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Abstract

Air pollution is one of the world’s primary public health concerns, with 99% of the

global population breathing polluted air, according to the World Health Organization.

One key pollutant is ammonia (NH3), the most abundant alkaline compound in the

atmosphere, with consequences for the environment and human health.

The temporal and spatial variability of NH3 over Mexico City was studied using NH3

total columns retrieved from Fourier transform infrared (FTIR) solar measurements

at two sites (urban and remote). The columns were compared with satellite data from

the Infrared Atmospheric Sounding Interferometer (IASI). Most of the NH3 measured

at the urban station was attributed to local sources, while the NH3 observed at the

remote site was transported from the city and surrounding areas. IASI measurements

underestimated FTIR NH3 total columns by an average of 32±27% but exhibited

similar temporal variability. The NH3 spatial distribution from IASI showed the

largest columns in the northeast part of the city.

The seasonal and diurnal variability, along with long-term trends, of atmospheric NH3

were assessed using measurements from 22 FTIR sites globally distributed between

45°S and 80°N. The mean NH3 total columns from the FTIR time series ranged from

(0.12 to 19.20)×1015 molec. cm−2, with the smallest columns found at the Arctic and

high-altitude sites, and the largest in urbanized areas. Significant NH3 enhancements

were attributed to biomass burning, and NH3 emissions from volcanic eruptions were
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also detected. Comparisons were made between the FTIR measurements and NH3

simulations generated by the GEOS-Chem High-Performance (GCHP) model and

the Tropospheric Chemistry Reanalysis (TCR-2) product. Most of the sites revealed

increasing trends in NH3 total columns, with a mean increase of 3.82 (3.29–4.35)%

for the FTIR measurements, 3.66 (3.35–3.97)% for GCHP, and 6.49 (2.00–10.98)%

for TCR-2.

A case study examined a pollution episode in Mexico City during May 2019, which

was characterized by enhanced surface concentrations of PM2.5. The analysis iden-

tified simultaneous enhancements in PM2.5 and NH3 using measurements and model

simulations. Preliminary comparisons between high-resolution simulations of NH3

and PM2.5 revealed similar results, with more consistent simulations of NH3 than

those for PM2.5.
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Chapter 1

Introduction

1.1 Introduction

”Of all man’s recent interventions in the cycles of nature, the industrial fixation of

nitrogen far exceeds all the others in magnitude” (Delwiche, 1970). Nitrogen-rich ma-

nure has been used as a fertilizer since before nitrogen was discovered as a chemical

element. In the last century, the introduction of synthetic fertilizers and the invention

of the Haber-Bosch process to industrially produce ammonia (NH3), a key chemical

compound in nitrogen-based fertilizers, made possible the rapid increase in cultivation

to keep up with the globally increasing food demand. Thus, nitrogen promoted the

Agricultural Revolution, just as carbon promoted the Industrial Revolution (Paulot

et al., 2014; Battye et al., 2017). However, a significant portion of NH3 from fertil-

izers is lost to the environment (Galloway et al., 2004) and emissions of reduced N

to the atmosphere are a key driver for atmospheric composition and chemistry in the

twenty-first century (Fowler et al., 2013). In the atmosphere, NH3 can participate

in different reactions, such as the neutralization of atmospheric acidity and the for-

mation of particulate matter (PM) (Behera et al., 2013), an air pollutant of great

1
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concern (Fuzzi et al., 2015) consisting of especially fine particles with diameters of

equal or less than 2.5 micrometres (PM2.5). Because of their small size, PM2.5 parti-

cles can penetrate the lungs and even reach the bloodstream, contributing to several

health conditions, including premature death (Paulot and Jacob, 2014; Giannakis

et al., 2019; Vohra et al., 2021). NH3 is the source of ammonium salts, which act

as contributors of PM2.5 and can account for up to 50% of particulate matter mass

(Behera et al., 2013). In addition, NH3 can be transported and deposited at consider-

able distances from emission sources, impacting ecosystems by contributing to forest

decline, eutrophication of freshwater bodies, and soil acidification (Sutton et al., 2008;

Behera et al., 2013). Deposition of reduced nitrogen, such as NH3, has increased over

continental regions (Tan et al., 2020). As mentioned, the primary sources of NH3 are

related to agriculture; however, future increases in emissions from other sources are

expected, for example, emissions due to the use of NH3 as a hydrogen carrier for the

production of renewable energy. This involves the industrial production of NH3 with

no, or almost no, co-production of carbon dioxide (green ammonia), and has seen

more widespread use in recent years (Olabi et al., 2023).

Despite the importance of atmospheric NH3, there are still significant uncertainties

regarding its emission budgets because of the limited availability of NH3 observations

(Luo et al., 2022) and the scarce regulation of its emissions (Paulot et al., 2014; Gian-

nakis et al., 2019; Viatte et al., 2023). Accurate in situ samples of NH3 are challenging

because this gas is sticky and can interact with the surfaces of materials through ad-

sorption and desorption processes, which can alter the instrumental response (von

Bobrutzki et al., 2010). Satellite observations from the Infrared Atmospheric Sound-

ing Interferometer (IASI) allowed for the first global NH3 map (Clarisse et al., 2009);

however, the frequency of these types of observations is limited to a few per day

over a specific region, making it difficult to derive diurnal variabilities. Furthermore,

NH3 variability is difficult to model and predict using atmospheric chemical transport
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models (Khan et al., 2020; Nair and Yu, 2020). Improvement in the knowledge of

the spatial and temporal variability of NH3 is equally as important as that of the

total magnitude of emissions (Battye et al., 2003). This work focuses on obtaining

and analyzing the variability and long-term trends of atmospheric ammonia using a

combination of ground-based and satellite measurements, as well as simulations from

chemical transport models and a reanalysis product.

1.2 Overview of Atmospheric Ammonia (NH3)

Nitrogen is the major component of the Earth’s atmosphere (78.08 % of dry air),

and it is essential for all living organisms. N2 is stable and inert, and it needs to be

chemically converted via nitrogen fixation to a form that organisms can assimilate.

Natural nitrogen fixation occurs by the action of microorganisms and lightning, but it

can also occur due to human activities. The nitrogen cycle has changed significantly

since the introduction of the industrial fixation of nitrogen. It is estimated that

the anthropogenic flux of fixed or reactive nitrogen to the biosphere is now roughly

equivalent to the total flux from natural sources (Battye et al., 2017). Among the

most relevant inorganic nitrogen-containing species in the atmosphere are nitrous

oxide (N2O), nitric oxide (NO), nitrogen dioxide (NO2), the sum of NO and NO2,

which form the chemical family NOx, nitric acid (HNO3), and ammonia (NH3). NH3

accounts for almost half of all reactive nitrogen released in the atmosphere, with

total emissions doubling from 1860 to 1993 and possibly doubling again by 2050

(Krupa, 2003; Galloway et al., 2004; Clarisse et al., 2009) and could reach 130 Tg

NH3−N yr−1 by 2100 (Sutton et al., 2013), where ammonia nitrogen (NH3−N) is

the amount of N in NH3, 1 Tg NH3−N = 1.216 Tg NH3 (Sheikh et al., 2023).

Industrially, NH3 is synthesized using the Haber-Bosch process, see (R1) in Table

1.2. This method has helped expand the availability of nitrogen-based fertilizers
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since the early 1900s, contributing to increased agricultural outputs and population

growth (Smil, 2000). Emissions of reduced N to the atmosphere are a key driver

for atmospheric composition and chemistry in the twenty-first century (Fowler et al.,

2013).

1.2.1 Molecular Characteristics and Chemical Reactions

NH3 is a molecule composed of one nitrogen atom and three hydrogen atoms. It is a

volatile and highly water-soluble molecule. It has a tetrahedral electron geometry and

a trigonal pyramid molecular geometry with C3ν symmetry. This molecule has six

fundamental vibrational modes, two of them doubly degenerate, so in total, NH3 has

four different fundamental vibration frequencies in the infrared spectrum (Hargreaves

et al., 2011) as illustrated in Table 1.1.

Table 1.1: The vibrational modes of the NH3 molecule (Hargreaves et al., 2011).

Mode Symmetry Type Frequency ν (cm−1)
ν1 a1 Symmetric stretch 3336.2
ν2 a1 Symmetric bend (umbrella) 932.5
ν3 e Asymmetric stretch 3443.6
ν4 e Asymmetric bend 1626.1

Chemically, NH3 can donate electron density, and it can accept protons and release

hydroxide ions in an aqueous solution (R2), so it is classified as a base with an acid-

dissociation constant:

Ka =
[NH3(aq)][H

+(aq)]

[NH4
+(aq)]

(1.1)

and pKa=9.2. In the atmosphere, NH3 is the most abundant base, and it is in-

volved in several chemical reactions either in the gas or aerosol phase (R2). Table

1.2 summarizes the main chemical reactions of NH3 in the atmosphere (R3-R8). It

predominantly reacts with sulfuric acid to form ammonium sulfate (R4) and bisul-

fate (R5). After the reaction with sulfuric acid, if there is still available NH3, the

reaction with nitric acid proceeds to form ammonium nitrate (R6), and finally with
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hydrochloric acid to form ammonium chloride (R7). NH3 can also react with the

hydroxy radical (OH) to form H2O and the NH2 radical (R8), although this reaction

is relatively slow (Finlayson-Pitts and Pitts, 2000). Reactions R3-R8 depend on the

availability of NH3, ambient temperature, and relative humidity (Behera et al., 2013;

Wen et al., 2013). The overall mass load of particulate matter in the air is generally

composed of 10-30% of each of the following: sulfate, nitrate, ammonium, sea salt,

mineral dust, organic compounds, and elemental carbon, with contribution from the

products of reactions R4 and R6. Fine particulate matter refers to particles with

diameters ≤ 2.5 µm (PM2.5) (Pöschl, 2005). HNO3 from NOx can produce secondary

aerosols like NH4NO3, depending on the availability of atmospheric NH3, which serves

as a precursor of Secondary Inorganic Aerosols (SIA) (Fuzzi et al., 2015).

