorithm

described in [70], the CO2 TC in a dry atmosphere was reconstructed. According to [70,

130, 71], the systematic and random errors of the reconstructed CO2 content values

based on Bruker EM27/SUN measurements reach ~0.5% and 0.025-0.075%,

respectively. However, due to preliminary intercalibration between the two

spectrometers and the use of the difference between them, the systematic differences are

significantly reduced (on the order of 0.02%).

2.3.3 Box model of atmospheric transport

Let us write the equation of the box model in Lagrangian form (1). Unlike the

Eulerian form, the Lagrangian approach considers the movement in space and time of a

selected volume of air. According to (1), the concentration of CO2 in a small volume

transported over a certain territory depends only on emissions from the surface of this

territory 𝐸 = 𝑢× 𝐻*Δ𝑐Δ𝑥 (1)

Here - the total contribution of the territory over which a volume of air passes∆𝑐
to the CO2 concentration of a given volume; - one of the horizontal dimensions of∆𝑥
the allocated space along which the allocated volume of air moves; u - average wind

speed (taken as a constant inside the volume); H - the height of an air volume.

in the equation (1) can characterize the contribution of a city, for example St∆𝑐
Petersburg, to the CO2 content in a volume of air at height H. The height H may be, for

example, the height of the Earth's boundary layer. Taking H into account in equation (1)

is due to the fact that, in addition to ground sources, gas is transferred to the study area
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from remote areas at different altitudes. In its simplest form, having only measurements

of CO2 content in a small volume of air (for example, obtained using a gas analyzer),

when estimating emissions using a box model, it is assumed that the vertical distribution

of gas content is the same within H. Accordingly, under conditions of highly

heterogeneous CO2 distribution altitude, emission estimates based on equation (1) and

local measurements of gas content may have additional errors.

Having information about and wind speed based on measurements, using∆𝑐
equation (1) it is possible to estimate CO2 emissions from the city. The balance

approach, implemented using a box model in various approximations, has been used by

scientists for several decades to estimate emissions of CO2, as well as other climate- and

environmentally important gases and aerosols. For example, [131] uses a simple box

model together with paired measurements of gas and aerosol composition in the ground

layer to analyze the impact of road works on ambient air quality in the London area,

UK. Paired measurements characterized the content of pollutants in the windward and

leeward parts of the road. Thus, under certain meteorological conditions, the difference

between them can be interpreted as a contribution to the content of pollutants from

processes occurring on the road itself (i.e., mainly emissions from cars and repair work).

In [132], a box model, together with measurements at the Earth's surface, was used to

estimate mercury emissions in Zurich, Switzerland. Unlike the previous study, instead

of paired measurements, data from observations of mercury gases at a station in the city

itself were used, as well as measurements in the background air of the peripheral part of

the city, carried out in a separate non-overlapping period of time. This approach

undoubtedly increases the error in emission estimates. Note that due to the locality of

the measurements used to estimate emissions in both works, the assumption of weak

vertical air mixing is used. For this purpose, for example, in the study [132] only days

with temperature inversion in the surface layer were considered, i.e. with weak vertical

air transfer. In the study [133], mobile spectroscopic measurements of NO2 content in

the troposphere are used in conjunction with a box model to estimate the total annual

gas emissions from the territory of St Petersburg. According to the study results,
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emission estimates vary significantly depending on the day of observation (almost 4

times relative to the minimum value).

Thanks to simultaneous remote spectroscopic measurements of CO2 in the

background and polluted air of St Petersburg, carried out as part of the EMME

campaign, the value of the city’s anthropogenic contribution to the gas content or is∆𝑐
estimated on a specific day. Considering that the main contribution to urban

anthropogenic CO2 emissions comes from stationary sources (for example, the network

of thermal power plants in St Petersburg), we can assume that c depends on CO2

emissions from the areas of distribution of air masses (hereinafter we will call such

areas “paths”). Thus, characterizes CO2 emissions from certain parts of St∆𝑐
Petersburg.

According to the box model equation (1), the measured value of depends on∆𝑐
the magnitude of local anthropogenic CO2 emissions, wind speed and the length of the

air mass movement path. In our approach, is calculated from the box model∆𝑐𝑚𝑜𝑑, 𝑖
equation (1) for a specific path of air mass movement ( ) based on information about∆𝑥𝑖
wind speed ( ) and a priori CO2 emissions ) (2). characterizes the𝑢 𝑖 (𝐸𝑖 ∆𝑐𝑚𝑜𝑑, 𝑖
anthropogenic contribution of St Petersburg to the CO2 content on the day i of EMME

measurements based on modeling. Then, for each day i, the coefficient is determined𝑅 𝑖
as the quotient between the measured and model on these days (3). R is subsequently∆𝑐
used to correct a priori anthropogenic CO2 emissions on the territory of St Petersburg.

Thus, R and subsequently adjusted a priori CO2 emissions from the city will be a

solution to the inverse problem of atmospheric transfer.

In contrast to (1), the variable H (height of the mixing layer) in equation (2) is not

used explicitly here, since characterizes the CO2 content in the entire atmosphere∆𝑐
and, thus, implicitly contains this parameter.

∆𝑐𝑚𝑜𝑑, 𝑖 = 𝐸𝑖Δ𝑥𝑖𝑢 𝑖
(2)
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To estimate , for each day of EMME measurements, different equations∆𝑐𝑚𝑜𝑑, 𝑖
(2) with different input parameters are compiled. Figure 3 shows the positions of paired

EMME measurements (connected by segments) together with a priori anthropogenic

CO2 emissions based on the ODIAC database for 2019. Note that with this

consideration, one of the traces was repeated three times, since for the same pair of

positions (A2-B2) CO2 TC measurements were carried out on three different days. Thus,

as a first approximation, no more than 5 noticeably different observation geometries are

used.

Large anthropogenic sources of CO2 are clearly visible in Figure 3 (11 dark green

cells). Their position is in good agreement with the coordinates of the St Petersburg

CHPs. According to ODIAC data for 2019, CO2 emissions, which correlate with

emissions from thermal power plants, are more than two orders of magnitude higher

than all other anthropogenic gas emissions in the city and account for about 30% of total

emissions.

Figure 3: Anthropogenic CO2 emissions in St Petersburg according to ODIAC data for 2019 and

positions of paired CO2 TC measurements within the framework of the EMME 2019 campaign.
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The ODIAC inventory database for 2019 ( ) is used as a priori information on𝐸𝑖
the spatiotemporal distribution of anthropogenic CO2 emissions in equation (2). The

spatial resolution of ODIAC is ~1 km2 on average for the entire earth's surface and

~0.43 km2 for the territory of St Petersburg and its suburb [134].

The calculation results of the numerical weather forecast model WRF version

4.1.2 are used as wind speed data in (2). A numerical experiment using the WRF model

was carried out in March-April 2019 with a spatial resolution of 8 km. Simulation data

was output within an hour. Global forecast system (GFS) analysis data were used as

initial and boundary conditions for WRF modeling

(https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/global-forcast-syste

m-gfs). Wind speed values at the Earth's surface and the average in the 0-1350 m layer

(a value close to the height of the Earth's boundary layer during the day) based on WRF

modeling are used in the study.

In [26], straight lines connecting paired EMME measurements were taken as

trajectories of air mass movements from equation (2) (Figure 3). However, as, for∆𝑥
example, noted in [22], the direction of the surface wind within the city may change to

the opposite during the period of parallel measurements, i.e. within 3-4 hours.

To reduce the errors from a simple approximation of atmospheric air mass

transport over a city and to define In Equation (2), the STILT particle dispersion∆𝑥
model [135] coupled with the WRF weather forecast model [105] (WRF-STILT) were

used in the study. The details of using the WRF-STILT model will be discussed in the

following chapters.

2.4 Uncertainty analysis of CO2 emissions estimation using the DS method

Let us recall that when solving the inverse problem to estimate the total CO2

emissions from the entire territory of St Petersburg, in studies [24, 26], a priori

anthropogenic CO2 emissions from the city territory were multiplied by correction

factors calculated on the basis of the relationship between measured and model (3).∆𝑐
These multipliers, determined on specific days of EMME measurements (Figure 3),
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were used to correct a priori anthropogenic CO2 emissions from the entire territory of St

Petersburg, and not from the city districts that make the greatest contribution to the

measured CO2 contents. However, these studies did not take into account the fact that

the EMME campaign measurements mainly covered the central part of the city, where,

according to ODIAC 2018 and 2019, the largest sources of anthropogenic CO2

emissions are located. Accordingly, the use of correction factors obtained from EMME

measurements and the box model (see Equations 2 and 3) to estimate total emissions

from the city may lead to additional errors.

To quantify this factor, we present histograms that describe the distribution of

anthropogenic CO2 emissions from the ODIAC base throughout the entire territory of St

Petersburg (Figure 4 a). In addition, three histograms of the distribution of emissions in

the territories of St Petersburg covered by observations based on simplified straight-line

traces during the measurement days of the EMME program in 2019 are presented

(Figure 4 b). The histograms show the distribution of CO2 emissions in relation to the

total number of ODIAC data cells for the area of the entire city (Figure 4 a) and on

selected simplified routes (Figure 3) - for 4, 7 and 9 days (Figure 4 b). Here we use

ODIAC data for 2018, since this is the version used in [26]. 4, 7 and 9 days correspond

to the measurement days of the EMME campaign, the data of which were used in [22,

24, 26].

From the presented histograms we can conclude that, according to ODIAC data,

most of the territory of St Petersburg (Figure 4a) is occupied by CO2 emissions with

values less than ~20 kt km–2 year–1. In turn, the smallest part of the city is occupied by

emissions with values of more than ~40 kt km–2 year–1. The areas covered by simplified

air transport paths on EMME measurement days (Figure 4 b) mainly cover high

emission values - from 15 to 55 kt km–2 year–1.
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(a) (b)
Figure 4: Histogram of the distribution of CO2 emissions according to ODIAC data for 2018 on the

entire territory of St Petersburg (a) and in the territories of straight air mass routes (b) with a width of 1

km on the days of EMME measurements.

Thus, systematic errors in determining the total anthropogenic CO2 emissions of

St Petersburg based on EMME measurements in 2019 [24, 26] and expressions (2) and

(3) may be due to the fact that the measurements covered mainly parts of the city with

very high specific CO2 emissions.

Let's consider a simple example illustrating the influence of this factor. Let us

assume that ODIAC data correctly describe the spatial distribution of anthropogenic

CO2 emissions in St Petersburg. In this case, the average specific CO2 emissions

according to ODIAC data for 2018 for the entire territory of St Petersburg, whose area

is ~1400 km2, are ~21.6 kt km–2 year–1. Hence, by multiplying this specific emission

value by the city area, we obtain the “true” value of the total CO2 emission of St

Petersburg. For the central part of the city with the highest CO2 emissions according to

ODIAC data (Figure 4, area ~1000 km2), the average specific emission is approximately

28.8 kt km–2 year–1. This is approximately 30% more than the average specific CO2

emissions of the entire city. Accordingly, multiplying this value by the area of the entire

city, we obtain an overestimate of the total anthropogenic CO2 emissions of St

Petersburg by 30% (relative to the “true” total emission).

Accordingly, the question arises: how is it possible to take this factor into account

when estimating anthropogenic CO2 emissions from the territory of St Petersburg, using

paired DS IR measurements and a simple box model?
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We propose an approach that consists in assessing anthropogenic CO2 emissions

only for the territories of St Petersburg covered by EMME measurements. It is proposed

to cover the remaining areas of the city with a priori information - the ODIAC database

for 2019. Equation (4) describes a new approach for estimating the total anthropogenic

CO2 emissions from the entire city. In (4), is the average correction factor based on all𝑅 
EMME measurement days used; - a priori anthropogenic CO2 emissions from the𝐸𝑐
territory of St Petersburg, covered by EMME measurements; - a priori𝐸𝑛𝑐
anthropogenic CO2 emissions from the territory of St Petersburg, not covered by EMME

measurements. 𝐸𝑠 = 𝑅 * 𝐸𝑐 + 𝐸𝑛𝑐 (4)

2.5 Assessment of the territory of St Petersburg covered by EMME measurements

In addition to modeling the trajectory of air mass movement, using the

WRF-STILT model it is possible to estimate the spatiotemporal distribution of the

contribution of St Petersburg to the CO2 content based on EMME measurements. Let's

imagine that in the St Petersburg area, on one of the observation days of the EMME

campaign, a measurement of CO2 was carried out in the leeward (polluted) part of the

city (point A). Having parallel measurements in the windward (background) part𝑥𝑟𝑖, 𝑦𝑟𝑗
of the city (point B) and the direction of atmospheric transfer from A to B, we can

describe the anthropogenic contribution of St Petersburg to the CO2 TC as a function of

time ( ). The value of at the measuring station at point A at a certain time∆𝑐 𝑡𝑚 ∆𝑐 𝑥𝑟𝑖, 𝑦𝑟𝑗
depends on the transfer of CO2 molecules from the territory remote from the station,𝑡𝑚

which includes St Petersburg. If we trace where each of the particles, component ,∆𝑐
moved to the measuring station by the time and at the same time mentally𝑥𝑟𝑖, 𝑦𝑟𝑗 𝑡𝑚
draw the trajectories of their movement on the geographical projection of the Earth, then

on this projection the trajectories will form an area passing over the city and expanding

deeper into the city, away from the measuring station. If we divide each trajectory into
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segments that the particles covered per unit of time (for example, an hour), then it turns

out that the lengths of the segments change. These two phenomena are associated with

the fact that the speed and direction of the wind in space (including within the city) is

constantly changing. If we assume that the measured at time depends only on the∆𝑐 𝑡𝑚
anthropogenic emissions of CO2 sources in St Petersburg and the rate of particle transfer

above them, then the residence time of particles in certain areas of the city will be a

characteristic that describes the influence of specific parts of the city on the measured

anthropogenic contribution to point .∆𝑐 𝑥𝑟𝑖, 𝑦𝑟𝑗
The WRF-STILT model allows us to determine this characteristic based on the

calculation of the time-reverse transport of particles in the atmosphere. In this study,

using this model, numerical experiments were carried out on the transfer of particles

back in time during the measurement days of EMME 2019. Thus, information was

obtained on the spatiotemporal distribution of particles arriving at the leeward

measurement point.