Table 1.2: Principal chemical reactions involving NH3.

Reaction Details Reaction Number

N2(g) + 3H2(g) −−⇀↽−− 2NH3(g) R1

NH3(g) −−⇀↽−− NH3(aq) R2

NH3(aq) + H2O −−⇀↽−− NH4
+(aq) + OH– (aq) R3

2NH3(g) + H2SO4(aq) −−→ (NH4)2SO4(s) or (aq) R4

NH3(g) + H2SO4(aq) −−→ NH4H2SO4 (aq) R5

NH3(g) + HNO3(s) −−⇀↽−− NH4NO3(s) R6

NH3(g) + HCl(g) −−⇀↽−− NH4Cl(s) or (aq) R7

NH3(g) + OH(g) −−→ NH2(g) + H2O(g) R8

1.2.2 Sources and Pathways of Atmospheric NH3

The primary sources of atmospheric NH3 are related to agricultural activities (mainly

livestock and fertilizers), as well as natural sources, biomass burning, vehicular emis-

sions, waste generated by humans and pets (Bouwman et al., 1997; Sutton et al., 2008,

2013). Figure 1.1 shows the global distribution of the primary sources of NH3 and its
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Figure 1.1: Spatial variability in global NH3 emissions based on the livestock, fertiliz-
ers, biomass burning and fuel consumption emissions from the Emission Database for
Global Atmospheric Research (EDGARv4.2), and seabirds emissions from Riddick
et al. (2012). Figure taken from Sutton et al. (2013).

annual emissions, with agricultural soils being the dominant source. In countries with

intensive livestock production, NH3 is the main contributor to nitrogen fluxes. For

example, according to an estimation made by Paulot et al. (2014), out of the global

NH3 burden of 54 Tg NH3−N yr−1, 34 Tg NH3−Nyr−1 comes from manure and fer-

tilizer applications, with the rest related to other natural and anthropogenic sources

such as open fires or industry. Furthermore, wastewater streams are considered rich in

N that contribute to NH3 emissions (Munasinghe-Arachchige and Nirmalakhandan,
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2020; Sheikh et al., 2023). NH3 emissions from vehicles with catalytic systems have

been reported (Cadle et al., 1979), mainly from vehicles using three-way catalytic

converters (Fraser and Cass, 1998) or newer technologies, while NH3 emissions are

affected by the driving mode and are primarily generated during acceleration events

(Huai et al., 2003). Human NH3 emissions strongly depend on temperature and skin

exposure; for example, one adult can emit 0.4 mg of NH3 per hour at 25°C but 1.4

mg of NH3 per hour at 29°C (Li et al., 2020). Although, due to geological reasons,

not all volcanoes are a source of NH3, the volcanoes with surrounding sal ammoniac

(NH4Cl) mineral or with accumulation of organic material that reacts with volcanic

magma could be potential sources of NH3 during volcanic activity, with reported NH3

emissions up to ≈ 0.003 mg m−3 100 km downwind of the source (Uematsu et al.,

2004; Sutton et al., 2008; Adams et al., 2017). In remote areas such as the Arctic, NH3

emissions come from different sources, such as the hydrolysis of guano from migratory

seabirds (Blackall et al., 2007; Riddick et al., 2012; Sutton et al., 2013; Croft et al.,

2016), seal excreta (Theobald et al., 2006), and the ice-free and snow-free tundra

(Croft et al., 2019). NH3 enhancements in the Arctic due to boreal wildfires in the

Northwest Territories have also been observed (Wentworth et al., 2016; Lutsch et al.,

2019). Similarly, emissions from penguin guano have been reported as a significant

source of Antarctic NH3 (Boyer et al., 2025).

Emitted NH3 can react, be transported by winds, or be removed from the atmosphere

by wet or dry deposition (Neirynck and Ceulemans, 2008; Behera et al., 2013). Fig-

ure 1.2 shows the primary sources and chemical pathways of atmospheric NH3. Both

gas and particles can be deposited on Earth’s surface. Dry deposition consists of the

removal of atmospheric pollutants without significant interaction with atmospheric

moisture and direct reaction or absorption at the Earth’s surface. A wet deposition

involves the interaction with atmospheric moisture and scavenging by precipitation

(Finlayson-Pitts and Pitts, 2000; Behera et al., 2013). NH3 exchange between the
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Figure 1.2: The primary sources and chemical pathways for atmospheric NH3. Num-
bers indicate the global budget reported in Paulot et al. (2014), and the global de-
positions and conversion to particulate NH+

4 percentages are from model simulations
reported in Khan et al. (2020).

atmosphere and the surface, where it is deposited, is bidirectional. This bidirectional

exchange is particularly interesting when the surface involves vegetation, as NH3 is

present in the intracellular fluids of leaves. Therefore, plants can act as sinks of at-

mospheric NH3, and emissions will depend on the concentration, type of surface, and

the NH3 compensation point (Asman et al., 1998; Sutton et al., 2008). The NH3

compensation point occurs when there is no net flux because the concentration of

atmospheric NH3 equals the concentration at the surface. When the atmospheric

concentration of NH3 is below the compensation point, NH3 will be emitted from the

surface (Farquhar et al., 1980). Usually, this bidirectional exchange is described with

resistance models to represent the biosphere-atmosphere flux exchange (Nemitz et al.,

2001; Sutton et al., 2013).
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NH3 deposition also plays a crucial role in the acidification and eutrophication of

ecosystems (Krupa, 2003; Sutton et al., 2008), with multiple impacts on water, air,

soil, climate, and biodiversity (Sutton et al., 2013). NH3 has a short lifetime, on

the order of hours to a few days (e.g., Dentener and Crutzen, 1994; Dammers et al.,

2019; Nair and Yu, 2020; Evangeliou et al., 2021). Table 1.3 summarizes the different

reported lifetimes of this gas. NH3 lifetime can be extended by phase partitioning

(Dentener and Crutzen, 1994) since NH4
+ salts have lifetimes on the order of 1 to 15

days and can be transported and deposited at considerable distances from emission

sources (Behera et al., 2013).

1.2.3 Remote Sensing Measurements

Remote sensing involves the collection of information about the interactions between

electromagnetic radiation and the Earth’s atmosphere or surface. In situ measure-

ments of atmospheric NH3 can be challenging due to several factors, such as the

gas-particulate equilibrium, its wide range of ambient concentrations, and physical

properties such as its high variability and the previously mentioned ”stickiness” (von

Bobrutzki et al., 2010). Using remote sensing techniques to measure NH3 has the

advantage of eliminating physical contact between NH3 and an instrumental inlet or

filter, avoiding the issues related to NH3 adsorption. The vibrational modes of NH3

shown in Table 1.1 are active in the infrared spectrum. The unique absorption bands

of the NH3 molecule can be used to identify it using spectroscopic techniques, em-

ploying both ground-based and satellite approaches. Measurements of vertical profiles

and total columns of atmospheric NH3 from ground-based Fourier transform infrared

(FTIR) solar measurements have also been reported. This technique is explained in

Chapter 2, as it is widely used in this thesis work.
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Table 3.1 in Chapter 3 summarizes some NH3 total columns reported from ground-

based FTIR stations around the world. Ground-based FTIR measurements can be

used to validate satellite observations (Dammers et al., 2016, 2017). Currently, there

are several infrared spectrometers onboard satellite platforms that have reported top-

down measurements of NH3. For example, the first successful observations of NH3

from space were reported by Beer et al. (2008) using the Tropospheric Emission

Spectrometer (TES) over the Beijing area. Later, Clarisse et al. (2009) reported

the first global map using IASI satellite data. In addition, satellite data from IASI

and the Cross-track Infrared Sounder (CrIS) have been used to localize global NH3

hotspots globally (Van Damme et al., 2018; Dammers et al., 2019). More recently

Zhou et al. (2024) reported a first global map, but using the Chinese Hyperspectral

Infrared Atmospheric Sounder (HIRAS), with results similar to those of IASI (Zhou

et al., 2024).

Figure 1.3: Month of maximum NH3 total columns determined in 0.25° x 0.25° (lon-
gitude, latitude) cells from IASI NH3 measurements between 1 January 2008 and 31
December 2013. Monthly weighted columns associated with a weighted relative error
above 35% have been set to zero. Figure taken from Van Damme et al. (2015).
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NH3 emissions and depositions strongly depend on environmental conditions. Tem-

perature and moisture play a crucial role in determining NH3 concentrations on diur-

nal to annual scales (Sutton et al., 2013). NH3 exhibits a strong temporal and spatial

variability that ranges over three orders of magnitude near the surface (Shephard

et al., 2011). Most studies of NH3 variability have used satellite or in situ measure-

ments. Van Damme et al. (2015) showed the worldwide spatiotemporal variability of

atmospheric NH3 using IASI’s morning and evening measurements. They presented

the global seasonal and monthly variability between 2008 and 2013, highlighting dif-

ferent variabilities across regions. Figure 1.3 shows the global distribution of the

months of maximum NH3 column derived from Van Damme et al. (2015). The high-

est concentrations in Europe were during spring and summer, with columns around

1.5×1016 molec. cm−2; in Asia, the maximum is in July and the minimum in De-

cember with remarkable differences between the magnitude of the maximum columns

in southwestern Asia (4×1016 molec. cm−2) and southeastern China (2×1016 molec.

cm−2). In the northern central Africa region, the largest columns (1.5 – 2×1016

molec. cm−2) were in February; in South America, columns were enhanced from

June to November, with a persistent peak in September. The central U.S. results

resembled the European results, possibly due to similarities in agricultural practices.