To model the transport of particles in space, meteorological data are used based

on the high spatial resolution numerical weather prediction model WRF. WRF-STILT

simulated the transport of 2000 particles from downwind EMME measurement sites

separately for each of the nine campaign days. As part of the numerical experiments,

particles moved back in time for 6 hours from 10 UTC, distributing throughout the

territory of St Petersburg to an altitude of about 1500 m. Numerical experiments were

carried out for each day of EMME measurements.

Then, based on the obtained model information, the parameter was𝑓 𝑥𝑖, 𝑦𝑗,𝑡𝑚( )
calculated by the model using equation (5). The variable was determined for the𝑓
windward space, relative to the measuring station , based on the total time ( )𝑥𝑖, 𝑦𝑗, ∆𝑡
during which the model particles (p) arriving at the measuring station were in one or

another part of space. Units of are ppm µmol-1 m2 s. Thus, the set of values reflects𝑓 𝑓
the potential contribution of the windward part of the city to the measured at a∆𝑐
particular time .𝑡𝑚
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𝑓 𝑥𝑖, 𝑦𝑗, 𝑡𝑚( ) = 𝑚𝑎𝑖𝑟ℎρ(𝑥𝑖,𝑦𝑗,𝑡𝑚) 1𝑁𝑡𝑜𝑡 𝑝=1
𝑁𝑡𝑜𝑡∑ ∆𝑡𝑝,𝑖,𝑗,𝑘 (5)

In the equation (5) – mean air density in the windward area of the city, relative toρ
measurements; h – the height up to which the effect of the windward area of the city on

particles released from the measurement point is taken into account; – molar mass𝑚𝑎𝑖𝑟
of air; – number of model particles released from the position of a measurement𝑁𝑡𝑜𝑡
site (2000 in this study); – position and time of measurements (or, in other words,𝑥𝑟, 𝑡𝑟
the period from which the simulation of particle transport back in time was carried out);

- the location to which the particles were transported back in time to the time𝑥𝑖, 𝑦𝑗, 𝑡𝑚
(for example, the position of the measurements).

However, does not take into account the influence of anthropogenic CO2𝑓
emissions on . To correct this, we use expression (6). In it, the parameter∆𝑐 ∆𝐶𝑚,𝑖,𝑗
[ppm] is calculated as the product of a set of values [ppm µmol-1 m2 s] and the𝑓
corresponding territorial a priori emissions of CO2 [µmol m-2 s-1]. The parameter𝐸

characterizes the contribution of the windward part of the city to the∆𝐶𝑚,𝑖,𝑗
anthropogenic contribution at the measurement location . It depends on the∆𝑐 𝑥𝑖, 𝑦𝑗,
residence time of particles over specific areas of the city and on the spatial distribution

and magnitude of a priori CO2 emissions. For example, at high values of , but at small𝑓
or absent emissions , will also be small or equal to zero, respectively, and vice𝐸 ∆𝐶𝑚,𝑖,𝑗
versa. Thus, we can consider that the spatial distribution of the values of on a∆𝐶𝑚,𝑖,𝑗
certain day of EMME measurements is a characteristic of the contribution of a

particular part of the city to the measured . Hence, by using the described method, it∆𝑐
is possible to estimate the spatial coverage of EMME measurements on a specific day.∆𝐶(𝑥𝑟, 𝑡𝑟) = 𝑓 𝑥𝑖, 𝑦𝑖, 𝑡𝑚( )𝐸(𝑥𝑖, 𝑦𝑖, 𝑡𝑚) (6)

Figure 5 shows the values of for the period of nine days of EMME∆𝐶𝑚,𝑖,𝑗(𝑥𝑟, 𝑡𝑟)
2019 measurements in percentage. The data are normalized relative to the total value of
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on the territory of St Petersburg for each day separately. The spatial∆𝐶𝑚,𝑖,𝑗(𝑥𝑟, 𝑡𝑟)
distribution (colored area) characterizes, according to the WRF-STILT∆𝐶(𝑥𝑟, 𝑡𝑟)
model, the metropolitan areas that have the main influence on the formation of the

measured anthropogenic contribution of the city to the CO2 environment on each

specific day. Also there are straight lines on the images which are connecting the

positions of parallel measurements and characterizing the simplified movement of the

air mass that day. In Figure 5, only the values of are shown, which∆𝐶𝑚,𝑖,𝑗(𝑥𝑟, 𝑡𝑟)
influence the total anthropogenic contribution by more than 0.01%.

Analysis of the city areas responsible for the formation of the anthropogenic

contribution of St Petersburg based on modeling data indicates that the measurement of

background and polluted CO2 content on some days was carried out relative to different

air masses (April 3, 4, 16 and 25). Accordingly, the use of EMME measurements that

were obtained on these days and the box model (2) to estimate anthropogenic emissions

in St Petersburg assumes a horizontal homogeneous distribution of CO2 content in the

air mass approaching the city from different directions.

In some cases, a straight line approximates air movement quite well (for example,

March 21 and 27, April 1, 6 and 24), but in others it greatly simplifies the actual nature

of the movement (for example, April 16 and 25). Apparently, on April 16 and 25, a

difficult meteorological situation was observed, due to which , according∆𝐶𝑚,𝑖,𝑗(𝑥𝑟, 𝑡𝑟)
to modeling data, is concentrated in one small area, and does not “stretch” across the

city, as in other days. An analysis of the wind direction based on measurements from a

weather station on the roof of the Physics Faculty of St Petersburg State University in

Peterhof showed that on both days the wind direction at the Earth’s surface changed

almost to the opposite. At the same time, the WRF model has large errors in modeling

the direction of the surface wind on these two days (in some hours up to almost 180°).

These facts may indicate that, firstly, measurements these days should not be used to

assess the anthropogenic contribution in our study. Secondly, this may mean that

difficulties in modeling the observed meteorological situation also lead to difficulties in

interpreting measurements using numerical simulation.
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Figure 5: Spatial distribution of areas of formation of the St Petersburg anthropogenic contribution on

different measurement days of the EMME 2019 program according to the WRF-STILT model ( )∆𝐶𝑚,𝑖,𝑗
Next, were combined on certain days to estimate which part of the∆𝐶𝑚,𝑖,𝑗(𝑥𝑟, 𝑡𝑟)

city is predominantly covered by EMME measurements. Figure 6 shows the total

contribution of windward regions to the ∆c EMME 2019 measurements for 7 (excluding

April 16 and 25) and 5 (excluding April 3, 4, 16, 25) observation days based on the

WRF-STILT simulation. The contribution in each individual cell is presented as a

percentage relative to the total total contribution in the entire city for 7 days.
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(a)

(b)

Figure 6: The region of St Petersburg, forming the anthropogenic contribution for 7 (a) and 5 (b) days

of measurements of the EMME program in 2019

According to Figure 6 “a”, over 7 days of EMME measurements, the largest area

of the city is occupied by areas with anthropogenic influence in the range of 0-0.01%.

However, their total impact is only ~3.3% of the total anthropogenic contribution for all

7 days. Next in terms of the size of the occupied area follow the values in the range of

0.01-0.1%, which amount to ~20.4% of the total anthropogenic contribution of St

Petersburg (the center and south of the city). The area with the greatest impact (~76.3%)

on the anthropogenic contribution of St Petersburg has a range of values 1-21% (25% in

the legend) and occupies a very small area to the east of the city center. From Figure 6

“b” for 5 days of EMME measurements, we only note that the territorial coverage of the

city’s anthropogenic contribution is approximately two times smaller than for 7 days.
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Since the regions of St Petersburg highlighted in Figure 6, according to the

modeling data, characterize the part of the city with the greatest contribution to the

measured values of ∆c, we can say that these regions characterize the coverage of the

city by EMME measurements for 7 and 5 days. From Figure 6 “a'' it is clear that 7 days

of measurements cover about half of the territory of St Petersburg and most combined

heat and power plants. This is likely due to careful planning of measurements as well as

meteorological conditions during the day. Thus, depending on meteorological

conditions, the measured value of Δc is due to transfer from different parts of St

Petersburg. According to Figures 3 and 6, measurements for 7 days do not cover that

part of the city where, according to ODIAC 2019 data, specific CO2 emissions are at

least an order of magnitude lower than in the area covered by measurements. However,

the total CO2 emissions from the area not covered by measurements is approximately

50% of the total emissions of St Petersburg. In turn, 5 days of measurements cover

approximately half the area of the city and mainly in the north. In this case, according to

ODIAC, CO2 emissions of St Petersburg, which are not covered by measurements,

amount to more than 60% of the total emissions of the city.

2.6 Estimation of anthropogenic CO2 emissions by differential spectroscopic

method

Let's estimate the total anthropogenic CO2 emissions of St Petersburg in 2019

based on DS IR measurements of the city's anthropogenic contribution, a priori

anthropogenic CO2 emissions from ODIAC data and the box model (2). Note that in this

and other studies cited, the estimation of anthropogenic CO2 emissions is given for the

entire year 2019, despite the fact that the EMME campaign measurements were carried

out over several days in March and April 2019. This approximation is put forward due

to the small change in anthropogenic CO2 emissions from month to month based on the

2019 ODIAC inventory database. Thus, the largest total difference between CO2

emissions from the territory of St Petersburg per month is no more than 2% of the total
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annual emissions of the city. As will be shown below, these 2% lie within the error of

the estimation of CO2 anthropogenic emissions.

2.6.1 Modeling the anthropogenic contribution of St Petersburg to CO2 using a box

model

To further correct a priori CO2 emissions and new estimates of total anthropogenic

CO2 emissions in St Petersburg, we will use the box model of atmospheric transfer

(equation 2). We use five days of measurements in which, according to WRF-STILT

modeling, the approximate air mass transfer can be approximated by a straight line -

March 21 and 27, April 1, 6 and 24. As mentioned earlier, measurements of background

and polluted CO2 TCs on the four remaining days (April 3, 4, 16 and 25) may refer to

different air masses, so the values found on their basis probably have more∆𝑐
uncertainty and are not used here to assess anthropogenic CO2 emissions.

Using a priori anthropogenic CO2 emissions along the approximate path of air

mass movement according to WRF-STILT data, information on wind speed from the

results of WRF numerical modeling and the box model (2), the difference in CO2 TC

measurements in the windward and leeward parts of St Petersburg was simulated. Table

1 shows the dates of the five days (first column); estimates of total anthropogenic CO2

emissions from the path of air masses according to ODIAC data for 2018 and 2019

(second column); wind speeds at the Earth's surface and average in the 0-1350 m layer

(third and fifth columns); model estimates of the anthropogenic contribution of St

Petersburg in the form of dTCCO2 [mol. cm-2], obtained using the box model, at

different wind speeds (fourth and sixth columns); dTCCO2 according to EMME

measurements in 2019 (seventh column).

According to the analysis, total anthropogenic emissions based on ODIAC 2018

data are significantly less than ODIAC 2019 (almost 3 times as of April 1). The

exception is April 6, which is a reflection of the spatial heterogeneity of the refinements

made in the ODIAC 2019 database. Note that dTCCO2 from the city territory based on

modeling, ODIAC 2019 data and using surface wind speed, has a better agreement with
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measurements (not taking into account 6 - April), however, on 3 out of 5 days the

measured values are overestimated. When using average wind speeds in the layer up to

1350 m, the average difference between model data and measurements increases, and on

all days the model underestimates dTCCO2 based on measurements. It is worth

highlighting the case of April 6, when the model value was more than 4 times less than

the measured value. In turn, the average deviation of the model dTCCO2 according to

ODIAC 2018 data in relation to measurements turned out to be less by about 34% when

using surface wind speed and by more than 100% when using average speeds in a layer

up to 1350 m.

Table 1: Differences between CO2 TC (dTCCO2) in the windward and leeward parts of St Petersburg

for 5 days in March and April 2019 based on the box model (for ODIAC 2018 and 2019) and EMME

measurements in 2019; dTCCO2 in [mol. cm-2 1019]; WS (wind speed) in [m s-1] near the surface (a)

and averaged in a layer 0-1350 m (b).

Date ODIAC, MtCO2 y-1

(2018/2019)

Mean WS

(~30 m)

WRF-STILT

dTCCO2 a

Mean WS

(0-1350 m)

WRF-STILT

dTCCO2 b

dTCCO2

(EMME)

21.03 3.7/7.09 7.2 0.56/1.07 11.2 0.36/0.69 1.13

27.03 8.0/14.3 3.2 1.09/1.95 7 0.5/0.89 1.67

01.04 6.2/15.2 6.4 0.6/1.48 10.5 0.37/0.9 0.98

06.04 2.9/3.1 3.6 0.87/0.93 5.4 0.58/0.62 4.24

24.04 5.2/12.8 2.6 1.3/3.3 5.9 0.59/1.45 2.2

2.6.2 Estimates of total CO2 anthropogenic emissions of St Petersburg

Using calculations of dTCCO2 by the box model and subsequently equations (3)

and (4), we estimated the correction factor R and the total CO2 anthropogenic emissions

of St Petersburg for 2019. Let us recall that the correction of anthropogenic CO2
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emissions is performed only for the part of the city that, according to the WRF-STILT

model, is covered by EMME measurements (more than 0.001%, see Figure 6 “b”). New

estimates of CO2 anthropogenic emissions from St Petersburg in 2019, obtained using

method (4), based on various a priori information and approximations, are given in

Table 2.