The highest monthly NH3 total columns for Central America were during April and

March, and for South America, during September and October, during the spring of

the Southern Hemisphere.

In terms of diurnal variability, NH3 is also influenced by meteorological factors, but

local sources play a significant role, for example, road traffic in urban areas (Kutzner

et al., 2021; Gu et al., 2022; Viatte et al., 2023). Figure 1.4 shows the diurnal vari-

ability of NH3 and NO2 in Paris, as in this city, NO2 is considered a proxy for road

traffic emissions. The variability of NH3 and NO2 surface measurements is influenced

by the planetary boundary layer height (PBL).
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Figure 1.4: Diurnal variability in NH3 (upper panels) and NO2 (lower panels) from
2.5 years (between 2020 and 2022) of surface measurements over the city of Paris. The
diurnal variability is averaged by season, and the hours are in local time. Blue lines
represent all days, red lines represent weekdays, and black lines represent weekends.
Figure taken from Viatte et al. (2023).

1.2.4 Modeling

Global Chemical Transport Models (CTMs) complement measurements of trace gases

in the atmosphere, in addition to contributing to filling in gaps where measurements

are scarce or unavailable. CTMs can be used to study the chemistry and transport

of different species, analyze the impact of emissions, and improve the understanding

of the processes controlling the atmospheric abundance of several species. Models

require a number of parameters and inputs in order to simulate the desired atmo-

spheric process; these parameters will impact the model’s performance. In terms of

modeling NH3, it is important to consider its emissions, deposition, and partitioning

between gas-phase and particulate phase (Nair and Yu, 2020). The first simulation

of NH3 was made by Dentener and Crutzen (1994) using a 3-D model to derive the a

global inventory of NH3 emissions with a spatial resolution of 10◦ × 10◦. Currently,

several global and regional models have been used to study atmospheric NH3, with an
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important increase in the model spatial resolution. For example, Khan et al. (2020)

presented global and regional model simulations of NH3 with a resolution as high as 15

km. A review of studies involving models of NH3 is described by Nair and Yu (2020).

More recent studies have used models to quantify NH3 trends (e.g., Fortems-Cheiney

et al., 2022). However, it is essential to compare the simulations with observations of

atmospheric composition to assess the accuracy of the simulations and quantify the

model’s errors (Brasseur and Jacob, 2017).

1.3 Thesis Overview

1.3.1 Significance

This thesis provides information about the variability and trends of atmospheric NH3

in urban and remote regions worldwide, including Mexico City and the Arctic. It

uses a combination of NH3 datasets, including ground-based measurements, satellite

observations, atmospheric chemical transport models, and reanalysis products. The

results of this work underscore the importance of NH3 in the atmosphere and provide

policymakers with information relevant to updating regulations and improving air

quality, particularly in large cities.

1.3.2 Scientific Objectives

The primary scientific objectives of this thesis are as follows:

1. To investigate the spatial and temporal variability of NH3 over Mexico City by

using satellite data and ground-based measurements from remote and urban

sites.

2. To quantify the variability and long-term trends of atmospheric NH3 using mea-

surements and model simulations at globally distributed sites.
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3. To investigate simultaneous enhancements of NH3 and PM2.5 in Mexico City

during an extreme pollution event, and to assess the ability of models to char-

acterize this event.

1.3.3 Outline

This chapter presents an overview of the current understanding of atmospheric NH3

and the motivation and contributions of this work. The remaining chapters of this

thesis are outlined as follows:

Chapter 2 provides an overview of atmospheric Fourier transform spectroscopy,

retrieval theory in the context of trace gas retrievals, satellite observations, and

simulations of NH3 from a chemical transport model and a reanalysis product.

Chapter 3 presents the results of the inter-comparison of IASI satellite data

with NH3 total columns from two ground-based FTIR instruments located near

Mexico City at remote and urban sites. This study provides insights into the

NH3 concentrations in two different environments as well as the temporal and

spatial variabilities and influence of local sources.

Chapter 4 investigates the seasonal variability and long-term trends of NH3

at 22 FTIR sites, most of them part of the Network for the Detection of Atmo-

spheric Composition Change (NDACC). The seasonal and diurnal variabilities

are also investigated using a long simulation of the GEOS-Chem High Per-

formance (GCHP) model covering the period 2003–2021, and from the Tropo-

spheric Chemical Reanalysis Product (TCR-2) between 2005-2018, providing an

additional point of comparison with observations and allowing for an evaluation

of the NH3 simulations.

Chapter 5 describes a case study of simultaneous enhancements of NH3 and
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PM2.5 during the May 2019 pollution events over Mexico City. This study

utilizes NH3 total columns from two models, the high-resolution configuration

of GCHP and the regional model WRF-Chem, over this area, to explore the

models’ performance under these circumstances.

Chapter 6 presents the conclusions of this thesis and provides suggestions for

future work.

1.3.4 Contributions

The work in this thesis was led by Beatriz Herrera, with contributions by others as

described below.

The work in Chapter 3 was carried out by Beatriz Herrera, with input

from Alejandro Bezanilla, Thomas Blumenstock, Enrico Dammers, Frank Hase,

Lieven Clarisse, Adolfo Magaldi, Claudia Rivera, Wolfgang Stremme, Camille

Viatte, Martin Van Damme, Michel Grutter, and Kimberly Strong. I designed

the study in collaboration with Michel Grutter and Kimberly Strong, performed

the main analysis and software development, implemented the PROFFIT re-

trieval algorithms at both sites with the support of Enrico Dammers and Wolf-

gang Stremme, and wrote up the results. All co-authors discussed the results

and provided feedback on the study.

The work in Chapter 4 was carried out by Beatriz Herrera, with input

from Enrico Dammers, Martine De Mazière, Omaira Garćıa, Michel Grutter,

James W. Hannigan, Dylan Jones, Nicholas Jones, Emmanuel Mahieu, Maria

Makarova, Kazuyuki Miyazaki, Isamu Morino, Isao Murata, Ivan Ortega, Math-

ias Palm, Anatoly Poberovskii, Takashi Sekiya, Hannah Still, Dan Smale, Wolf-

gang Stremme, Ralph Sussmann, Geoffrey Toon, Corinne Vigouroux, Tyler
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Wizenberg, Debra Wunch, and Kimberly Strong. I designed the study with

Kimberly Strong and Dylan Jones. I performed the analysis, software devel-

opment, SFIT4 retrievals of the complete time series for the Mexico City, Alt-

zomoni, Toronto, and Eureka sites, and writing up of the results. During the

course of this PhD, I was also involved in the operation of the FTIR instruments

located at the Polar Environment Atmospheric Research Laboratory (PEARL)

in Eureka and the University of Toronto Atmospheric Observatory (TAO). I col-

laborated with Tyler Wizenberg to run the GCHP simulation. I analyzed the

TCR-2 data that was provided by Kazuyuki Miyazaki. All co-authors discussed

the results and provided feedback on the study.

The work in Chapter 5 was carried out by Beatriz Herrera, with input

from Blanca Rios, Wolfgang Stremme, Dylan Jones and Kimberly Strong. All

the authors designed the study. I performed the stretched-grid GEOS-Chem

High-Performance model simulations, data analysis, software development and

presentation of the results. Blanca Rios provided the WRF-Chem simulations

for Mexico City. Wolfgang Stremme provided the CO and HCHO FTIR datasets

for Mexico City for May 2019. All co-authors discussed the results and provided

feedback on the study.



Chapter 2

Methods

2.1 Measurements of NH3

Spectroscopy is the study of the interaction of electromagnetic radiation with matter.

Atmospheric remote sensing involves the use of spectroscopy to obtain information

about atmospheric properties such as trace gas abundances. As mentioned in Chap-

ter 1, in situ measurements of NH3 are challenging; for this reason, remote sensing

techniques are a good alternative to measure this gas. In this chapter, the focus will

be on remote sensing of NH3 in the infrared region.

2.1.1 Vibrational Spectroscopy

As quantum theory dictates, molecules interact only with light having the right

amount of energy to move the molecule from one discrete energy level to another.

This process is called a transition. The type of transition will depend on the en-

ergy in the photons. Figure 2.1 shows the different regions of the electromagnetic

spectrum and their corresponding energy. The transitions can be rotational, vibra-

tional, or electronic, and due to the Born-Oppenheimer approximation (Harris and

18
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Bertolucci, 1978), can be treated separately from the nuclear motions. Thus, the

energy in the molecule will be given by:

Etot = Eelectronic + Erot + Evib. (2.1)

If the light has infrared frequencies, it will usually promote a transition from one

vibrational energy level to another. However, rotational transitions can occur at the

same time as vibrational transitions. The spectroscopic study of these transitions is

known as vibrational-rotational spectroscopy.

Figure 2.1: The electromagnetic spectrum. Taken from Bernath (2025).

The wavenumber unit ν̃, given by Equation 2.2, is expressed in cm−1, and is usually

used in this type of spectroscopy (Wartewig, 2003):

ν̃ =
1

λ
=

ν

c
(2.2)
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where λ is the wavelength, c is the speed of light in vacuum, and ν is the frequency.

In addition, wavenumbers are linear or proportional to energy, as shown in Equation

2.3:

Ephoton = hcν̃ (2.3)

where h is Planck’s constant.

Assuming that a molecule behaves as a harmonic oscillator, its vibrational energy is

given by Equation 2.4

Evib = hν0(v +
1

2
) (2.4)

where ν0 is the vibrational frequency of a particular mode and v is the vibrational

quantum number (v = 0, 1, 2, 3, ..). The ground state is given by v = 0. However, in

reality, vibrations in polyatomic molecules are better described as a system of coupled

anharmonic oscillators (Wartewig, 2003). In addition, as molecules vibrate and rotate

at the same time, the transitions between rotational energy levels are characterized

by the rotational quantum number J , and given by the equation:

Erot = EJ =
h

8π2cI
J(J + 1) = BJ(J + 1) (2.5)

where B is the rotational constant, I is the moment of inertia, and c is the speed of

light.

In polyatomic molecules with N atoms, there are 3N degrees of freedom: 3 represent

translational motion (x,y,z), 3 the rotational motion, and the last 3N − 6 represent

the number of vibrational modes in a nonlinear molecule (Griffiths and De Haseth,

2007). Each vibrational mode can be described in terms of normal coordinates Qi,

which have the same symmetry as the normal modes of vibration of the molecule.

Molecular symmetry applied in the form of group theory is an important aspect of

spectroscopy. For vibrational spectroscopy, symmetry can be used to understand
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permitted and forbidden transitions, the description of vibrational modes, and the

classification of individual rovibronic levels (Harris and Bertolucci, 1978; Bernath,

2025). However, only the vibrations that induce a change in the dipole moment

vector (µ) of the molecule ( ∂µ
∂Qi

̸= 0) will be infrared active, and the intensity of

the infrared band will be proportional to the square of the change in µ (Wartewig,

2003; Griffiths and De Haseth, 2007). Usually, for many molecules, the fundamental

transition, the transition between v = 0 to the first excited state v = 1, corresponds to

energy between 400 and 4000 cm−1 (Wartewig, 2003; Griffiths and De Haseth, 2007).

The vibrational transitions are accompanied by rotational transitions, that form two

distinctive branches, P branch for lower energy (∆J = −1) and R branch for higher

energy (∆J = +1). ∆J = 0 is in general not allowed, but it would form a Q branch

if there is additional angular momentum (Bernath, 2025). Thus, the selection rules

for vibration-rotation transitions are ∆v ± 1, µ ̸= 0, and ∆J ± 1. However, as a

consequence of anharmonicity, transitions from v = 0 to v = 2, 3, 4 are also allowed

and are called overtone transitions. Moreover, molecules with the presence of certain

symmetry elements can have degenerate vibrational modes.

From the spectroscopic point of view, the NH3 molecule is interesting because it can

rapidly invert its geometry. The three H atoms can flip through the plane containing

the N atom, perpendicular to the C3 symmetry axis, a threefold rotation axis, shown in

Figure 2.2, basically a tunneling of the N atom through a plane formed by the H atoms.

This ”umbrella” motion is responsible for the splitting of rotational transitions of a

certain symmetry, producing two energy states in the NH3 molecule interconnected by

the tunneling barrier with slightly different energy levels (Hauglustaine et al., 2014;

Nguyen et al., 2021; Bernath, 2025). Thus, for NH3 there are 3(4)−6 = 6 vibrational

modes, but two of them (ν3 and ν4) are doubly degenerate as presented in Table 1.1

of Chapter 1 and in Figure 2.3.
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Figure 2.2: The elements of symmetry for the NH3 molecule. Figure taken from
Bernath (2025).

Figure 2.3: The vibrational modes of NH3. For the degenerate modes, two orthogonal
components are depicted. Figure taken from Nguyen et al. (2021).



CHAPTER 2. METHODS 23

2.1.2 Atmospheric Spectroscopy

In the atmosphere, molecules of trace gases can be detected by their spectral sig-

natures in different regions of the electromagnetic spectrum, including the infrared.

Earth’s atmospheric spectra show characteristic absorption and emission features that

can be used for remote sensing. However, the presence of strong absorption lines of

H2O, CO2, and O3 can interfere with spectra of other trace gases (Bernath, 2025).

The Sunlight that passes through the atmosphere can be absorbed by the gases. This

absorption can be described using the Beer-Lambert Law:

dIν̃ = −Iν̃σν̃ρds (2.6)

where I is the transmitted intensity, σν̃ is the mass extinction cross-section for radia-

tion of wavenumber ν̃ (in units of area per molecule), ρ is the density of the material,

and ds is the thickness traversed (Liou, 2002).

The line strength S is related to the absorption coefficient kν̃ via the following equation

(Liou, 2002):

S =

∞∫
−∞

kν̃dν̃ (2.7)

kν̃ (in cm atm−1) is related σν̃ (in cm−2) through the Loschmidt’s number No (=

2.687× 1019 particles cm−3 at standard temperature of 273 K and standard pressure

od 1013 mb) where kν̃ = σν̃ ·No

The broadening of spectral lines is caused by three main processes: natural broad-

ening due to uncertainties in energy levels; pressure (or Lorentz) broadening due to

reciprocal collisions between molecules; and Doppler effect broadening due to the dif-

ferences in thermal velocities of atoms and molecules. Pressure broadening dominates

in the lower atmosphere below 20 km, while between 20 and 50 km, there is a combi-
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nation of Doppler and pressure broadening, with Doppler broadening dominating in

the upper atmosphere. The natural broadening effect is negligible compared to the

Doppler or pressure broadening (Liou, 2002). The Voigt line shape function results

from a convolution of the Lorentz and the Doppler line shape, and it is useful when

both broadening mechanisms are relevant.

2.1.3 Fourier Transform Technique

The heart of an FTIR instrument is the interferometer, such as the Michelson inter-

ferometer shown in Figure 2.4. In the Michelson interferometer, a beam of collimated

light is divided by a beamsplitter, which reflects part of the beam to a fixed mirror

and transmits the rest to a movable mirror. Both mirrors are mutually perpendic-

ular; however, when the beams return to the beamsplitter and are recombined, an

interference pattern is created due to the added optical path difference (OPD) from

the movable mirror. The OPD, or retardation, is calculated as shown by Equation

2.8, where OM is the distance between the beamsplitter and the movable mirror and

OF is the distance between the beamsplitter and the fixed mirror:

δ = 2(OM −OF ). (2.8)

The recombined beam, modulated by the motion of the movable mirror, reaches the

detector, registering the intensity of the combined beams as a function of OPD δ

(I(δ)), which is known as an interferogram. For a polychromatic source (such as the

Sun), the interferogram is given by Equation 2.9. If the radiation source emits more

than one wavelength, the measured interferogram is the resultant of the interferograms

of all wavelengths (Griffiths and De Haseth, 2007) and the interferogram is given by
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Figure 2.4: Schematic diagram of the a) Michelson interferometer. b) Phase of the
electromagnetic waves from the fixed (solid line) and movable (dashed line) mirrors at
different values of δ. Note that constructive interference occurs for δ = 0, δ = λ, and
all other δ corresponding to integral numbers of wavelengths. Modified from Griffiths
and De Haseth (2007).

the integral (Wartewig, 2003):

I(δ) =

∞∫
0

B(ν̃) cos(2πδν̃ )dν̃ (2.9)

where B is the spectral intensity at wavenumber ν̃. The interference can be construc-

tive or destructive, as shown in Figure 2.4. When δ = 0, or at Zero Path Difference

(ZPD), the two beams are perfectly in phase, producing the characteristic ”centre

burst” in the interferogram (Wartewig, 2003). The amplitude of the interferogram

will depend on the source intensity, the beamsplitter efficiency, the detector response,

and the amplifier characteristics (Griffiths and De Haseth, 2007). Then the spectrum

B is calculated from the interferogram by applying a Fourier transform, described by

(Wartewig, 2003):

B(ν̃) =

∞∫
0

I(δ) cos(2πδν̃ )dδ. (2.10)
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In an ideal interferometer, δ varies between 0 and infinity; however, in practice,

the optical path is finite, therefore, there will exist a δmax. To account for this

limitation, the interferogram can be multiplied by a truncation function D(δ), known

as apodization. The boxcar D(δ) function describes the apodization that results from

δmax and has the following form (Griffiths and De Haseth, 2007):

D(δ) =


0 if δ > δmax

1 if δ ≤ δmax

. (2.11)

Thus, as the Fourier transform of the product of two functions is the convolution

of the Fourier transform of each function, the spectrum is given by the convolution

of I(δ) with D(δ). The Fourier transform of D(δ), f(ν̃) is given by (Griffiths and

De Haseth, 2007):

f(ν̃) = 2δsinc(2πν̃δ). (2.12)

The spectral resolution of the spectrometer can be defined based on several criteria,

but it will be affected by the selected apodization, as different apodization functions

can be applied to reduce the side lobes of the sinc function, but also reduce the resolu-

tion. For the Bruker Fourier transform spectrometer (FTS) instruments, the spectral

resolution is specified as 0.9/δmax.