According to the analysis, a change in the methodology for solving the inverse

problem, without changing other features of the interpretation of measurements, led to a

noticeable decrease in estimates of anthropogenic emissions - from 65 Mt y-1 [26] to 46

Mt y-1. Hence, the decrease was ~30%, which is close to the estimate of errors in CO2

emissions due to the coverage of predominantly the central part of St Petersburg by

EMME measurements [26]. Variations in a priori anthropogenic emissions, wind speed

and the type of considering of the measurements on certain days (three similar

measurement geometries - March 27, April 1 and 24) lead to significant changes in

anthropogenic emissions estimates from 46 to 105 Mt y-1 with a standard deviation or

random error of 19 Mt y-1. The resulting total CO2 emissions of St Petersburg are on

average 2.3 and 1.4 times higher than emissions based on the ODIAC inventory

database for 2018 and 2019. A change in a priori information from 2018 to 2019 leads

to an increase in estimates of anthropogenic CO2 emissions using the proposed

methodology by approximately 50%. This is due to the difference between the total CO2

emissions of St Petersburg according to ODIAC data for 2018 and 2019.

Correction of anthropogenic CO2 emissions in St Petersburg, by multiplying a

priori ODIAC data for 2019 from the entire city, as in an early study [26], leads to an

increase in estimates from Table 2 by ~22-55% (not shown in the table).

At the same time, the final value of the total anthropogenic CO2 emissions of St

Petersburg in 2019 based on the current method can be given as 91±19 Mt y-1. It was

obtained as the average between estimates based on the box model, ODIAC database for

2019 and the average wind speed in the 0-1350 m layer. The results and methods of this

study are presented in [25].



57

Table 2: Estimates of CO2 anthropogenic emissions of St Petersburg for 2019 (except ODIAC 2018)

based on a priori (ODIAC) and adjusted data; WSsurf and WSavg – wind speed at the Earth’s surface and

average in the 0-1350 m layer according to ERA5 reanalysis data.

Special conditions of estimation Total CO2 anthropogenic emissions

of St Petersburg, Mt y-1

A priori emissions of CO2 ODIAC 2018 ODIAC 2019

31 49

Three separate sets of

measurements for A2-B2 path

WSsurf 46 63

WSavg 66 88

Mean by three sets of

measurements fo A2-B2 path

WSsurf 52 76

WSavg 72 105

2.7 Main results and conclusion

In the current chapter it was shown that:

1. The accuracy of estimating anthropogenic CO2 emissions from the territories of

large cities based on solving the inverse problem of atmospheric transfer depends on

many factors. These include the number and errors of measurements of CO2 content in

the atmosphere, spatial coverage of measurements, the complexity of the atmospheric

transport model, the quality of a priori information, etc.

2. When assessing the total anthropogenic CO2 emissions of St Petersburg using

the DS IR method and a one-dimensional box model of atmospheric transport, the

geometry and number of measurements are important. Large systematic errors in

estimates of total emissions can be caused by such factors as strong spatial

heterogeneity of anthropogenic specific CO2 emissions in the city; using measurements

in limited areas of the city; differences in a priori anthropogenic CO2 emissions.

3. The proposed method for solving the inverse problem of atmospheric transfer

for estimating the total anthropogenic CO2 emissions of St Petersburg, taking into
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account the spatial coverage of the city territory by measurements, presents the values

of anthropogenic CO2 emissions for 2019 in the range of 52–105 Mt y-1. This wide

range is due to the use of different wind speeds as well as prior CO2 emissions in the

box model. Correction of anthropogenic CO2 emissions using the old method, i.e.

throughout St Petersburg, leads to an increase in estimates by ~22-55%.

The assessment of the total anthropogenic CO2 emission of St Petersburg for 2019

based on the current method is 91±19 Mt y-1 and was obtained as the average between

estimates based on the ODIAC database for 2019 and the average wind speed in the

0-1350 m layer.
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Chapter 3. Validation of WRF-Chem modelling of CO2 transport in St Petersburg

using in situ and remote measurements

3.1 Three-dimensional modelling of CO2 transport in the atmosphere

In the previous chapter, the inverse problem of estimating anthropogenic CO2

emissions from St Petersburg is solved using a very simple one-dimensional box model

of atmospheric transport. We point out that the use of this model is justified in the case

of relatively small spatial scales (kilometers and tens of kilometers) and little changes of

meteorological conditions during the period of paired DS measurements. In addition, a

condition for using the box model is the direction of air mass transfer from the

windward measurement position to the leeward one. In this case, the difference between

measurements with greater confidence should minimize the influence of other factors on

the measured signal and highlight the contribution of CO2 emissions from the city.

However, if it is impossible to carry out measurements under such conditions, for the

subsequent interpretation of the anthropogenic contribution of the city to CO2 content,

another class of numerical models of atmospheric transport should be considered. One

of these is a three-dimensional numerical model of weather prediction and composition

of the troposphere and lower stratosphere with high spatial resolution WRF-Chem

(Weather Research and Forecast - Chemistry) [106]. It has been used for many years for

research in a wide range of atmospheric sciences.

The uncertainties in modeling tropospheric CO2 transport using WRF-Chem are

being studied by many scientists. For example, in [136], the average CO2 content in the

troposphere (XCO2) based on WRF-Chem modeling and measurements with a Bruker

125HR IR Fourier spectrometer in the area of Saint-Denis (France, Reunion Island,

Indian Ocean) for a period of more than a year have an mean difference (MD) and

standard deviation of the difference (SDD) of about -0.09 and 0.2%, respectively, with a

high correlation coefficient of 0.9. In [23], similar studies were carried out in Berlin

(Germany) using a series of mobile Bruker EM27/SUN Fourier transform spectrometers



60

over a period of about a month. In this case, the MD between the measured and model

values of XCO2 is 0.2-0.5%.

In work [137], to analyze the quality of the WRF-Chem numerical model to

simulate the transport of CO2 on the territory of St Petersburg, local measurements of

the surface mixture ratio of this gas, obtained using the equipment of the resource center

of St Petersburg State University “Geomodel” are used. However, the main

disadvantage of this approach for model validation is that the CO2 content near the

Earth's surface characterizes a small volume of air. Therefore, from such data it is

possible to obtain information about anthropogenic CO2 emissions only under certain

meteorological conditions, i.e. this validation is not enough. In turn, the average gas

mixing ratio in the layer from the Earth’s surface to a given height in the atmosphere or

XCO2 characterizes all factors influencing the CO2 content in the layer under

consideration (for example, anthropogenic sources, horizontal and vertical transport,

biogenic contribution, etc.). Thus, the study [138] showed that the MD and SDD

between WRF-Chem modeling data and XCO2 measurements in the St Petersburg

region are -1 and 0.5% before correction of chemical boundary conditions and -0.6 and

0.5% after the correction.

Adapting the model to the conditions of St Petersburg and the surrounding area is

an important task also because of the possible influence of vegetation on the CO2

content during the growing season. Thus, St Petersburg borders on large forested areas

located both on the territory of the Leningrad region and in the neighboring country -

Finland [139].

The aim of this chapter of the dissertation is a comprehensive assessment of the

ability of the three-dimensional numerical model WRF-Chem to describe

spatiotemporal changes in CO2 content in St Petersburg over a period of about a year.

The assessment is carried out based on a comparison of the WRF-Chem modeling

results with measurements of the state of the atmosphere and CO2 content on the

territory of St Petersburg and border areas, including the southern part of Finland. The

agreement of the WRF-Chem model results with independent simulation data is also

analyzed.
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Let us recall that adapting the model and validating its ability to simulate the

transport of CO2 in the atmosphere is an important step in solving the inverse problem

of atmospheric transport, since the solution of the inverse problem (i.e. assessments of

anthropogenic CO2 emissions) strongly depends on the quality of the direct operator

(numerical model of atmospheric transport).

3.2 Measurements of CO2 content and atmospheric state

On the territory of St Petersburg in Peterhof in 2019-2020, measurements of the

total CO2 content in the atmosphere were carried out. The measuring station is based at

the Faculty of Physics of St Petersburg State University (SPbU, 59.88°N, 29.83°E).

Peterhof is located approximately 25 km from the center of St Petersburg, being part of

it. It is located in a slightly urbanized part of the city and is surrounded mainly by mixed

forest and fields. On the territory of Peterhof and the adjacent territory there are no large

stationary sources of CO2, in contrast to the central part of St Petersburg.

Scientists at the Finnish Meteorological Institute (FMI, Helsinki, Finland) and the

University of Helsinki (UHEL) (60.20°N, 24.96°E) are making observations of

near-surface CO2 content and many other atmospheric parameters from the roof of the

institute [140]. The measurement site is located in a partially urbanized area of the city

of Helsinki, which is surrounded by roads, parks, gardens, forest areas, and mainly

administrative buildings. The predominant type of vegetation in the area is mixed forest.

Due to the relative proximity of Helsinki and St Petersburg (about 330 km) and similar

climatic features of these regions, measurements from the Helsinki station are used in

the study to further validate the modeling data for surface CO2 transport.

Also, to adapt the model of biogenic CO2 fluxes, data on CO2 emissions and

absorption by vegetation obtained during measurements at a Finnish background station

are used. The station is located away from the anthropogenic influence of Helsinki in

southern Finland and is surrounded predominantly by coniferous forests.

In addition to information on the gas content in the atmosphere, to validate the

WRF-Chem CO2 transport modeling, measurement data of the most important for
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atmospheric transport meteorological parameters - wind speed and direction - are used.

Meteorological measurements are carried out both in Peterhof on the basis of St

Petersburg State University, and in Helsinki on the basis of FMI and UHEL. Below

there are the characteristics of the instruments and descriptions of the measurements

used in the study to validate the WRF-Chem simulation data.

3.2.1 Meteorological parameters

Regular measurements of meteorological parameters, including wind speed and

direction, near the Earth’s surface are carried out in Peterhof, at the Faculty of Physics

of SPbU. Measurements are performed using the Weather station WXT536 on the roof

of the Physics Department (height ~18-20 m) and are available at the output

approximately every 10 seconds (https://www.campbellsci.com.au/wxt536). The

measuring device was provided by the resource center (RC) of SPbU “Geomodel”.

Measurements of wind speed and direction near the Earth’s surface in Helsinki

are carried out at the SMEAR III Kumpula station, which is located on the premises of

the UHEL Faculty of Physics. The meteorological measurements themselves are carried

out on the roof of the faculty at a height of approximately 30 m above ground level

(https://www.atm.helsinki.fi/smear/index.php/smear-iii/measurements). Wind speed and

direction are measured using a Vaisala WAA141 weather station, while air temperature

measurements are taken using a Pt100 thermometer. The data is obtained from

https://smear.avaa.csc.fi and is available every 1 minute.

In Voeikovo (Leningrad region), aerological measurements of vertical profiles of

such meteorological parameters as wind speed and direction, air temperature, etc. are

carried out at 0 and 12 UTC. Measurements are performed from the ground to altitudes

of ~30 km. Upper air data are freely available at

http://weather.uwyo.edu/upperair/sounding.html.

To compare the measured profiles of meteorological parameters with the

WRF-Chem numerical simulation data, the model profiles are linearly interpolated to

the measured pressure profiles to altitudes of about 50 hPa or ~20 km (the upper limit of
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the WRF-Chem simulation data). Figure 7 shows the examples of vertical profiles of air

temperature, wind speed and direction according to measurements and modeling by

WRF-Chem (before and after interpolation to the measured profile) in Voeykovo for 19

Dec 2019 12 UTC. From the examples it is clear that the interpolated model profile

differs little from the original model profile.

Figure 7: Vertical profiles of air temperature, direction and wind speed (from left to right) in

Voeykovo for 19 Dec 2019 12 UTC according to measurements and modeling by WRF-Chem;

designation “WRF-Chem orig” - WRF-Chem modeling data before interpolation; “WRF-Chem” -

WRF-Chem simulation data after interpolation to measured profile heights.

3.2.2 Near-surface CO2 mixing ratio

In situ measurements of near-surface CO2 mixing ratio in Helsinki have been

carried out since 2010 on the roof of the FMI building at a height of about 36 m above

ground level [140]. The measurements are performed with a Picaro gas analyzer model

G1301 and are based on the cavity ring-down spectroscopy (CRDS) method. The device

is calibrated 2-3 times a year according to WMO/GAW standards

(https://community.wmo.int/activity-areas/gaw). The average difference between the

measurements of this device and the standard (systematic error) is 0.01-0.04 ppm, and
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the standard deviation of the difference (random error) is 0.02–0.07 ppm. Data is

available every 1 hour.

3.2.3 Column averaged CO2 mixing ratio (XCO2)

The retrievals of column averaged CO2 mixing ratio in a dry atmosphere (XCO2)

are used in this study. XCO2 values were obtained based on measurements of incoming

solar IR radiation using a calibrated Bruker EM27/SUN Fourier-transform IR

spectrometer. The spectra are measured in the range of 4000–12000 cm–1 with a

resolution of 0.5 cm–1. To interpret the spectra and retrieve the vertical profile of CO2

mixing ratio, the algorithm described in [70] was used. XCO2 values were calculated as

the average mixing ratio of the entire dry atmosphere based on the retrieved profile.

Independent studies have shown that systematic and random errors in retrieved XCO2

values based on measurements with the Bruker EM27/SUN instrument can reach ~0.5

and 0.025–0.075%, respectively [70, 71, 130]. Retrieved XCO2 values are available

with ~1 min frequency for 3-4 hours per day from Jan 2019 to Mar 2020. However, the

time series has many gaps, both during the day and for the entire study period, which is

mainly due to meteorological conditions. In total 83 days of measurements are

available. Let us recall that measurements using one spectrometer were carried out in

Peterhof as part of an international campaign to measure the content, assess

anthropogenic emissions of greenhouse gases (including CO2) from the territory of St

Petersburg (EMME) and validate satellite measurements [141].

3.3 WRF-Chem model

The WRF-Chem (Weather Research and Forecasting - Chemistry) numerical

model was created to predict the weather and composition of the lower atmosphere

(troposphere and lower stratosphere). In this study the WRF-Chem model is used to

simulate the transport of CO2 in the troposphere in St Petersburg (Russia), Helsinki

(Finland) and adjacent areas for the period from Jan 2019 to Mar 2020. In this time
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interval, complex measurements of CO2 content are available in the study areas both at

the Earth’s surface and in the entire atmosphere.