If the source of the interferogram is the Sun, a solar absorption spectrum can be mea-

sured and analyzed to derive the concentration of these trace gases in the atmosphere

using retrieval methods as described in Section 2.1.5.

2.1.4 Fourier Transform Spectrometers

The Network for the Detection of Atmospheric Composition Change is an interna-

tional global network that has performed high-quality ground-based remote sensing

measurements of atmospheric composition since 1991, with the goal of acquiring long-
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term databases for detecting changes and trends in the chemical and physical state

of the atmosphere (De Mazière et al., 2018). NDACC has several working groups

categorized depending on the ground-based technique; for this work, the focus will be

on the Infrared Working Group (IRWG) (https://www2.acom.ucar.edu/irwg) that

includes more than twenty high-resolution Fourier-transform infrared spectrometers

distributed from pole to pole. Most of the NH3 datasets used in this work, espe-

cially in Chapter 4, are from FTIR instruments affiliated with NDACC, except for

Garmisch, Mexico City, and Porto Velho. NH3 is not one of the ten baseline IRWG

species; however, it can be measured using the NDACC filter #6 to narrow the in-

coming spectral radiation in the wavenumber range of 700-1350 cm−1 and increase

the signal-to-noise ratio (SNR).

Figure 2.5 shows the internal components of the Bruker IFS 125HR instrument, which

is the standard instrument across most NDACC-IRWG sites. A description of the

experimental setup at Eureka will be used as a reference for the FTIRs used in

NDACC. The Eureka 125HR FTIR at the Polar Environment Atmospheric Research

Laboratory (PEARL) measures high-resolution solar absorption spectra under sunny

and clear-sky conditions. Depending on the beamsplitter and detector used, it is

possible to perform measurements in the near infrared (NIR) and in the mid-infrared

(MIR) using the same instrument, however, this work focuses on the MIR. To acquire

a solar absorption spectrum, a beam of Sunlight needs to reach the spectrometer,

which is possible using a Sun-tracker capable of directing Sunlight into the instrument

throughout the day. This tracker is usually housed in a dome or other enclosure to

protect it from environmental conditions. There are commercially available Sun-

trackers and domes. Bruker sells a commercially available tracker, but Eureka uses a

custom-built Community Solar Tracker (CST) and Robodome (Franklin, 2015).

https://www2.acom.ucar.edu/irwg
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Figure 2.5: Schematic diagram of the Eureka Bruker IFS 125HR showing the optical
path of the solar beam (red arrows), and the internal components, which are labelled
and indicated by the blue lines. Figure reproduced from Lutsch (2019).

The general operation of the instrument for a filter #6 measurement is described

as follows: once the solar beam reaches the entrance aperture in the source com-

partment of the 125HR, it passes into the interferometer compartment. The beam

is collimated with a parabolic collimating mirror and then is directed to the potas-

sium bromide (KBr) beamsplitter that divides the beam into the fixed and movable

(scanning retroreflecting mirror) mirrors, with the reflected beams recombined as de-

scribed in Section 2.1.3. The maximum OPD is 372 cm, corresponding to a maximum

resolution of 0.0024 cm−1, however, for measurements using filter #6, the maximum

OPD is set to 257 cm with a corresponding resolution of 0.0035 cm−1 with boxcar

apodization. The recombined beam is directed toward the exit aperture using a se-

ries of flat and parabolic mirrors. For this instrument, to control the amount of light
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entering the instrument, the entrance and exit apertures are variable and controlled

by an aperture wheel. For filter #6, the recommended aperture is 1.5 mm. The

beam passes through the rear sample compartment because the front sample com-

partment contains a permanent HCl cell used for the NIR measurements; the beam

path shown in Figure 2.5 accurately represents the path for MIR measurements ex-

cept for the difference in the sample compartment. Finally, the beam passes through

the rotating filter wheel, in this case filter #6, before reaching the photoconductive

mercury-cadmium-telluride (MCT) detector, which is sensitive from 600 to 6000 cm−1

and needs to be cooled with liquid nitrogen before starting the measurements. For

each filter #6 measurement, two scans are co-added.

For efficient routine measurements, macro codes, which are commands written in

the OPUS software, are used to run measurements semi-automatically; they usually

cycle through the different NDACC filters until the Sun sets or clouds come into the

field-of-view (FOV). For example, on a typical measurement sunny day with clear sky

conditions, the FTIR instrument cycles through the different NDACC filters, usually

seven narrowband filters, making a measurement with each before repeating the cycle,

each measurement takes about 15 minutes. Usually 100-150 measurement days per

year are common among the NDACC FTIR instruments (Yamanouchi, 2021).

Figure 2.6 shows the internal components of the Bruker Vertex 80 instrument, which

is used in this thesis at the Mexico City FTIR site, and the optical beam path. This

FTIR has fewer components than the Bruker 125HR; however, the principle is the

same. For solar MIR measurements, the solar beam enters through IN1. The main

difference compared to the Bruker 125HR is the resolution. The maximum OPD for

the Vertex 80 is 15 cm, corresponding to a resolution of 0.06 cm−1.

For the Los Angeles site, the spectra were recorded using the high-resolution FTIR

spectrometer MkIV (Toon, 1991; Sen et al., 1996; Toon et al., 2018). Information
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Figure 2.6: Schematic diagram of the Mexico City Bruker Vertex 80 showing the
optical beam path in orange, and the internal components which are labelled and
indicated. Figure reproduced from the user manual (Bruker Optics, 2006).

about this instrument can be found at https://www-air.larc.nasa.gov/pub/

NDACC/PUBLIC/meta/ftir/Multi_ftir_gt_2020.pdf and https://mark4sun.jpl.

nasa.gov/ground.html.

2.1.5 NH3 FTIR Retrieval

Retrieval Theory

The measured solar spectra are analyzed to obtain the concentration of trace gases

in the atmosphere using a retrieval algorithm. For the NH3 retrievals, the Optimal

Estimation Method (OEM) is used. This method is described in detail in Rodgers

(2000). In addition, a description of inverse modeling applied to atmospheric chem-

https://www-air.larc.nasa.gov/pub/NDACC/PUBLIC/meta/ftir/Multi_ftir_gt_2020.pdf
https://www-air.larc.nasa.gov/pub/NDACC/PUBLIC/meta/ftir/Multi_ftir_gt_2020.pdf
https://mark4sun.jpl.nasa.gov/ground.html
https://mark4sun.jpl.nasa.gov/ground.html
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istry can be found in Brasseur and Jacob (2017). A summary of the key concepts is

given below.

Inverse modeling provides a formal approach to quantify variables of interest in a

system by using measurements of the system itself. This is done by statistically

optimizing the variables using all the available information. The variables of interest

to optimize are called state variables and are assembled in a state vector x. The

observations are assembled in a measurement vector y. The relationship between

them is given by:

y = F(x,b) + ε (2.13)

where F is a model of the physical system called the forward model, b is a parameter

vector that includes all other model variables related to the measurement of interest

that are not intended to be optimized, and ε is the observational error vector that

includes contributions from errors in the measurements, forward model, and model

parameters. Thus, the forward model F predicts the effect y as a function of cause

x, while the inverse model I quantifies the cause x from measurements of the effect

y. The solution to the inverse problem, x̂, can be called the optimal estimate, the

posterior estimate, or the retrieval, and is the best estimate of x with a statistical

error ε ̸= 0.

The constraints used to reduce the error on x are called prior information, such as the

prior estimate xa, which represents our best estimate of x before the observations,

and has an associated error, εa. Likewise, the best estimate for b is denoted by b̂,

which includes the vector c containing supplementary parameters that aren’t in the

forward model. In the context of FTIR remote sensing of the atmosphere, the state

vector is the vertical concentration profile (e.g., the volume mixing ratio (VMR)), the

measurements are the infrared solar spectra, the forward model is a radiative transfer
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model, and the prior estimate is the a priori profile. Then x̂ is given by:

x̂ = I(y, b̂, c) = I(F(x,b) + ε, b̂, c) . (2.14)

By linearizing Equation 2.14 in terms of xa we obtain:

x̂ = I[F(xa, b̂), b̂, c] +
∂I

∂y

∂F

∂x
(x− xa) +

∂I

∂y

∂F

∂b
(b− b̂) +

∂I

∂y
ε (2.15)

where the gain matrix G, that represents the sensitivity of the inverse model to the

measurement, is given by:

G =
∂I

∂y
. (2.16)

The weighting function matrix K, which is the sensitivity of the forward model to

the state vector, is given by:

K =
∂F

∂x
. (2.17)

The averaging kernel A, which is the sensitivity of the retrieved state to the true

state, is given by:

A = GK =
∂x̂

∂x
. (2.18)

The sensitivity of the retrieval may be defined as the sums of the rows of the aver-

aging kernel and represents the fraction of the retrieved content that comes from the

measurement rather than that from the a priori (Vigouroux et al., 2015). The vertical

information content of the retrieval is quantified using the Degrees of Freedom Signal

(DOFS), defined as the trace of A. The DOFS represent the number of independent

quantities that can be retrieved from the measurement. A perfect observing system

(A = identity matrix) will have ∂x̂i

∂xi
= 1 (Brasseur and Jacob, 2017).
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The retrieved profile can be expressed as:

x̂ = xa +A(x− xa) +GKb(b− b̂) +Gε. (2.19)

To obtain the best estimate for x̂ in Equation 2.19, Bayes’ Theorem is used to find

the maximum a posteriori (MAP) solution. Bayes’ Theorem provides a systematic

approach to combine prior knowledge with measurements. Basically, the optimal

estimation weights the information from xa and the observations by incorporating the

cost function and considering the errors statistically. Assuming a linear relationship

between x and y (i.e., y = Kx), the solution is presented in the following equation:

x̂ = xa + SaK
T(KSaK

T + Sε)
−1K(x− xa) (2.20)

where Sa and Sε are the a priori and measurement error covariance matrices, respec-

tively. The error covariance matrix for a vector is equivalent to the error variance

for a scalar, and it has as diagonal elements the error variances of the individual

components of x. In general, the diagonals of Sa are given by:

Sa = I · σ2, (2.21)

where σ is the standard deviation of the target species (in %), which may be derived

from the variability in the mean a priori profiles. However, the estimation of Sa often

relies on simple estimates and expert judgment, as accurate knowledge is generally

not available (Brasseur and Jacob, 2017).

From Equation 2.19, if we express A = (S−1
a +KTS−1

ε K)−1KTS−1
ε K, Equation 2.20

becomes:

x̂ = xa +A(x− xa) (2.22)
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where, for a perfect system, the best estimate of the retrieved state would be equal

to the true state and A would be the identity matrix.

Retrieval Software

The main retrieval code used in this work was the SFIT4 spectral data analysis code

(https://wiki.ucar.edu/spaces/sfit4/pages/217711301/Infrared+Working+

Group+Retrieval+Code+SFIT), which is widely used in the NDACC-IRWG commu-

nity to retrieve trace gases from solar absorption measurements. The SFIT4 algorithm

is based on the SFIT2 (Pougatchev et al., 1995) retrieval code and uses the OEM to

perform iterations to adjust trace gas profiles to minimize the difference between the

measured and the calculated spectrum. The iteration process is repeated until the

measured and calculated spectra converge, which means until the difference between

subsequent iterations is smaller than a specified tolerance value. SFIT4 will attempt

17 iterations, and if the criterion is not met, then it is said that the retrieval has no

convergence. Spectra with a low SNR, or inadequate selection of a priori profile and

its corresponding error covariance matrix Sa, can lead to no convergence. The error

covariance matrix Sε is derived from the SNR values estimated from the spectral

data.

The forward model in SFIT4 consists of a line-by-line radiative transfer model (LBLRTM)

that assumes a Voigt line shape for the absorbing gases. In SFIT4, the atmosphere is

divided into layers from the top of the atmosphere to the surface; the number of layers

will depend on the altitude of the measurement site location. Among the parameters

required for the forward model to calculate the spectrum are: prior knowledge of

the atmosphere’s temperature and pressure profiles, spectroscopic parameters of the

target gas and interfering species in the selected microwindows, an a priori profile of

the target gas and an a priori error covariance matrix Sa. Parameters from the FTIR

instrument, such as FOV, OPD, and ILS, are also required. The SFIT4 core code is

https://wiki.ucar.edu/spaces/sfit4/pages/217711301/Infrared+Working+Group+Retrieval+Code+SFIT
https://wiki.ucar.edu/spaces/sfit4/pages/217711301/Infrared+Working+Group+Retrieval+Code+SFIT
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written in Fortran, but it can be run through a Python script called Layer 1.

Similar to SFIT4, PROFFIT (PROFILE FIT) (https://www.imk-asf.kit.edu/

english/898.php) is a retrieval code used to analyze solar absorption spectra mea-

sured with ground-based FTIR spectrometers. This code is also used by the NDACC-

IRWG community. PROFFIT performs iterations to minimize the difference between

a calculated and measured spectrum, and can implement different retrieval methods,

including OEM. The maximum number of iterations can be modified, and it is usu-

ally set to 20, with a convergence criterion that can also be modified; smaller values

enforce more iterations. PROFFIT consist of two main algorithms, PROFFWD.INP,

which contains the forward model, and PROFFIT9.INP, which is the inversion model.

The forward model is the Karlsruhe Optimized and Precise Radiative Transfer Al-

gorithm (KOPRA) LBLRTM (Stiller, 2000; Schreier et al., 2018) that requires input

parameters similar to those of SFIT4. PROFFIT9.INP is written in Fortran and is

available as an executable for Windows. The control files are written in ASCII and

can be easily modified to customize the retrieval strategy. The retrieval can be run

through batch processing.

Comparisons between the performance of SFIT and PROFFIT for analyzing ground-

based FTIR measurements have been done by Hase et al. (2004). The profiles and

total columns retrieved from both codes agreed within 1% despite different LBLRTM,

and Hase et al. (2004) concluded that the codes were comparable.

In addition, the column abundances for the Los Angeles site were derived using

the gas fitting software GFIT (https://www.atomic.physics.lu.se/fileadmin/

atomfysik/AF_Personal/Professors/download.html). GFIT is a non-linear least-

squares spectral fitting algorithm that uses a profile scaling retrieval (PSR) to derive

the total column abundances from solar absorption spectra (Roche et al., 2021; Zeng

et al., 2021; Laughner et al., 2024).

https://www.imk-asf.kit.edu/english/898.php
https://www.imk-asf.kit.edu/english/898.php
https://www.atomic.physics.lu.se/fileadmin/atomfysik/AF_Personal/Professors/download.html
https://www.atomic.physics.lu.se/fileadmin/atomfysik/AF_Personal/Professors/download.html
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Retrieval Parameters

The general retrieval strategy for NH3 is based on the method of Dammers et al.

(2015). Table 2.1 shows the main parameters used for the NH3 retrievals at the dif-

ferent FTIR sites used in this work. For most FTIR sites, two main microwindows

(MWs) were used (930.32-931.32 and 966.97-967.675 cm−1) to cover the NH3 absorp-

tion lines from the ν2 vibrational band in the mid-IR region. For sites with small

concentrations of NH3, such as Arctic or high-altitude sites, a third MW, or wider

MW can be used. The range of the microwindows was selected with the intention of

minimizing the interference of other species. In the strategy, the interference of H2O,

O3, CO2, and N2O was taken into account. For some sites, additional minor interfer-

ing species were added, such as SF6 or CFC-12, depending on the characteristics of

the site. Spectroscopic parameters were obtained from the high-resolution transmis-

sion molecular absorption database HITRAN (Rothman et al., 2009). Temperature

and pressure profiles were obtained from the US National Centers for Environmen-

tal Prediction (NCEP). The a priori profile information about the interfering gases

was obtained from 40-year (1980-2020) averages of simulations from the Whole At-

mosphere Community Climate Model (WACCM) (Eyring et al., 2007; Marsh et al.,

2013).

NH3 profiles are not available from WACCM for all sites; instead, scaled a priori

profiles derived from the global chemical transport model GEOS-Chem v11 were used.

The a priori scaling was performed empirically, and it was based on prior knowledge

of the surface concentrations in the site or sites with similar characteristics. To test

the a priori profile, retrievals were performed and compared; the final a priori was

selected based on its performance to achieve better values for the DOFS, the errors,

and the number of converged retrievals. Constructed scaled a priori profiles have

been used previously from GEOS-Chem simulations for the retrieval of trace gases
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(Shephard et al., 2011; Shephard and Cady-Pereira, 2015; Bader et al., 2017). A priori

concentrations of NH3 are mainly unknown at the different sites; for this reason, the

choice of Sa is particularly relevant, as it can improve the DOFS and minimize the

RMS residuals of the fitted spectra. The recommendation for NH3 retrievals is to scale

the Sa matrix diagonal elements by the corresponding layer thickness. Therefore, the

diagonal elements of Sa are given by:

Sa,ii = 1/
√
∆z (2.23)

where ∆z is the thickness of the layer in km. The summary of mean parameters for

NH3 retrievals are shown in Table 2.2. The total statistical and systematic uncer-

tainties are presented in the total error and were calculated as the square root sum of

the squares of all statistical and systematic errors considered, as suggested in Garćıa

et al. (2021). The mean a priori and retrieved NH3 VMR for the 22 FTIR sites are

shown in Figure 2.7. It can be observed that in most cases, the a priori VMR profiles

are generally smaller than those of the retrieved VMR. In addition, in all sites, NH3

is concentrated near the surface. The mean sensitivity of the NH3 retrieval is shown

in Figure 2.8, and it varies across the sites, but in all cases, the peak sensitivity is

below 20 km.

During the course of this work, the IRWG community made some efforts to ”har-

monize” the NH3 retrievals among the NDACC stations. One example was the rec-

ommendation of using the GEOS-Chem a priori profiles; however, these profiles can

strongly underestimate NH3 at some sites. For Eureka, several tests were performed,

finding that the GEOS-Chem a priori × 2.5 was the best option; however, the overall

performance of this retrieval wasn’t better than the results using the current a priori,

which is derived from balloon-based measurements taken in Alaska, as described in

Lutsch (2019). For Toronto, similar tests were performed, finding that for one year
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of retrievals, by using the GEOS-Chem a priori scaled, there was an improvement in

the DOFS compared to the strategy described in Yamanouchi (2021). Tests varying

the version of HITRAN were also performed. For this work, most of the sites used

HITRAN 2008, because this linelist was already available for all sites, the number of

retrievals converged was higher, and it could run with SFIT4 v0.9.4.4. The use of

HITRAN 2020 is still under discussion. This line list can only be adopted by sites

that are currently using SFIT4 versions greater than version 1 due to the formatting

of the hbin input file.
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2.1.6 Satellite Data: IASI

IASI measures the infrared thermal radiation emitted by the Earth’s surface and the

atmosphere from a Sun-synchronous orbit on board the Meteorological Operational

satellite program (MetOp) platform. MetOp is a collaboration between the European

Organization for the Exploitation of Meteorological Satellites (EUMETSAT) and the

European Space Agency (ESA). To date, there are three MetOp satellites identical in

design: MetOp-A, launched in 2006 and retired in 2021, MetOp-B launched in 2012,

and MetOp-C launched in 2018. IASI records spectra in the 645-2760 cm−1 spectral

range at a spectral resolution of 0.5 cm−1 (Clerbaux et al., 2009). The instrument

crosses the equator at mean local solar times of 09:30 and 21:30, providing global

coverage of the Earth twice a day. IASI has a field-of-view composed of four circular

footprints each with a diameter of 12 km at the nadir view and up to 20 km x

39 km elliptical pixels outside the nadir depending on the satellite viewing angle,

complemented by scanning along a swath width of 2200 km off-nadir perpendicular

to the ground track (Clarisse et al., 2009; Van Damme et al., 2014, 2015).