3.3.1 Description of a WRF-Chem numerical experiment

Modeling of CO2 transport was carried out on four areas, of which three were

nested in a parent one for more correct setting of boundary conditions on modeling

areas with the highest spatial resolution (Figure 8). The outer parent region (d01) covers

an area of 800x800 km2 with a spatial resolution (Δx) of 8 km. The region includes part

of North-West Russia, southern Finland, Estonia and Latvia. The second area (d02) is a

subsidiary of d01 with an area of about 320x320 km2 and Δx=4 km. The two smallest

areas - d03 and d04 - have the same areas (about 110x110 km2) and Δx (2 km). At the

same time, d03 is nested in d02 and covers the territory of St Petersburg, while d04 is

nested in d01 and covers the city of Helsinki. Vertically, the calculation was performed

at 25 hybrid model levels with an upper limit at the atmospheric pressure level of 50

hPa, which approximately corresponds to an altitude of 18-20 km. Above 20 km, the

CO2 content is taken into account from the modeling data of the CAMS service; this is

described in detail in Chapter 3.3.2. The simulation time step (Δt) is 40 s for area d01,

20 s for d02 and 10 s for areas d03 and d04. In this numerical experiment, CO2 is

considered as a completely inert gas, i.e. without taking into account chemical

transformations. The modeling takes into account four main factors influencing the

dynamics of CO2 in the atmosphere - (1) atmospheric transport, (2) chemical boundary

conditions, (3) anthropogenic sources and (4) biogenic absorption and release of CO2.

The last three factors within the WRF-Chem model are described below. To make the

most efficient use of available CO2 and atmospheric measurements, WRF-Chem

simulation data is output at a frequency of 10 minutes.
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Figure 8: WRF-Chem modeling domains; symbols indicate measuring stations; Peterhof, St

Petersburg (blue circle); Voeykovo (orange cross); Helsinki, Kumpula (red square); SMEAR II

Hyytiälä forest (green diamond).

Table 3 lists the atmospheric processes whose subgrid-scale parameterization was

used in the WRF-Chem simulation. The large number of physical processes described

indicates the complexity of the WRF-Chem model and the high requirements for

validation with additional measurement-based information.

Note that all processes from the table, except for vertical transport and convective

cloudiness, were modeled using parameterization in all four modeling domains. In the

case of vertical transfer, parameterization schemes were used only for regions d01 and

d02 (Δx 8 and 4 km, respectively). For regions d03 and d04 (Δx=2 km), vertical

transport was modeled by solving the differential equation of vertical transport in an

approximate form. This approach is considered more correct when modeling with Δx<5

km [105].
Table 3: Atmospheric processes taken into account in WRF-Chem on a subgrid-scale and names of

schemes

Process Name of scheme Source

Transfer of long-wave EM radiation in

the atmosphere

RRTM Longwave Scheme [142]
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Process Name of scheme Source

Transfer of short-wave EM radiation in

the atmosphere

Dudhia Shortwave Scheme [143]

Earth’s boundary layer model Mellor–Yamada–Janjic [144]

Earth’s surface layer model Eta Similarity Scheme [145, 146]

Model of land-surface layer interaction Unified Noah land-surface

scheme for non-urban

landcover surface energy fluxes

[147]

Vertical transport and convective clouds The Grell 3D ensemble cumulus

convection scheme

[148]

Microphysics of clouds WRF Single–moment 6–class

Schemes

[149]

Urban effect Building Effect

Parameterization (BEP)

[150]

To set the initial (IC) and boundary (BC) meteorological conditions, data from the

ERA5 meteorological reanalysis are used, obtained by combining modeling and

measurement data using the 4DVar assimilation algorithm. ERA5 data have a horizontal

spatial resolution of 0.25° (~25 km) and are distributed vertically at 137 hybrid levels,

covering the atmospheric layer from the Earth's surface to about 80 km [151, 152].

Meteorological IC and BC include such parameters as atmospheric pressure, wind speed

and direction, air temperature, specific humidity and geopotential. Meteorological BC

are set every 6 hours throughout the entire modeling period.

To specify chemical BC, CarbonTracker Near-Real Time v.2022-1

(CT-NRT.v2022-1) data are used. The data are CO2 mixing ratio values on a global scale

with a spatial resolution of 2x3° (~200x300 km2) at 35 vertical hybrid levels from the

Earth's surface to an altitude of about 200 km [153]. CarbonTracker data are maintained

by scientists from NOAA ESRL, Boulder, Colorado, USA

(http://carbontracker.noaa.gov). CT-NRT.v2022-1 data are generated using the global
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numerical atmospheric transport model TM5 and assimilation of local ground, ship,

mast and aircraft gas measurements

(https://gml.noaa.gov/ccgg/carbontracker/CT2019B/). In the current work chemical BC

are set every 6 hours.

CO2 anthropogenic emissions

For anthropogenic CO2 emissions, the ODIAC (Open-source Data Inventory for

Anthropogenic CO2) inventory database with a global spatial distribution and high

resolution (0.43 km2 for the modeling area) are used [134]. Data for 2019 are available

as sums for each month of the year.

Figure 9 shows anthropogenic CO2 emissions according to ODIAC data for

March 2019 for the territories of St Petersburg and Helsinki in tCO2 per month. The

white circle in Figure 9 marks the positions of the measuring stations (Peterhof, St

Petersburg and Kumpula, Helsinki). According to ODIAC data, the spatial distribution

of anthropogenic CO2 emissions across the territory of St Petersburg is heterogeneous

and tends to peak in the central part of the city with a decrease towards the periphery.

CO2 emissions from the territory of Helsinki are significantly lower than in St

Petersburg, and also have a more uniform spatial distribution. Using the example of

March 2019, the average specific anthropogenic CO2 emissions from the territory of

Helsinki are approximately 2.3 times lower than in St Petersburg.

The values of CO2 emissions according to ODIAC data, which corresponded to

the position of CHPs in St Petersburg and Helsinki according to

https://openinframap.org, are placed on the first four vertical model levels (heights of

50-200 m above the Earth’s surface). The total anthropogenic CO2 emission of St

Petersburg according to ODIAC data for 2019 is ~49.1 Mt y-1.
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(a) (b)
Figure 9: Spatial distribution of anthropogenic CO2 emissions according to ODIAC data for March

2019 for the territory of St Petersburg (a) and Helsinki (b); the positions of the measuring stations

Peterhof and Kumpula are highlighted with white circles; The territory of Helsinki is highlighted with

an additional outline.

CO2 biogenic fluxes

The territories of the cities of St Petersburg and Helsinki are surrounded by

various types of vegetation - from evergreen spruce trees to meadows. Therefore, the

biogenic factor (absorption and release of CO2 by vegetation during the growing season)

can have a noticeable effect on the gas content in the atmosphere during the late spring,

summer and early autumn. The study [44] showed that the CO2 content in the

troposphere is subject to seasonal changes, which is most likely influenced by plant

activity during the growing season. A study [154] shows that the start of the growing

season in southern Finland occurs around the end of March to the beginning of April.

WRF-Chem modeling uses the VPRM (Vegetation Photosynthesis and Respiration

Model) model [155], which is part of the version of WRF-Chem used, to account for the

uptake and release of CO2 by vegetation as a result of photosynthesis. Calculation of

CO2 emission and absorption by vegetation is performed in parallel with the

WRF-Chem model.

The VPRM provides an explicit estimate of CO2 uptake from photosynthesis

(Gross Ecosystem Exchange or GEE) during solar daytime and CO2 release (respiration)

during nighttime (Respiration or Resp) for seven vegetation types. The sum of these
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components determines the CO2 flux caused by plant activity during the growing season

(Net Ecosystem Exchange or NEE). A detailed description of the model is presented in

[155]. GEE and Resp in the VPRM model are functions of surface air temperature,

reflected short-wave solar radiation in certain wavelength ranges, and the amount of

photosynthetic active radiation absorbed by plants.

In this study, the VPRM model is optimized by adjusting the Resp parameter

based on measurements at the Finnish station “SMEAR II Hyytiälä Forest” for one

vegetation type (out of seven taken into account), which is predominant in the station

area - needleleaf forest. Measurements of characteristics of biogenic activity at SMEAR

stations are described in Appendix A.

In the VPRM model, the parameter Resp is calculated using linear regression on

surface air temperature (Tair). Based on the measurements of T and Resp, linear

regression parameters a and b are selected for a specific vegetation type. Table A1

shows the original parameters a and b and those adapted by measurements to the

conditions in the Hyytiälä station area. These parameters have been added to one of the

WRF-Chem model code scripts and are available for selection before running the

model.

This optimization allowed us to reduce the average difference between the

simulation data and the Resp measurements by more than 10% relative to the original

parameters a and b. Figure B1 (Appendix B) shows the time series of GEE and Resp

from the WRF-Chem VPRM simulation with adjusted parameters a and b and

measurements at Hyytiälä. The model reproduces the temporal variability of the

parameters with a high correlation coefficient of about 0.9. Moreover, on average, the

model underestimates the GEE measured at the Finnish station and overestimates Resp

by approximately 11.7 and 6.9%, respectively. The greatest differences are observed in

summer, i.e. during the peak of vegetation season.

Note that according to calculations of the VPRM using the example of June 2019,

biogenic CO2 emissions in St Petersburg on average amount to ~3% of the city’s

anthropogenic emissions according to the ODIAC data for 2019. This allows us to say

that the main contribution to the CO2 content in the atmosphere on the territory of St
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Petersburg is provided by emissions from anthropogenic sources (energy, road transport,

industries, etc.).

Other sources and sinks of CO2

In addition to the above factors, the CO2 content in the Earth’s atmosphere

depends on processes that are less significant at the city scale. One of them is the

absorption and release of CO2 by water surfaces [156].

St Petersburg is located on the shore of a large water body - the Gulf of Finland of

the Baltic Sea. To assess the possible impact of the surface of the Gulf of Finland on

CO2 content in St Petersburg, a separate study was carried out, based on a number of

independent studies and experimental data. To estimate CO2 emissions from the water

surface ( ), parameterization (7) from studies [157 - 159] is used.𝐹𝐹 = 0. 251×𝑈2 × 𝑆𝑐660( )−0.5 × 𝐾0 × 𝑒𝑠𝑒𝑎 − 𝑒𝑎𝑖𝑟( ) (7)

where U - wind speed near the water surface; Sc - a function of water surface

temperature (Schmidt number); K0 - function of water surface temperature and salinity

(solubility coefficient); esea and eair - partial pressures of CO2 in water and air above

water surface.

To calculate F, data on the partial content of CO2 in the water of the Gulf of

Finland, temperature and salinity of water based on ship measurements SOCOM

(Surface Ocean pCO2 Mapping intercomparison,

http://www.bgc-jena.mpg.de/SOCOM/), data on partial CO2 pressure based on

ground-based spectroscopic measurements in Peterhof with a Bruker 125HR IR Fourier

spectrometer and wind speed data in the surface layer based on measurements at the

Finnish island station are used. The instrument Bruker 125HR was provided by SPbU

RC “Geomodel”.

The results indicate that CO2 emissions from the water surface, according to

parameterization (7), significantly depend on variations in wind speed and the ratio

between the partial pressure of CO2 in water and air. The possible contribution of the
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water surface of the Gulf of Finland to the CO2 content is very small in relation to the

anthropogenic contribution (1.7-3%). Therefore, in the current study, the contribution of

the surface of the Gulf of Finland to CO2 content is not taken into account in the

modeling. A more detailed description of the methods and results obtained is given in

the study [160].

The contribution to CO2 content from forest fires was taken into account only

through chemical boundary conditions.

3.3.2 Adaptation of the WRF-Chem model to St Petersburg

Correction of the chemical boundary conditions

The analysis indicates that the CarbonTracker data used to specify chemical IC

and BC in WRF-Chem modeling overestimates ground-based XCO2 measurements

based on Bruker EM27/SUN measurements in Peterhof for the period Jan 2019-Mar

2020 by an average of 3.3 ppm with an SDD of 1.3 ppm (Figure 10). This may indicate

that CarbonTracker data is subject to a local source of errors, which may be errors in a

priori anthropogenic CO2 emissions and the inability to take into account local features

of their distribution in the St Petersburg region due to the coarse spatial resolution of

CarbonTracker data. Thus, CarbonTracker data needs to be adjusted before being used

as chemical IC and BC.
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Figure 10: XCO2 time series according to Bruker EM27/SUN measurements and CarbonTracker

v2022-1 modeling for Jan 2019 – Mar 2020, as well as the difference between them

(Obs-CarbonTracker, scale on the right).

In WRF-Chem simulations, CarbonTracker data is defined at the domain

boundaries. However, there are no XCO2 measurements in this area and direct

correction by comparison with measurements is not possible. In order to correct

chemical BC using measurements in Peterhof, it can be assumed that, under certain

conditions, the CO2 content in the air mass arriving at Peterhof is due only to transfer

from a remote area (for example, from the boundaries of the modeling domain). Such

conditions can be achieved in the absence of the influence of large local anthropogenic

sources of CO2 and biogenic gas emissions on the CO2 content in Peterhof. Accordingly,

we will filter pairs of CarbonTracker data and Bruker EM27/SUN measurements in

Peterhof according to these criteria.

In [161], a study was conducted to identify wind directions at which the Bruker

125HR instrument in Peterhof can record the anthropogenic contribution of St

Petersburg to the CO2 content. Therefore, to take into account the first criterion, an

analysis of XCO2 measurements using the Bruker EM27/SUN device and surface wind

direction in Peterhof was carried out. Based on the results of the analysis, measurements
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during wind directions corresponding to transfer from the territory of St Petersburg

(20-150°) were excluded. To account for the second criterion, CarbonTracker

measurement and modeling data are filtered by the period in which the biogenic

contribution is greatest. According to VPRM modeling data, it corresponds to the period

from early spring to mid-autumn.