The IASI-NH3 retrieval products are based on Artificial Neural Networks (ANNI)

that link the Hyperspectral Range Index (HRI), a calculated dimensionless index

that represents the amount of NH3 in the column, to other input parameters such

as temperature, pressure, water vapor profiles, and parametrized vertical profiles of

NH3 to derive the NH3 total column. The algorithm maps the HRI to the NH3 total

column using a trained neural network; the uncertainty of each NH3 column can

be estimated by the propagation of the input parameters’ uncertainties. However,

large HRI values (more than 3σ) are associated with a confident detection of NH3

(Van Damme et al., 2014, 2017; Whitburn et al., 2016a). The current spectral range

for the retrieval process is set to 812-1126 cm−1 to increase the sensitivity of NH3

and reduce interferences (Van Damme et al., 2021). In addition, under conditions of
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high NH3 and when the thermal contrast is large, IASI has maximum sensitivity to

NH3 in the boundary layer (Clarisse et al., 2010). An error estimate is provided with

each individual IASI observation. IASI’s average detection limit for NH3 under large

thermal contrast is about 3 ppbv, and can be as low as 1 ppbv under conditions of

well-mixed NH3 throughout a thick boundary layer (Clarisse et al., 2010). The IASI

Level 2 observations include quality flags that can be used to filter observations based

on the quality and completeness of the IASI level 1 product. The retrieval scheme

for version 3 of the product (ANNI-NH3-v3), used in Chapter 3, does not produce

averaging kernels; however, previous studies comparing the IASI-NH3 product with

ground-based FTIR measurements have demonstrated good agreement (Dammers

et al., 2016, 2017; Lutsch et al., 2019; Yamanouchi et al., 2021). To this date, the

most recent version of the IASI NH3 total column product (ANNI-NH3-v4, (Clarisse

et al., 2023)) does include averaging kernels, and a more robust calculation of the HRI,

resulting in NH3 columns 10 to 20% larger than v3. ANNI-NH3-v4 NH3 columns and

were used in Chapter 5.
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2.2 Simulations of NH3

The three pillars of atmospheric chemistry are atmospheric measurements, laboratory

studies, and models (Brasseur and Jacob, 2017). Simulations of trace gases can be

tested against observations to assess and improve our understanding of the current

state of the atmosphere. A brief introduction to NH3 simulations was presented in

Chapter 1. In this section, the details of the models and reanalysis product used in

this thesis are described.

2.2.1 GEOS-Chem

GEOS-Chem is a global 3-D CTM (http://geos-chem.org) that is driven by as-

similated meteorological fields from the NASA Global Modeling and Assimilation

Office (GMAO). This model contains a chemical module with different configurations

that updates column concentrations at each time step to account for the effects of

emissions, deposition, chemistry, and aerosol microphysics (Bey et al., 2001); for this

reason, it is widely used for atmospheric composition simulations on local and global

scales. GEOS-Chem is one of the most widely used 3D-CTM for modeling NH3 (Nair

and Yu, 2020).

For this work, the high-performance version of GEOS-Chem (GCHP) was employed

(Eastham et al., 2018; Martin et al., 2022). GCHP is highly parallelizable and de-

signed to be efficient across several CPU cores, enabling faster and finer resolution

simulations. This version of GEOS-Chem runs on the native Goddard Earth Observ-

ing System cubed-sphere model grid, allowing a more uniform grid box and accurate

transport than regular latitude-longitude grids. A gnomonic cubed-sphere grid is a

mosaic of six grids or faces, where each face is composed of a square grid divided into

N equally sized segments. For this type of grid, the horizontal resolution is dictated

by its size, where each face is an N × N grid and it is denoted with the notation CN.

http://geos-chem.org
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Figure 2.9 shows an example of a C16 grid. For this work, the model simulation was

performed using GCHP version 14.1.1 at a horizontal resolution of C48 with 72 verti-

cal layers from the surface to 0.01 hPa (approximately 80 km). The mean resolution

for a C48 simulation is 192 km, which is similar to the resolution of a ∼2° × 2.5°

simulation in a regular latitude-longitude grid, which has a mean resolution of 198

km (Bindle et al., 2021). The analysis presented here uses a full-chemistry simulation

that covers the period from 1 January 2003 to 31 December 2021. The model spin-

up was performed for the full year of 2002 to provide the initial conditions for the

simulation. The model transport and chemical operator time steps were selected for

10 and 20 minutes, respectively, as recommended by Philip et al. (2016) to minimize

simulation errors. More details and applications of this long-term GCHP simulation

can be found in Wizenberg et al. (2024).

Figure 2.9: Example of a GCHP C16 grid highlighting one face for illustrative pur-
poses. The highlighted face is a 16 × 16 grid that is regularly spaced in a gnomonic
projection centered on the face. Figure taken from Bindle et al. (2021).

The simulation is driven by Modern-Era Retrospective Analysis for Research and Ap-

plications, version 2 (MERRA-2) meteorological fields (Gelaro et al., 2017) provided
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by GMAO at the NASA Goddard Space Flight Center. The microphysics used is from

the TwO-Moment Aerosol Sectional (TOMAS) microphysics module (Trivitayanurak

et al., 2008). The gas-aerosol equilibrium partitioning is represented using the ISOR-

ROPIA II module (Fountoukis and Nenes, 2007). The PM2.5 calculations were done

following the recommendations from the GEOS-Chem website (https://wiki.seas.

harvard.edu/geos-chem/index.php/Particulate_matter_in_GEOS-Chem).

The model use emissions from different inventories that are configured at run-time

using the Harmonized Emissions Component (HEMCO) (Lin et al., 2021). The emis-

sions are re-gridded by HEMCO from their native resolution to the cubed-sphere

grid, in this case to a C48 resolution. For this simulation, anthropogenic emissions

are from the Community Emissions Data System (CEDS) v2 (Hoesly et al., 2018),

biomass burning emissions from the Global Fire Assimilation System (GFAS) (Kaiser

et al., 2012) v1.2 and natural emissions from the Global Emissions Inventory Activity

(GEIA) (Graedel et al., 1993). CEDSv2 is a comprehensive global bottom-up emis-

sion inventory with a ∼0.5° × 0.5° resolution that accounts for eight anthropogenic

emissions sectors, including agriculture, energy, industrial, transportation, residential,

solvents, waste, and international shipping. The global anthropogenic emissions from

CEDSv2 are between 1750 and 2019, and utilize regional and country-specific invento-

ries, such as the European Monitoring and Evaluation Programme inventory (EMEP)

for Europe, the Environmental Protection Agency (EPA) National Emissions Inven-

tory (NEI) for the United States, and the Emissions Database for Global Atmospheric

Research (EDGAR) for countries where national inventories are not available, to scale

base emissions to produce trends over recent decades (Hoesly et al., 2018). For the

2020 and 2021 simulations, the CEDSv2 2019 emissions are applied. The GFASv1.2

inventory provides global fire emissions at a 3-hourly frequency on a 0.1° × 0.1° grid

between for 2003 and 2021 (Kaiser et al., 2012), however, for the model spin-up in

2002, the Global Fire Emissions Database, version 4.1 (GFEDv4.1; Van Der Werf

https://wiki.seas.harvard.edu/geos-chem/index.php/Particulate_matter_in_GEOS-Chem
https://wiki.seas.harvard.edu/geos-chem/index.php/Particulate_matter_in_GEOS-Chem
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et al., 2017) was used. For NH3 emissions, the GCHP simulation comprises five main

emissions categories: total, anthropogenic, biomass burning, natural sources, ships,

and seabirds, based on the previously mentioned inventories. The description of the

calculation of the NH3 total columns from GCHP is presented in Appendix A.

In addition to the 2003-2021 GCHP run, a one-month simulation for an arbitrary

month (February 2013) was performed to explore the effect of changing the global

emissions, by using the Hemispheric Transport of Air Pollution (HTAP) v3 emissions

(Janssens-Maenhout et al., 2015), instead of CEDSv2, maintaining the same model

configuration. The results of this simulation are discussed in Section 4.4.3.