After filtering, out of 128, 14 pairs of XCO2 values remained based on Bruker

EM27/SUN and CarbonTracker measurements in St Petersburg. It can be assumed that

the filtered XCO2 values characterize the total CO2 content in St Petersburg, which is

primarily associated with the transfer of air masses from the boundaries of the

WRF-Chem modeling area. Thus, due to selection, the CO2 content in these air masses

changed slightly when transferred from the border of the region to Peterhof. The MD

between filtered pairs of model and measured XCO2 values is about -1.8 ppm (~-0.4%),

i.e. CarbonTracker data predominantly overestimates XCO2 measurements in St

Petersburg. This is the rationale for adjusting (reducing) CarbonTracker data by

approximately 0.4% for use as chemical BC. Therefore, to set BC the CO2 mixing ratios

by CarbonTracker were reduced by 0.4% at all vertical levels.

Accounting for CO2 content in the entire atmosphere

As already mentioned in the chapter describing the model, WRF-Chem takes into

account processes in the troposphere and lower stratosphere (up to about 18-20 km). In

turn, the reconstructed XCO2 values based on ground-based spectroscopic

measurements in Peterhof characterize the entire atmosphere. Not-considering the CO2

content above 18-20 km according to WRF-Chem data can lead to an artificial

overestimation of XCO2 relative to the measured values. In our study [138], to take into

account CO2 above approximately 20 km, we use reanalysis data from the Copernicus

Atmosphere Monitoring Service (CAMS) version v21r2 [162].

Note that XCO2 values in the St Petersburg region for the period from January

2019 to March 2020 in a layer up to about 70 km by CAMS overestimate measurements

with the Bruker EM27/SUN instrument by an average of 2.2 ppm or ~0.5%. For further
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use of the CAMS reanalysis data above approximately 20 km, the data were reduced by

~0.5%.

As a result, XCO2 according to WRF-Chem modeling data (XCO2wrf) is calculated

as follows: 𝑋𝐶𝑂2 𝑤𝑟𝑓 = (𝑇𝐶𝐶𝑂2 𝑤𝑟𝑓, <20 𝑘𝑚+𝑇𝐶𝐶𝑂2 𝐶𝐴𝑀𝑆, > 20 𝑘𝑚)(𝑇𝐶𝑎𝑖𝑟, 𝑤𝑟𝑓−𝑇𝐶𝑤𝑎𝑡𝑒𝑟, 𝑤𝑟𝑓)*106 (8)

𝑇𝐶𝐶𝑂2 𝑤𝑟𝑓, <20 𝑘𝑚 = 𝑖=1
𝑁∑ Δ𝑃𝑖 * 𝐶𝑂2 𝑖 (9)

where - the number of CO2 molecules in the layer from the Earth's𝑇𝐶𝐶𝑂2 𝑤𝑟𝑓, <20 𝑘𝑚
surface to approximately 20 km according to WRF-Chem modeling data;

- the number of CO2 molecules in the layer above approximately 20𝑇𝐶𝐶𝑂2 𝐶𝐴𝑀𝑆, > 20 𝑘𝑚
km according to CAMS reanalysis data; and - the number of air𝑇𝐶𝑎𝑖𝑟, 𝑤𝑟𝑓 𝑇𝐶𝑤𝑎𝑡𝑒𝑟, 𝑤𝑟𝑓
and water molecules in the entire atmospheric column; N is the number of WRF-Chem

vertical levels; is the pressure of the selected vertical layer i according to∆𝑃𝑖
WRF-Chem data; is the CO2 mixing ratio at vertical level i according to𝐶𝑂2 𝑖
WRF-Chem data.

3.4 Validation of WRF-Chem modelled data

3.4.1 Comparison of the modelled and observation data

Near-surface wind speed and direction

According to the analysis results, the WRF-Chem model represents changes in

wind speed and direction at the Earth's surface in St Petersburg and Helsinki with

noticeably different errors. MD reaches -1.7 m/s and 38.2° for St Petersburg and -0.8

m/s and 21.6° for Helsinki. On average, the model has a better fit for the Helsinki area.

The SDD for wind speed is close in both cities and is 1.5-1.6 m/s. However, the wind
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direction SDD is greater in Helsinki (48.2°) than in St Petersburg (29.3°). The

overestimation of surface wind speed by the WRF-Chem model may be due to

difficulties in representing calm weather conditions, such as at night or during the cold

season (see [163, 164]). Also, the excess of the surface wind speed by the model relative

to the measurements can be caused by the close location of St Petersburg and Helsinki

to the territory of the Gulf of Finland (Baltic Sea). This can lead to the formation of

local circulations in the Earth's boundary layer with a horizontal scale less than the

spatial resolution of the WRF-Chem simulation [165]. In addition, the characteristics of

local air circulation may be influenced by another relatively large body of water located

near St Petersburg - Lake Ladoga. The correlation coefficients (CCs) between

WRF-Chem data and surface wind speed and direction measurements are 0.76 and 0.80

for Peterhof and 0.67 and 0.78 for Helsinki. Similar estimates were obtained in studies

[166, 136].

Figure 11 shows histograms of the distribution of wind direction and speed at the

Earth’s surface in Peterhof (Jan 2019-Mar 2020) and Helsinki (2019) according to

measurement and modeling data. First, let us note how clearly different the wind

direction distributions at the Earth's surface are in the two cities over a period of about a

year. In Peterhof, the prevailing directions are in the ranges of 140-180° (SSE-S) and

220-260° (WSW), and speeds are 1-4 m/s. In Helsinki, the distribution of wind direction

is more complex and does not have clear predominant ranges. However, 100-120°,

200-240° and 280-320° can be distinguished, which correspond to ESE, SSW-WSW

and WNW-NNW. Only one of these wind direction ranges intersects with the prevailing

values in Peterhof - 200-240°. Perhaps such differences, given the relatively close

location of the two cities, are due to local features that affect small-scale dynamic

processes. Analysis of changes in wind direction by season indicates that the left hump

in the distribution in Helsinki is associated mainly with directions in spring and summer.

In turn, the left hump in the distribution of wind directions in Peterhof according to

measurement data is caused by wind directions in the winter and autumn periods.
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The WRF-Chem model largely follows the prevailing wind directions in both

cities. However, in Peterhof the model does not reproduce one of the two predominant

wind direction intervals - 140-180°. In turn, in Helsinki, according to modeling data,

two main ranges of wind directions are distinguished - 80-120° and 220-260°. These

overlap with the two observed predominant ranges. However, the model does not repeat

the third range of directions - 280-320°. The analysis indicates that the WRF-Chem

model represents the surface wind direction less well in Helsinki than in Peterhof. This

is also indicated by the SDD assessment given above.

The distribution of surface wind speed in Peterhof and Helsinki is similar. The

ranges of the most frequent surface wind speeds in the two cities are close and are 1-3

m/s in Peterhof and 2-4 m/s in Helsinki. The model partially repeats the shape of the

distribution of measured wind speeds both in Peterhof and Helsinki. The range of the

most frequent wind speed values according to the model in the two cities is 2-4 m/s. As

shown by analyzing MD, and as seen in Figure 11, WRF-Chem overestimates the

surface wind speed in both cities. However, the model better replicates the wind speed

distribution in Helsinki. Analysis of the distribution of wind parameters in Peterhof for

the period of 2019 only (as in Helsinki) indicates that it remains almost unchanged in

relation to the entire period (Jan 2019-Mar 2020).
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Figure 11: Histograms of the distribution of surface wind parameters (direction - top, speed - bottom)

in Peterhof (left) for Jan 2019-Mar 2020 and Helsinki (right) for 2019 according to WRF-Chem

modeling and measurements

Vertical distribution of meteorological parameters near St Petersburg

Based on the analysis of aerological measurements and modeling data of vertical

profiles of meteorological parameters in Voeikovo for Jan 2019-Mar 2020 we can say

that the WRF-Chem model is capable of simulating the vertical profile of changes in

wind speed and direction and air temperature in the troposphere in the St Petersburg

region.

The air temperature from the modeling data is in best agreement with

measurements, having a MD of 0.4°C, SDD of 2.5°C, and a CC of 0.99. MD and SDD

for wind speed reach 0.5 and 4.1 m/s, and for direction - 12.1 and 28.3°. In the upper

troposphere, wind speed, according to measurement and modeling data, can take values

of more than 40-50 m/s, which explains the relatively large value of SDD. CC for wind

speed and direction are 0.93 and 0.86, respectively.

According to the results of comparison of vertical profiles of wind speed and

direction from modeling and measurement data, using the WRF-Chem model it is

possible to describe the variation of CO2 content in the troposphere. In addition, the
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vertical profile of air temperature according to the simulation data corresponds well to

the measured one. This probably means that the model can also be used to qualitatively

describe the vertical atmospheric transport of CO2 in the St Petersburg region.

Near-surface CO2 mixing ratio in Helsinki

Figure 12 shows the temporal change in the near-surface CO2 mixing ratio

according to WRF-Chem modeling and measurements in Helsinki for the period 2019.

Table 4 shows the main statistical characteristics of the mismatch of these data. For

average values, confidence intervals are given at a confidence level of 95%, calculated

based on [167]:

[ppm]𝑉𝑀𝑅𝐶𝑂2±𝑧 𝑆𝐷𝑁 (10)

where - mean near-surface CO2 mixing ratio; z - quantile of normal distribution𝑉𝑀𝑅𝐶𝑂2
or Student’s T test for 95% confidence level; SD - standard deviation of CO2

near-surface mixing ratio from the mean; N - size of the dataset.

The WRF-Chem modeling data have a fairly similar pattern of change to

ground-based observations - the CC for the entire period was about 0.73. The MD and

SDD between measurements and simulation data are 0.15 and 1.68%. On average,

near-surface CO2 content in Helsinki in 2019 is lower according to modeling than

measured data. In addition, we note the very close natural variability (standard deviation

from the mean) of observational and modeling data - about 9.5-9.7 ppm.

According to Figure 12, one can observe the emerging growing season, the most

active influence of which begins around April and ends in October. At the same time,

the decrease in near-surface CO2 content in the period from April to August (peak of the

biogenic influence) relative to the period from January to April is underestimated

according to the model by approximately 3 ppm.

The exclusion of biogenic influence leads to an increase in MD from 0.15 to

0.45%, but to a decrease in SDD from 1.68 to 1.56%. Probably the small variability of
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MD between the modeling data and measurements when taking into account and not

taking into account the biogenic contribution to the modeling area is associated with the

influence of air transport from the boundaries of the modeling area and the strong daily

variation of this factor, which can partially smooth out the discrepancy.

Figure 12: Time series of near-surface CO2 mixing ratio in Helsinki (in ppm) according to

WRF-Chem modelling and measurements for 2019 and the difference between them

(Obs-WRF-Chem, scale on the right); GGA - measurement data.

Table 4: Statistical characteristics of the difference between the hourly average near-surface CO2

mixing ratio according to WRF-Chem data and measurements in Helsinki for the period 2019; %

values are given relative to the mean value based on measurements; SD – standard deviation, MD –

average difference, SDD – standard deviation of the difference, CC – correlation coefficient; For

average values, a confidence interval is given at a confidence level of 95%.

Data Size of the

dataset

Mean and SD, ppm MD and SDD,

ppm (%)

CC

Observations

- WRF-Chem

8565 418.0±0.2 and 9.7/

417.4±0.2 and 9.5

0.6±0.15 and 7.0

(0.15±0.04 and 1.7)

0.73

Of the 8565 pairs of measured and model values with a step of 10 minutes, about

59.6% of all values have a difference of less than 1% (4.2 ppm), about 32.6% of pairs

with a difference from 1 to 3% (4.2-12.5 ppm) and only ~8% of pairs with a difference

of more than 3%. Among the largest differences, values reaching 10-15% (40-60 ppm)
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are observed, but there are very few of them (about 9 pairs or 0.1% of the entire sample)

and can probably be attributed to anomalous values.

Let's try to find out what mainly causes the errors in modeling the surface CO2

mixing ratio in Helsinki in 2019. Let's consider the change in the differences between

the measured and model values when the modeling error in wind speed and direction

changes. No obvious connection was found between the errors in modeling the surface

CO2 content and the errors in modeling the wind at the Earth's surface in Helsinki; the

CC is ~0.1. However, considering modeling errors of more than 3% (i.e., more than ~12

ppm), taking into account the sign of the error, a not very obvious opposite relationship

was revealed between the modeling errors of surface CO2 content and wind speed.

When considering errors from 12 ppm, the CC is about 0.4 with a sample size of more

than 699 pairs (out of 8565). When the error threshold is increased to 17 ppm, the CC

increases to 0.48, however, with a sample size of only 282 pairs. It was found that when

the sign of the largest errors in modeling the surface CO2 content changes (more than

3%), the sign of the error in modeling the surface wind speed changes to the opposite.

This is logical, since when the surface wind speed is overestimated according to the

model data, the model surface CO2 content should decrease. Thus, we can say that the

largest errors in modeling the surface CO2 content in Helsinki (more than 3%) are

caused by errors in modeling the surface wind speed.

Figure 13a shows the diurnal variation of surface CO2 content at the Helsinki

station based on WRF-Chem modeling and measurements. Time is given in UTC.

Confidence intervals are highlighted in color. As can be seen from the graph, the model

in general simulates the change in the surface CO2 mixing ratio during the day. Thus,

WRF-Chem repeats the increase in CO2 content at 4-5 UTC with a subsequent decrease

to 15 UTC and further growth. As noted above, the model predominantly

underestimates the surface CO2 content relative to measurements - to approximately 1.5

ppm at night and to less than 1 ppm during the day. Analysis of the daily variation of

surface CO2 content and wind speed for individual seasons (graphs not shown) for 2019

in Helsinki indicate that the shape of the overall average daily variation (Figure 13 a) is

likely caused by the influence of vegetation during the growing season (from about
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mid-spring to the beginning of autumn) and a pronounced diurnal variation in wind

speed in spring and summer (maximum at 12-14 UTC). In winter, the surface CO2

content has a relatively smooth diurnal variation with an increase of approximately 5

ppm by 12 UTC (according to measurements), while in summer the CO2 content varies

during the day up to 10 ppm or more. The winter increase is likely caused by more

frequent calm conditions and more temperature inversions. The WRF-Chem model

represents the average daily cycle worst of all in winter, and better in spring. This is

possibly due to the average overestimation of surface wind speed in Helsinki according

to the modeling data. Confidence intervals based on measurement and modeling data

are close and constitute ~1 ppm, increasing slightly towards 11-12 UTC.

Analysis of changes in the near-surface CO2 mixing ratio depending on the day of

the week indicates that the modeling data repeats the decrease in gas content on

weekends - Saturday and Sunday - according to measurement data (on average by 1-1.5

ppm). The decrease in near-surface CO2 content is likely due to a decrease in the use of

transport on these days, as well as the temporary cessation of the work of some

enterprises. Such information is not explicitly specified through the anthropogenic CO2

emissions of the ODIAC database and is apparently contained in the chemical boundary

conditions of the CarbonTracker database, which are specified within a 6-hour interval.

Analysis of the seasonal change in the surface CO2 mixing ratio in Helsinki for

2019 (Figure 13 b) based on measurement and modeling data indicates, firstly, that it is

possible to describe it using the WRF-Chem model. Secondly, there is a pronounced

decrease in the surface CO2 content by July with a subsequent increase, as indicated

above. The amplitude of the changes is about 24 ppm (~5-6% of the measured average).

The worst agreement between measurement and modeling data is observed in

January-February (3-4 ppm) and July (1-2 ppm). However, in July (as in most months),

the confidence intervals for the measured and simulated data overlap, suggesting that

the differences between the monthly averages of the two data sets during this period are

not significant. On average, the confidence intervals for measurement and modeling

data are close and amount to ~0.5 ppm.
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(a) (b)
Figure 13: Daily (a) and seasonal (b) variation of the near-surface CO2 mixing ratio in Helsinki

according to WRF-Chem data and measurements in 2019; time is given in UTC (a) and in months (b);

The confidence intervals of the means for the 95% confidence level are highlighted in color.

XCO2 in St Petersburg

The time series of XCO2 (the average mixing ratio in the entire atmosphere) from

WRF-Chem simulations and Bruker EM27/SUN measurements are very close, having a

CC of ~0.95 (Figure 14, Table 5). The model simulates the measured decrease and

subsequent increase in XCO2 caused by plant activity during the growing season

(approximately May to October 2019). Analysis of individual components of XCO2

according to WRF-Chem modeling data shows that in general seasonal variation of

XCO2 is due to chemical BC. Within the modeling domain, the VPRM model simulates

local features of the biogenic fluxes that adjust its impact on CO2 content. MD and SDD

between the simulation and measurement data are -1.3 and 1.2 ppm, respectively

(~-0.3%). The analysis indicates that systematic bias in XCO2 modeling may be due to

errors in chemical boundary conditions as well as errors in atmospheric transport

modeling.
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Figure 14: Time series of XCO2 in St Petersburg according to Bruker EM27/SUN measurements and

WRF-Chem modeling for Jan 2019 – Mar 2020, as well as the difference between them

(Obs-WRF-Chem, scale on the right).

Table 5: Statistical characteristics of the XCO2 difference according to Bruker EM27/SUN

measurements and WRF-Chem modeling in St Petersburg for Jan 2019 – Mar 2020; % values are

relative to average XCO2 based on measurements; SD – standard deviation, MD – mean difference,

SDD – standard deviation of the difference, CC – correlation coefficient; For average values, a

confidence interval is given at a confidence level of 95%.

Data Mean and SD, ppm MD and SDD, ppm (%) CC

Observations -

WRF-Chem

408.4±0.2 and 3.4/

409.7±0.2 and 3.9

-1.3±0.07 and 1.2

(-0.3±0.02 and 0.3)

0.95

A series of numerical experiments by WRF-Chem with a simplified specification

of chemical BC along the vertical, as well as using information on the water vapor

content based on spectroscopic measurements with a Bruker 125HR instrument, led to a

MD between the modeling data and measurements of approximately 0.6%, i.e. twice as

high as the results from Table 5 [138]. At first, this is due to errors in specifying

chemical BC in the upper troposphere layer. Secondly, the higher MD value is caused

by the use of a limited set of measured atmospheric water vapor data to calculate XCO2.

Thus, measurement data of the total water vapor content using the Bruker instrument are
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available for only 77 days of the period Jan 2019-Mar 2020 in the form of daily

averages. The results of the current study show that correct specification of chemical

BC and the use of information on atmospheric water vapor content from WRF-Chem

modeling data lead to improved agreement between model and measured XCO2 values

in St Petersburg. More detailed information about the methods and results is given in

[138].

Let us evaluate the contribution of three main factors influencing the dynamics of

XCO2 in the St Petersburg region - (1) transport from the boundaries of the modeling

domain (chemical boundary conditions), (2) anthropogenic CO2 emissions and (3)

absorption and release of CO2 by vegetation during the growing season. Using the

WRF-Chem model, CO2 transport from the three listed sources is modeled as three

separate variables - XCO2 BC, XCO2 Ant and XCO2 Bio. The sum of these variables (11),

after vertical integration, gives the CO2 total column or XCO2, which is analyzed above:𝑋𝐶𝑂2 = 𝑋𝐶𝑂2 𝐵𝐶 +  𝑋𝐶𝑂2 𝐴𝑛𝑡 +  𝑋𝐶𝑂2 𝐵𝑖𝑜 (11)

This approach allows us to analyze several scenarios in which we will vary the

three components of XCO2. Firstly, we will be able to understand the significance of

each of the three factors, and secondly, evaluate which of the scenarios will lead to less

systematic and random error in XCO2 modeling. Note that and𝑋𝐶𝑂2 𝐴𝑛𝑡 𝑋𝐶𝑂2 𝐵𝑖𝑜
depend only on anthropogenic and biogenic activity within the modeling domain. The

influence of anthropogenic CO2 emissions and vegetation activity outside the modeling

domain is specified through BC. Thus, taking and in (11) as 0 ppm𝑋𝐶𝑂2 𝐴𝑛𝑡 𝑋𝐶𝑂2 𝐵𝑖𝑜
excludes the influence of anthropogenic and biogenic activity only inside the modeling

domains.

Table 6 lists 9 scenarios, including the control one (Control), and gives a brief

description of what they involve. Figure 15 shows the values of MD (a) and SDD (b)

between the Bruker EM27/SUN measurement data and WRF-Chem modeling in St

Petersburg for Jan 2019-Mar 2020. Confidence intervals for the 95% probability are

plotted on the MD graph.



86

First, note that for all scenarios, the SDD varies from approximately 0.30 to

0.33%, which is ~0.1 ppm. We can assume that the SDD remains almost unchanged.

Excluding the biogenic contribution (scenario 2) leads to an increase in MD by

approximately 0.1%, while excluding only the anthropogenic contribution (scenario 3)

leads to a slight decrease in MD by 0.05% relative to control scenario 1. It should be

noted that the MDs for the first five scenarios overlap in confidence interval and the

differences between them can be considered statistically insignificant. The smallest MD

is observed for scenario 6 (reduction of chemical boundary conditions by 0.3%), while

the confidence interval does not overlap with the MD of the other scenarios. With a

subsequent decrease in the contribution of CO2 transfer from the boundaries of the

modeling area (scenarios 7-9), the MD increases relatively strongly (up to ~0.7%).
Table 6: Scenarios of variation of XCO2 components in St Petersburg for Jan 2019-Mar 2020

according to WRF-Chem modeling data; XCO2 BC, XCO2 Ant and XCO2 Bio - XCO2 values based on

modeling data in the area of near-surface measurements in Peterhof from the boundaries of the

modeling domain, biogenic activity and anthropogenic emissions, respectively.

N Name Description

1 Control Control numerical experiment WRF-Chem

XCO2 = XCO2 BC + XCO2 Ant + XCO2 Bio

2 Without XCO2 Bio XCO2 = XCO2 BC + XCO2 Ant

3 Without XCO2 Ant XCO2 = XCO2 BC+ XCO2 Bio

4 Without XCO2 Bio and XCO2

Ant

XCO2 = XCO2 BC

5 XCO2 BC reduced by 0.1% XCO2 = XCO2 BC*0.999 + XCO2 Ant + XCO2 Bio

6 XCO2 BC reduced by 0.3% XCO2 = XCO2 BC*0.997 + XCO2 Ant + XCO2 Bio

7 XCO2 BC reduced by 0.5% XCO2 = XCO2 BC*0.995 + XCO2 Ant + XCO2 Bio

8 XCO2 BC reduced by 0.7% XCO2 = XCO2 BC*0.993+ XCO2 Ant + XCO2 Bio

9 XCO2 BC reduced by 1% XCO2 = XCO2 BC*0.990 + XCO2 Ant + XCO2 Bio
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(a) (b)
Figure 15: MD (a) and SDD (b) between XCO2 according to Bruker EM27/SUN measurements and

WRF-Chem modeling for nine scenarios in St Petersburg for Jan 2019-Mar 2020; for a description of

the scenarios, see Table 6; Values are given in % relative to average XCO2 based on measurements.

Thus, a reduction in the contribution from chemical boundary conditions to XCO2

on the territory of St Petersburg can be achieved with their additional reduction by

another 0.3%. However, the SDD will remain virtually unchanged and will also be

~0.3%. It can be assumed that the SDD value is determined by errors in a priori

anthropogenic CO2 emissions and errors in modeling the biogenic contribution. The fact

that the exclusion of both factors does not lead to noticeable changes in the CO2 may

indicate, for example, errors in the spatial distribution of CO2 emissions or their daily,

weekly or monthly variations.

3.4.2 Comparisons of WRF-Chem simulation results with independent model

data

Due to the coarser spatial resolution of the CAMS v21r2 reanalysis relative to the

WRF-Chem simulation data, the comparison is made only with respect to XCO2. Thus,

the study [168] compared the values of the surface mixture ratio of CO2 and XCO2

based on the CAMS reanalysis of an earlier version (v18r3) and measurements (local

and remote) in the area of St Petersburg (Russia) for 2018. It is shown that the

differences in the surface CO2 mixing ratios based on CAMS reanalysis data and local

measurements depend significantly on the season and vary by up to 3%. The same

applies to correlation, which varies from 0.26 to 0.81 depending on the month.

However, this was to be expected due to the dependence of the surface CO2 mixing ratio
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on the local features of the territory of St Petersburg, which cannot be taken into

account at a spatial resolution of more than 100 km.

Analysis of XCO2 comparison according to WRF-Chem and CAMS data for the

period from January 2019 to March 2020 indicates their closeness. Thus, MD and SDD

are 0.15 and 0.3% with a very high correlation (CC = ~0.96). The WRF-Chem data

generally slightly underestimate XCO2 relative to the CAMS data. Moreover, the

greatest differences are observed during the vegetation season - approximately from

May to October 2019 (on some days up to more than 5 ppm). This may indicate

differences between the two models in representing the biogenic contribution to CO2

content. Note that the variation of XCO2 based on the CAMS reanalysis is smoother

compared to WRF-Chem. Their standard deviations from the mean are about 3.4 and

4.2 ppm, respectively. This may be due to the coarser spatial resolution of the CAMS

data, which smoothes out the local features of the anthropogenic influence of St

Petersburg on XCO2.

Figure 16 shows the differences between XCO2 data in St Petersburg based on

measurements (Bruker EM27/SUN) and modeling (WRF-Chem, CAMS v21r2 and

CarbonTracker v2022-1). Note that CAMS and CarbonTracker data are available at 3

and 6 h rates, respectively, making the minimum time step for matching to be 6 h. It can

be concluded that the WRF-Chem simulation data best matches the measurements. The

MDs for WRF-Chem, CAMS and CarbonTracker are 1.3, 2.3 and 3.3 ppm (0.3, 0.5 and

0.8%), respectively. The better agreement between the measured data and the

WRF-Chem simulations is likely due to the higher spatial resolution relative to the

CAMS and CarbonTracker data.
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Figure 16: Differences between XCO2 in the St Petersburg area according to measurement data

(Bruker EM27/SUN) and modeling (WRF-Chem, CAMS v21r2, CarbonTracker v2022-1) for Jan 2019

– Mar 2020.

3.5 Compliance of XCO2 modeling errors with modern requirements

To date, many studies have assessed the ability of the WRF-Chem model to

represent the surface abundance, vertical profile, and whole-atmosphere CO2 content

over time scales ranging from daily to multi-year [23, 136, 138]. Errors in XCO2

modeling in studies are usually less than 0.1% or about 0.5 ppm.

In studies [22, 24, 95] it is shown that the city’s anthropogenic contribution to

CO2 content, measured using paired high-precision spectrometers, ranges from less than

~0.5 to 5 ppm. This characteristic has a direct connection with anthropogenic CO2

emissions from the city and was obtained using parallel spectroscopic measurements of

XCO2. The essence of such measurements is to reduce the influence of the main factors

on the CO2 content and highlight the influence of anthropogenic gas emissions from the

territory of the city under study. With this approach, taking into account that the model

qualitatively represents atmospheric transport, by varying the a priori anthropogenic

emissions of the city, the best agreement between the modeling results and XCO2

measurements can be achieved.
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The a priori emissions adjusted in this way will be a solution to the inverse

problem of atmospheric transport. However, if XCO2 measurements are available with

only one instrument, then during modeling it is important to correctly take into account

other influencing factors (i.e., CO2 transport from the boundaries of the modeling

domain, biogenic contribution, etc.). Therefore, with this approach, the acceptable error

in modeling CO2 transport depends on the magnitude of the anthropogenic contribution.

For example, if the anthropogenic contribution of a city to the total CO2 content

according to measurement data is 5 ppm, then with a modeling error of 1 ppm the

systematic error of adjusted anthropogenic CO2 emissions will be 20%. If the

contribution from measurement data is 1 ppm, then with the same modeling error the

systematic error of posterior emissions will be 100%.

Based on the range of the anthropogenic contribution of St Petersburg from [22,

24], we can say that to assess the city’s anthropogenic emissions using only one

measuring instrument, the modeling error should be ~1 ppm (0.2%) or lower.