Another advantage of the cubed-sphere model grid is its capability of finer resolution

over a defined region by ”stretching” a face (Bindle et al., 2021). The target face is

centered on a target latitude and longitude and is stretched so that the grid resolution

is finer. The degree of stretching is controlled by a parameter called the stretch-factor

(S). The effect of S on stretching a cubed-sphere grid is seen in Figure 2.10, which

shows that the refined domain decreases as S increases, and the grid boxes in the other

faces outside the refined domain expand. The resolution at the target face (RTF ) can

be approximated by:

RTF ≈ 10000 km

N × S
(2.24)

where N is the cubed-sphere size. For this work, a global full-chemistry GCHP

stretched grid simulation for May 2019 centered over Mexico City was performed. The

model configuration was the same as for the other simulations discussed. In addition,

a one-month spin-up was performed for April 2019 using the regridded restart files

produced from the 2003-2021 run. The target latitude was set to 19.2°N, and the

target longitude to -99.0° with an S=6.5, which gives a resolution of approximately

32 km. The results of this simulation are discussed in Chapter 5.
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Figure 2.10: Illustration of the effect of increasing the stretch factor (S) on stretching
a C16 cubed sphere grid. Local scaling is the relative change to a grid box’s edge
length induced by stretching. Figure taken from Bindle et al. (2021).

2.2.2 TCR-2

The Tropospheric Chemical Reanalysis (TCR-2) product (Miyazaki et al., 2020a) is a

reanalysis product that consists of a global CTM and a data assimilation technique to

optimize chemical concentrations and emissions of various chemical species. TCR-2

ozone product is very well known and has been compared with several ozone reanalysis

products, showing improved agreements with independent ground and ozone-sonde

observations (Huijnen et al., 2020). In this work the TCR-2 NH3 product was eval-

uated. The reanalysis was produced using the MIROC-CHASER CTM (Watanabe

et al., 2011) and an ensemble Kalman filter (EnKF) within the Multi-mOdel Multi-

cOnstituent Chemical data assimilation (MOMO-Chem) (Miyazaki et al., 2020b) to

assimilate observations of O3, CO, NO2, HNO3 and SO2 from multiple satellite in-

struments. The data assimilation system simultaneously updates tropospheric emis-

sions and chemical concentrations of 35 chemical species described in Miyazaki et al.

(2012, 2015, 2020a). The representation of tropospheric chemistry, including NOx
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and SO2 emissions is improved by assimilating NO2 measurements from the Ozone

Monitoring Instrument (OMI), the Global Ozone Monitoring Experiment (GOME-

2), and the Scanning Imaging Absorption Spectrometer for Atmospheric Cartography

(SCIAMACHY), and SO2 from OMI.

Although NH3 measurements were not directly assimilated in this product, the assim-

ilation of NOx and SO2 can influence the NH3 analysis. For instance, an analysis of

the COVID-19 lockdown period showed that while NOx and SO2 emission reductions

directly decreased nitrate and sulfate aerosols, they also led to a decrease in am-

monium aerosols, even though NH3 emissions remained unchanged in this analysis.

This effect can be attributed to changes in NH3 lifetime (Sekiya et al., 2023). The

standard TCR-2 products publicly available at https://tes.jpl.nasa.gov/tes/

chemical-reanalysis/ are regridded to 27 fixed pressure levels from 1000 to 60 hPa

and don’t always include surface level data. Different versions of the TCR-2 product

were tested; however, due to the impact of surface data limitations on the NH3 total

columns, it was decided to use the product before the regridding that contains the

vertical levels from the MIROC-CHASER.

The TCR-2 product used in this work has a horizontal resolution of 1.1◦ ×1.1◦ and

consists of 32 vertical levels from the surface to 4.4 hPa. The TCR-2 fields were

archived at a temporal resolution of 2 hours between 2005 and 2018. The gas-aerosol

equilibrium partitioning is represented using the ISORROPIA module (Nenes et al.,

1998). A priori anthropogenic emissions used in the reanalysis are from the HTAPv2

emissions (Janssens-Maenhout et al., 2015), biomass burning emissions from GFED

v4 (Randerson et al., 2017), and soil emissions from GEIA (Graedel et al., 1993). The

HTAP emission inventory has a 0.1◦ ×0.1◦ resolution between 2000 and 2018 and it

is used to study trends and transport of air pollutants. Similarly to CEDSv2, HTAP

accounts for eight sectors, which are agriculture, energy, industry, road transport,

https://tes.jpl.nasa.gov/tes/chemical-reanalysis/
https://tes.jpl.nasa.gov/tes/chemical-reanalysis/
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residential, solvents, waste, and international shipping (Janssens-Maenhout et al.,

2015). The description of the calculation of the NH3 total columns from TCR-2

outputs is presented in Appendix A.

2.2.3 WRF-Chem

TheWeather Research and Forecasting (WRF) model coupled with Chemistry (WRF-

Chem) (https://www2.acom.ucar.edu/wrf-chem) was jointly developed by sev-

eral research institutes led by the National Oceanic and Atmospheric Administration

(NOAA). WRF-Chem is a regional fully coupled model that has the advantage of

simultaneously solving chemistry and meteorology processes in the atmosphere, al-

lowing for feedback between weather and air quality. Both components use the same

horizontal and vertical grid, timestep, and transport scheme, without interpolations

(Grell et al., 2005). To perform WRF-Chem simulations, the model has to be config-

ured to include the initial and boundary conditions of the study area.

For this work, the output of a WRF-Chem version 4.2.2 simulation for May 2019

was compared with the performance of the GCHP stretched grid simulation. The

simulation domain was centred over Mexico (22°N, 97°W) at a 32 km horizontal res-

olution, with 140 points in the horizontal dimension and 106 points in the vertical

dimension. The temporal resolution of the output is 1 hour. For this simulation, the

Goddard Chemistry Aerosol Radiation and Transport (GOCART) aerosol module

(Chin et al., 2002) and the Model for Ozone and Related chemical Tracers, version 4

(MOZART-4) (Emmons et al., 2010) gas-phase module were used. The anthropogenic

emissions were obtained from the EDGAR-HTAPv2 inventory at a 0.1◦ ×0.1◦ res-

olution between 2008 and 2010. The biomass burning emissions are from the Fire

INventory from NCAR (FINN) version 1.5 (Wiedinmyer et al., 2011) that provides

global fire estimations at a 1 km resolution. The initial and boundary meteorological

https://www2.acom.ucar.edu/wrf-chem
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conditions were obtained from the NCEP Final Operational Global Analysis data

https://rda.ucar.edu/datasets/ds083.2/ at a horizontal resolution of 1◦ every

6 h from 1000 to 10 mb. The initial and boundary chemical conditions were ob-

tained from CAM-chem dataset simulation output (Buchholz et al., 2019; Emmons

et al., 2020) that is intended to be used as boundary conditions for regional modeling.

CAM-chem has a 0.9◦ ×1.25◦ horizontal resolution simulation with 56 vertical levels

and a temporal resolution of 6 h. NH3 and PM2.5 are among the species simulated in

the CAM-chem dataset. More details of the processes and setup for this simulation

can be found in Rios and Estrada (2022).

https://rda.ucar.edu/datasets/ds083.2/


Chapter 3

Evolution and Distribution of NH3

Over Mexico City

3.1 Introduction

In this chapter, the diurnal and seasonal variability of NH3 over Mexico City is in-

vestigated using datasets from two ground-based FTIR spectrometers, including an

extension of the FTIR-NH3 total column time series of the station in Mexico City

used in Dammers et al. (2016), and of the FTIR-NH3 total columns measured at

Altzomoni, a remote high-altitude station close to Mexico City. The locations of

these two sites are shown in Figure 3.1. The analysis is complemented with IASI

satellite observations over the region, and back-trajectories that were constructed for

anomalous NH3 columns detected at the urban site to assess the influence of local

and remote sources. This study is published in Herrera et al., Measurement report:

Evolution and distribution of NH3 over Mexico City from ground-based and satellite

infrared spectroscopic measurements, Atmos.Chem.Phys., 2022 (Herrera et al., 2022).

53
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3.2 Methodology

3.2.1 Study Site: Mexico City

The number and size of the world’s cities is increasing, with some of them becoming

megacities, hosting more than 10 million inhabitants. The urban population world-

wide is expected to continue this increase in the coming years, adding about ten

more megacities by 2030 (United Nations, 2018). These massive concentrations of

people and their activities present significant challenges for the global environment,

especially in terms of air pollution, climate, and human health. One of the largest

metropolitan areas in the world, and the largest in North America, is the Mexico

City Metropolitan Area (MCMA), a megacity of more than 21 million inhabitants

that presents poor air quality during many days of the year. It is located in a basin

surrounded by mountains and volcanoes, complicating the ventilation of the polluted

air (Molina et al., 2020) that is dominated by the dynamics of the boundary layer

(Stremme et al., 2013; Dammers et al., 2016). The Mexico City Emissions Inventory

(SEDEMA, 2021), reports that the MCMA hosts almost 6 million vehicles and 1900

regulated industries, and emits a total of 46,931 tonnes of NH3/yr, including part of

the Estado de Mexico. According to this inventory, 0.3% of NH3 emissions in Mexico

City are coming from “point sources” such as industry, 5.5% from “mobile sources”

such as vehicles, and 94.2% from “area sources” including urban waste (1.09%), agri-

culture (9.44%), livestock (13.92%) and other (69.75%); within the other category

are: domestic emissions (69.73%) and forest fires (0.01%). The inventory strongly

attributes domestic emissions of NH3 to feces from domesticated animals; in Mexico,

the estimated number of dogs and cats is around 23 million with 70% of them being

homeless (Gomez, 2018). Despite the frequent pollution episodes due to PM, the

local government has not implemented policies regulating NH3 emissions.

A few studies have investigated atmospheric NH3 in the