Figure 17 shows histograms of the distribution of errors in XCO2 modeling using

WRF-Chem (a - original modeling data, b - XCO2 from chemical boundary conditions

reduced by 0.3%) in St Petersburg for Jan 2019-Mar 2020. The histograms highlight in

green the error intervals that can be considered acceptable (from -1 to 1 ppm), according

to the above research analysis. The selected error interval for the data of the original

numerical experiment (Figure 17 a) accounts for approximately 35% (425) of all error

values. The shift of the distribution to the left and the analysis given above indicate that

the most likely reason for the overestimation of XCO2 according to the modeling data is

errors of a systematic nature, for example, errors in chemical boundary conditions. A

decrease in XCO2 from chemical boundary conditions by 0.3% (Figure 17 b) shifts the

error distribution to the right and the acceptable range for XCO2 modeling from -1 to 1

ppm accounts for ~60% of all errors.
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(a) (b)
Figure 17: Histogram of error distribution for XCO2 modeling using WRF-Chem (a - XCO2 = XCO2 BC

+ XCO2 Ant + XCO2 Bio; b - XCO2 = XCO2 BC*0.997 + XCO2 Ant + XCO2 Bio, see Table 6) in St Petersburg

for Jan 2019-Mar 2020.

3.6 Main results and conclusion

The chapter provides the analysis results of a comprehensive validation of the

ability of the WRF-Chem numerical model to describe changes in CO2 in the

troposphere in the St Petersburg region. The results indicate that using the WRF-Chem

model it is possible to simulate the annual change in CO2 at the Earth's surface and in

the entire atmosphere. The results of this study were published in [169].

1. Using the model, it is possible to represent the seasonal and daily variations in

gas content associated with the influence of vegetation. The correlation with the

near-surface CO2 mixing ratio at a station in Helsinki (distance from St

Petersburg is ~300 km) is high (CC = ~0.73) with the modeling error and its

standard deviation being 0.15±0.04 and 1.7%.

2. The WRF-Chem model simulates the temporal change in the average dry

atmosphere CO2 mixing ratio (XCO2) in the St Petersburg region with a very high

correlation coefficient of ~0.95. The modeling errors for XCO2 are ~-0.3±0.02%

with a standard deviation of 0.3%, which is consistent with estimates from

independent studies for other cities. Systematic error is most likely due to errors

in the chemical boundary conditions.
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3. The time series of XCO2 in St Petersburg obtained using the WRF-Chem model is

consistent with independent data sets based on numerical simulations and CAMS

and CarbonTracker measurements. However, the WRF-Chem data agrees slightly

better with the measurements. This is probably due to the ability of the

WRF-Chem model to take into account the influence of local dynamic features of

the study area, as well as the specific spatial distribution of a priori CO2 sources

and sinks. This emphasizes the importance of high spatial resolution weather

prediction models and atmospheric gas composition to estimate anthropogenic

CO2 emissions.

4. Analysis of measurements and modeling of CO2 total content in St Petersburg

over a period of more than a year indicated that data on the spatiotemporal

distribution of CO2 in the atmosphere CarbonTracker Near-Real Time v.2022-1

(CT-NRT.v2022-1) are overestimated at the boundaries of the modeling area.

Reducing the CarbonTracker data by 0.4% resulted in a modeling error of ~0.3%,

which is almost 2 times less than in an earlier study using the original

CarbonTracker data. The analysis showed that an additional decrease in the

chemical boundary conditions by another ~0.3% will lead to an almost complete

decrease in the systematic difference, but will not change its standard deviation.

5. The study showed that using the WRF-Chem model it is possible to simulate the

annual variation of CO2 in the atmosphere in the St Petersburg region with high

spatial resolution (2 km). If the recommendations given in this study are

followed, the errors in modeling CO2 emissions in most cases will meet the

requirements, which, as we indicated, are 1 ppm or less, which need to be put

forward by numerical models when solving inverse problems for estimating

anthropogenic CO2 emissions (0.2%). Thus, we can say that the WRF-Chem

model can be used to solve inverse problems for estimating anthropogenic CO2

emissions from the territory of St Petersburg, provided that the model is adapted

to the study area and careful validation of modeling data was carried out.
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Chapter 4. Estimation of anthropogenic CO2 emissions in St Petersburg using the

WRF-Chem model

4.1 WRF-Chem modelling of St Petersburg anthropogenic contribution to CO2 TC

As already indicated in Chapter 2, in 2019, as part of the EMME measurement

campaign, paired spectroscopic measurements of CO2 were carried out in the windward

and leeward parts of St Petersburg, the difference between which, under certain

meteorological conditions, can be interpreted as the contribution of St Petersburg to the

CO2 content. Based on the WRF-Chem numerical experiment on CO2 transport in the St

Petersburg region in Jan 2019-Mar 2020, described in Chapter 3, it is possible to obtain

an estimate of the model anthropogenic contribution of St Petersburg and compare it

with EMME measurements. To do this, from each model cell corresponding to paired

measurements with two Bruker EM27/SUN IR Fourier spectrometers for the 8 best days

of measurements in March-April 2019, CO2 TC values were obtained in units [mol.

cm-2]. These are 21 and 27 March, 1, 3, 4, 6, 16 and 24 April 2019. The data were

selected according to the criteria described in [22], which are related to meteorological

conditions and the position of certain measurements near large local sources of CO2.

Then, the difference is determined between the model data in the corresponding cells

(dTCCO2).

As discussed in Chapter 3, the uncertainty in modeling CO2 in the troposphere

depends on factors such as errors in the modeling of physical atmospheric processes,

errors in chemical boundary conditions, and CO2 emissions and sinks. Comparison of

CO2 TC from modeling data with measurements provides an estimate of the overall

modeling error of this parameter, which includes all of the listed factors.

Let us calculate the influence of the error in modeling CO2 transport using the

WRF-Chem model on the estimate of dTCCO2. To do this, we calculate dTCCO2 as the

difference between model cells on the measurement days of EMME 2019, which are

separated from each other by an azimuthal angle corresponding to the atmospheric

transport modeling error. We will take the average difference between the model and
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measured vertical profile of the wind direction (12.7° or 5%, see Chapter 3) (Figure 18)

as the error in modeling atmospheric transport. If the distance between two model cells

that correspond to the paired measurement positions on a particular day is ~30 km,

using a simple trigonometric transformation, it can be determined that the angle α=12.7°

relative to the position of the windward cell corresponds to a distance of ~4 km around

the leeward cell. Accordingly, to estimate dTCCO2, we calculate the difference between

each pair of windward and leeward cells in 8 days of EMME measurements. The total

number of such pairs for each day is 8-15. An example of such cells is highlighted in

red in Figure 18.

Figure 18: Schematic representation of the effect of wind direction modeling error on dTCCO2

between windward and leeward positions around St Petersburg; grid - spatial coverage of St Petersburg

with WRF-Chem modeling data with a step of 2 km; S - the area of the selected region.

Figure 19 shows dTCCO2 time series at 10 minutes (left) and daily average (right)

for each of the 8 days of March-April 2019 from paired EMME measurements and

WRF-Chem simulations. The graphs show simulation data from paired cells with the

best fit to measurements (blue curve), the worst fit (green curve), and the spatial average

of all simulated dTCCO2 values for a given day (red curve). Note that the simulation

data with the best fit are on average 2.4 km away from the “true” EMME measurement
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positions. In turn, the dTCCO2 simulation data with the worst agreement with the

measurements are on average 3.7 km away from the true observation positions.

As can be seen in Figure 19, the best-fit simulation data agrees well with

measurements on all days except April 24, when the model significantly underestimates

dTCCO2. For the best fit between the simulation data and the measurements, the mean

difference (MD) and standard deviation of the difference (SDD) are 6.7 and 36.9%,

respectively. The correlation coefficient (CC) between the simulation data and

measurements is 0.78. If we exclude 24 April, then MD and SDD decrease to -0.3 and

33.2%, CC increases to 0.84.

On 24 April 2019, the simulation data greatly underestimate dTCCO2 based on

measurements (by about 70%). This may be due to errors in transport modeling or

errors in specifying chemical boundary conditions. Analysis of dTCCO2 separately from

three factors (OC CO2 Ant, OC CO2 Bio, OC CO2 BC) shows that to achieve agreement

between measurement and modeling data on 24 April, anthropogenic emissions need to

be increased by approximately 2.5 times (i.e. by 250% ) or completely eliminate the

contribution to dTCCO2 from chemical boundary conditions. The first scenario is most

likely not plausible, since such a strong CO2 source would have been noticeable on

other days of EMME measurements. In turn, the influence of CO2 transfer from

chemical boundary conditions could be the cause of such an error.

The WRF-Chem simulation data from the cells with the worst agreement with the

measurements have MD and SDD of 52.5 and 102.5%, respectively. CC is 0.67. The

exclusion of 24 April leads to a change in MD and SDD to 36 and 99% with a CC of

0.73.

In turn, the spatially averaged model dTCCO2 repeats the measured values with a

relatively high CC of 0.69. At the same time, MD and SDD are 17.2 and 55.1%,

respectively. On two of the eight days (1 April and 24 April), the spatially averaged

model dTCCO2 values are negative, in contrast to the measurements. This is due to the

fact that the CO2 content transported from the boundaries of the modeling domain to the

windward areas of the city was generally greater than in the leeward areas of the city.
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The exclusion of 24 April leads to a decrease in MD and SDD to 3.1 and 41.9%, CC

increases to 0.82.

When averaging the daily cycle of dTCCO2 (Figure 19 on the right), SDD

decreases by ~7-10%, and MD increases slightly (by 1-6%). For example, averaging the

daily cycle for spatially averaged model dTCCO2 leads to a change in MD and SDD to

4.7 and 34.6%.

(a) (b)
Figure 19: Time series of dTCCO2 averaged over 10 minutes (a) and daily average (b) for 8 days of

March-April 2019 according to paired measurements (EMME) and WRF-Chem modeling; simulation

data from cells with the best fit to measurements (blue curve); with the worst fit (green curve);

averaged over space on a specific day (red curve).

The analysis shows that the average error in modeling the direction of

atmospheric transport of 12.7° (about 5% relative to measurements) can lead to errors in

modeling the anthropogenic contribution of up to more than 50%. However, the average

transport modeling error used as an example is assumed to be the same throughout the

entire territory of St Petersburg, although the closest aerological measurements are

carried out in Voeikovo and only twice a day (at a distance of about 20 km from the

center of St Petersburg). In addition, this error characterizes, on average, a vertical layer

covering approximately the entire troposphere and part of the lower stratosphere. The

error in modeling the wind profile on a specific day, time period and at a certain altitude

can be less than 5% (even close to 0%).

A likely optimal solution would be to consider a spatial averaged dTCCO2 of

about 36 km2 around the “true” downwind position of the EMME measurements
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according to modelled data (red area in Figure 18 and red curve in Figure 19). From this

we conclude that the WRF-Chem model describes the change in the anthropogenic

contribution of St Petersburg to the CO2 content with an average error of ~35%

(excluding 24 April and using averaged daily values).

Let us note once again that the resulting error in dTCCO2 modeling includes the

error in modeling atmospheric transport and the error in a priori CO2 emissions

(anthropogenic and biogenic). However, it does not include the influence of the number

of measurements used, the amount of a priori information, diurnal variability of the

measured dTCCO2 and other possible factors. Thus, the influence of the first factor was

observed when excluding measurements taken on 24 April 2019, and when averaging

modeling and measurement data per day. This was shown to reduce the dTCCO2

simulation error from 55 to 35% (i.e. ~20%). The influence of the second factor was not

studied for the WRF-Chem model, but was partially analyzed for the one-dimensional

box model of atmospheric transport. Thus, a change in a priori anthropogenic CO2

emissions according to the ODIAC 2018 database to ODIAC 2019 leads to an increase

in emission estimates for St Petersburg by ~30%. A third factor (diurnal variability of

measured dTCCO2) was assessed in a study [22]. Its contribution to the error was 33%

for 9 days of measurements. For the case from the current study (7 days of

measurements, excluding 24 April), this factor contributes to an error of ~27%. If we

take into account these errors in this form, then the total error in dTCCO2 modeling and

subsequently the error in estimating anthropogenic CO2 emissions of St Petersburg for

2019 will be ~57%. However, since the error in modeling CO2 transport is known with

greater certainty (approximately 35%), then in this study, to estimate the error in

anthropogenic CO2 emissions in St Petersburg, we will leave only this uncertainty,

keeping in mind that the real error may be greater.

Previously, it was shown that the random error in modeling the CO2 TC in St

Petersburg for 83 days from January 2019 to March 2020 using the WRF-Chem model

is 0.3%. Such significant differences between the early and current values of the random

error (34-37%) can be explained by the fact that in this case the error estimate is based

on only 7 days of measurements in March and April. Obviously, with an increase in the
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sample of measurements, the random error should decrease. In addition, Chapter 3

provides an estimate of the uncertainty in modeling CO2 TC (as XCO2), while here we

estimate the uncertainty in modeling dTCCO2. The difference between the model values

of CO2 TC can also increase the random and, as a consequence, the total error in the

dTCCO2 modeling.

4.2 Estimation of St Petersburg CO2 anthropogenic emissions by solving the

inverse problem using the WRF-Chem model

Using the WRF-Chem model, we will conduct a series of numerical experiments

to simulate the anthropogenic contribution of St Petersburg (dTCCO2) for 7 days of

EMME measurements in 2019, excluding 24 April.

In each of the numerical experiments we will change the anthropogenic CO2

emissions of St Petersburg. That set of modified a priori anthropogenic CO2 emissions,

at which the dTCCO2 modeling data will have the smallest difference with dTCCO2 data

based on paired spectroscopic measurements, will serve as a solution to the inverse

problem of estimating anthropogenic CO2 emissions in St Petersburg for 2019. Let us

recall that the assessment of emissions is for the entire year based on single

measurements in March and April 2019. It is justified in this work by the probable low

seasonal variability of anthropogenic CO2 emissions of St Petersburg (according to the

ODIAC data for 2019).

Descriptions of eight numerical experiments are given in Table 7. The first is a

control experiment with “reference” emissions and chemical boundary conditions.

Based on the results of the control numerical experiment, a conclusion is drawn on how

to adjust the a priori information in order to achieve a better agreement between the

model and measured dTCCO2 values. In 2-6 numerical experiments, anthropogenic CO2

emissions in St Petersburg increased by 5, 10, 15, 20 and 25%. For the 7th numerical

experiment, anthropogenic CO2 emissions of St Petersburg were increased only in that

part of the city that, according to the STILT modeling results (Figure 6 a), is covered by

measurements. And finally, in the 8th numerical experiment, anthropogenic CO2
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emissions were increased by 20% in cells corresponding to the positions of the St

Petersburg CHPs.
Table 7: Description of WRF-Chem numerical experiments; SPb - entire territory of St Petersburg.

Experiment Description

1 (control) CO2 anthropogenic emissions - ODIAC 2019

2 ODIAC 2019 (SPb) + 5%

3 ODIAC 2019 (SPb) + 10%

4 ODIAC 2019 (SPb) + 15%

5 ODIAC 2019 (SPb) + 20%

6 ODIAC 2019 (SPb) + 25%

7 ODIAC 2019 (SPb) + 25% + STILT

8 ODIAC 2019 (CHP) + 20%

Figure 20 shows the total dTCCO2 modeling errors based on a comparison of

modeling and measurement data for 7 days of March and April 2019 in St Petersburg in

% relative to measurements. The total errors are calculated as the square root of the sum

of the squares of the average difference between the modeling and measurement data

(systematic modeling error) and its standard deviation (random modeling error).

The graph shows that the best agreement is observed with an increase in

anthropogenic emissions by 20% only from the territories of CHPs (~34%). At the same

time, the agreement deteriorates to more than ~39% when emissions increase to 25%

from the entire city territory. The change in MD with an increase in anthropogenic

emissions from the entire territory of St Petersburg is almost linear.

Considering that the integrated anthropogenic CO2 emissions of St Petersburg

based on ODIAC 2019 data are 49.1 Mt y-1, their increase from the territories of thermal

power plants by 20% leads to emissions of the city of ~62.3 ± 21 Mt y-1. It is possible

that an increase in a priori CO2 emissions from the positions corresponding to the city’s



100

thermal power plants by more than 20% will further reduce the total error dTCCO2 and

better correct a priori emissions.

As can be seen from Figure 20, an increase in anthropogenic emissions by 20%

from the entire territory of St Petersburg and only from the approximate positions of the

CHPs leads to a difference of ~4% between the modeling errors. At the same time, the

modeling error with an increase in emissions by 20% only from the positions of CHPs is

close to the error of the experiment, where CO2 emissions from the entire territory of St

Petersburg increased by 5 and 10%, as well as to the control experiment (difference

~2%).

This indicates the ambiguity of estimates of anthropogenic CO2 emissions in St

Petersburg based on the method for solving the inverse problem of atmospheric

transport. For example, an increase in the a priori total anthropogenic CO2 emissions for

the entire St Petersburg for 2019 according to ODIAC data by 5% will lead to a value of

~51 Mt y-1. In turn, as already mentioned above, an increase of 20% in a priori

emissions only from the territories of CHPs will lead to an estimate of 62.3 Mt y-1, i.e.

about 22% more.

Figure 20: Total modeling error of dTCCO2 for 7 days of March-April 2019 in St Petersburg;

differences are given in % relative to measurements.
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4.3 Comparison of independent estimates of anthropogenic CO2 emissions of St

Petersburg

Table 8 provides estimates of total anthropogenic CO2 emissions from St

Petersburg based on the current study and other sources of information. The overall

range of estimates for 2019 is 49-91 Mt y-1. In this case, the range of estimates based on

the method for solving the inverse problem of atmospheric transport is 62-91 Mt y-1.

The value of the total anthropogenic CO2 emission from St Petersburg for 2019 (62 Mt

y-1) obtained in this chapter is consistent with the value obtained using the box model

(65 Mt y-1) within the error limits. In this case, the average estimate for all given values

based on solving the inverse problem is 73 with a standard deviation of 13 Mt y-1.

The difference with the estimate of CO2 emissions for St Petersburg for 2019,

obtained using the HYSPLIT dispersion model [24], is at least ~16 Mt y-1. This is likely

due to differences in the description of atmospheric transport in the models used and in

the a priori information and number of EMME measurements used.

The estimate of total CO2 emissions of St Petersburg for 2015 using the inventory

method according to data from [170] is at least 27% less than estimates based on

solving the inverse problem of atmospheric transfer (taking into account the error).

However, the fact that the inventory-based estimate is given for 2015 does not allow us

to say with confidence about the errors of the inventory method.

The estimate based on the 2019 ODIAC inventory database is 49 Mt y-1 with an

error of ~15 Mt y-1. If we consider the edges of the ranges of estimates taking into

account errors, then anthropogenic CO2 emissions of St Petersburg based on the ODIAC

data are lower than the city emissions obtained using the WRF-Chem model (62±21 Mt

y-1) by ~11%. The both estimates are consistent within the error range of 41-64 Mt y-1.
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Table 8: Total anthropogenic emissions of CO2 from St Petersburg for 2019 from on a priori (ODIAC

2019) and aposteriori data

Method Source CO2

anthropogenic

emissions, Mt y-1

Errors

Inventory [170] 29.6 (2015) -

ODIAC 2018 31 (2018) from ~30-40%

[20]
ODIAC 2019 49 (2019)

Inverse problem

of atmospheric

transport

[24]

Dispersion model HYSPLIT +

ODIAC 2018

75.8 (2019) -

[26]

Box model + ODIAC 2018

65 (2019) from ~19

Mt y-1

Current study -

Box model + ODIAC 2019

91 (2019)

Current study -

WRF-Chem + ODIAC 2019 +

(Ant 20% from positions

of CHPs)

62 (2019) ~21 Mt y-1

4.4 Main results and conclusion

In this part of the study, the total CO2 anthropogenic emissions from the entire

territory of St Petersburg for 2019 were assessed by solving the inverse problem of

atmospheric transport. The assessment was carried out using paired spectroscopic

measurements of CO2 and the WRF-Chem numerical model of weather prediction and

tropospheric composition of high spatial resolution.

The total anthropogenic CO2 emission of St Petersburg for 2019 based on solving

the inverse problem of atmospheric transport using the WRF-Chem model is ~62±21 Mt
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y-1. This estimate is at least 27% higher than the inventory data for 2015. This also was

found in other studies for St Petersburg [24, 26].

At the same time, the entire range of emission estimates for St Petersburg,

obtained using differential spectroscopic measurements of the CO2 TC during the

EMME campaign and various atmospheric transfer models, is 62-91 Mt y-1. All

estimates are consistent with each other within the error range (19-21 Mt y-1).

The mean estimate of CO2 anthropogenic emissions of St Petersburg in 2019

based on solving the inverse problem is 73 Mt y-1 with a standard deviation of 13 Mt y-1.
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Summary

This dissertation is devoted to the study of methods for assessing anthropogenic

emissions of the greenhouse gas CO2 from the territory of large cities using the example

of the Russian megapolis of St Petersburg. Methods for estimating CO2 emissions based

on solving the inverse problem of atmospheric transport were considered. The work

examines the influence of the choice of atmospheric transport model, a priori

information (a priori distribution and values of anthropogenic CO2 emissions) and

measurement data of the total CO2 content in the atmosphere on estimates of

anthropogenic CO2 emissions in St Petersburg.

According to the study, the errors in assessing anthropogenic CO2 emissions in St

Petersburg using spectroscopic measurements of gas content in the atmosphere and a

one-dimensional box model of atmospheric transport depend on the spatial distribution

of CO2 emissions within the city; spatial coverage of measurements; quality of a priori

information; complexity of the atmospheric transport model. Taking into account the

limited spatial coverage of paired spectroscopic measurements of CO2 content in the

atmosphere leads to a decrease in estimates of anthropogenic emissions of St Petersburg

by ~22-55%.

The study indicates a small contribution of the water surface of the Gulf of

Finland to estimates of CO2 anthropogenic emissions of St Petersburg, even under

extreme meteorological conditions. Accordingly, when assessing anthropogenic CO2

emissions of St Petersburg, the contribution of the water surface of the Gulf of Finland

can be neglected.

Using the example of 2019, the work shows that in ~60% of cases, the

WRF-Chem three-dimensional numerical weather prediction and tropospheric

composition model can be used to solve the inverse problem of estimating CO2

anthropogenic emissions from St Petersburg (modeling error ~0.2%). Based on the

sensitivity analysis of the model, it was concluded that the random error in modeling the

CO2 content in the atmosphere may be associated with errors in the spatial distribution

of a priori CO2 emissions and their temporal variation.
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It is shown that the complexity of the atmospheric transport model, the quality of

a priori information and the spatial coverage of measurements of CO2 content in the

atmosphere leads to a wide range of estimates of anthropogenic CO2 emissions in St

Petersburg from ~62 to more than 90 Mt y-1. In this case, the average estimate for all

given values based on solving the inverse problem is 73 Mt y-1 with a standard deviation

of 13 Mt y-1. Estimates based on solving the inverse problem of atmospheric transport

exceed the values based on the inventory by 11-27%. This indicates the importance of

independent methods for assessing CO2 emissions, which will allow validating and, if

necessary, adjusting existing inventories of carbon dioxide emissions into the

atmosphere.

The development of this independent method for assessing anthropogenic CO2

emissions is especially relevant now in connection with (1) the operation and

preparation for launches of satellite systems that measure CO2 TC with high spatial

resolution; (2) the availability of high-precision spectrometers that allow ground-based

remote measurements of CO2 TC; and (3) the development of three-dimensional

numerical models of atmospheric transport with high spatial resolution, which can

resolve gas transport at the scale of a large city, taking into account the physical

properties of urban buildings.

This study and a number of cited works indicate the promise of a method for

estimating anthropogenic CO2 emissions based on high-precision spectroscopic

measurements of the gas content in the atmosphere and modeling of atmospheric

transport. To implement it, it is necessary to establish appropriate regular measurements

in large cities both in Russia and other countries. Similar measurements have been

implemented for several years in large European cities (Munich, Paris).
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EM - electromagnetic

IR - infrared

IPCC - Intergovernmental Panel on Climate Change

WMO - World Meteorological Organization

ppm - parts per million

USD - The United States dollar

GDP - gross domestic product

CHP - Combined Heat and Power plant

GAW - The Global Atmosphere Watch

NOAA ESRL - National Oceanic and Atmospheric Administration, Earth System

Research Laboratories
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RAS - Russian Academy of Sciences

SPbU - St Petersburg State University

GGA - Greenhouse Gas Analyzer

TCCON - Total Carbon Column Observing Network

COCCON - COllaborative Carbon Column Observing Network

NDACC - Network for the Detection of Atmospheric Composition Change

TOVS - Television Infrared Observation Satellite Operational Vertical Sounder

IMG - Interferometric Monitor for Greenhouse gases

GOSAT - Greenhouse gases Observing SATellite

SCIAMACHY - The SCanning Imaging Absorption spectroMeter for

Atmospheric CartograpHY

IASI - Infrared Atmospheric Sounding Interferometer

OCO - Orbiting Carbon Observatory

AIRS - Atmospheric Infra-Red Sounder
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TES - Tropospheric Emission Spectrometer

IKFS-2 - InfraKrasnii Furie Spectrometer-2

TanSat - Exploratory Satellite for Atmospheric CO2

SOCOL - SOlar Climate Ozone Links

MPI-ESM - Max Planck Institute Earth System Model

MEZON - Model for Evaluation of oZONe trends

WRF-Chem - Weather Research and Forecasting model coupled with Chemistry

ODIAC - Open-source Data Inventory for Anthropogenic CO2

TC - total column

DS - differential spectroscopic

EMME - Emission Monitoring Mobile Experiment

HYSPLIT - The Hybrid Single-Particle Lagrangian Integrated Trajectory model

UTC - Coordinated Universal Time

GFS - Global forecast system

STILT - the Stochastic Time-Inverted Lagrangian Transport model

IC - initial conditions

BC - boundary conditions
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Appendix A

Measurements of CO2 uptake and release by vegetation at SMEAR stations

To optimize and validate the VPRM model, air temperature, GPP (Gross Primary

Product; CO2 absorbed by vegetation) and NEE (Net Ecosystem Exchange; difference

between GPP and Resp) measurements from the “SMEAR II Hyytiälä forest” station are

used in the study. The parameter Resp (Respiration; CO2 emitted by vegetation) is

calculated as the sum of NEE and GPP. At the Hyytiälä station, NEE and GPP

measurements are carried out at a height of about 23-25 m

(https://wiki.helsinki.fi/display/SMEAR/Eddy233). The assessment of GPP, Resp and

NEE is based on a simple empirical model [155] and measurements of biogenic CO2

fluxes using a set of instruments consisting of a Gill HS-50 ultrasonic anemometer

measuring wind speed and temperature and a Li-7200 gas analyzer measuring CO2 and

water vapor content. The data is available at https://smear.avaa.csc.fi/download.

At Hyytiälä station, mast measurements are available at several heights of about

10, 20 m and above. We used air temperature data closest to the Earth's surface due to

the fact that CO2 emissions from vegetation in the VPRM model are calculated based on

linear regression with air temperature. In addition, the analysis showed that the air

temperature at an altitude of about 27 m, based on measurements at the Hyytiala station,

differs from the temperature at an altitude of 1.5 m by an average of ~3% and has a

correlation of ~0.99. GPP, Resp and NEE are obtained using the turbulent pulsation

method.
Table A1: Parameters a and b for the calculation of Resp by VPRM before and after correction

Parameters Before correction After correction

a 0.1797 0.1816

b 0.8800 1.4650
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Appendix B

(a) (b)
Figure B1: Time series of GEE (a) and Resp (b) according to WRF-Chem modeling and

measurements at the “SMEAR II Hyytiälä forest” station in Finland for Jan 2019 - Mar 2020.


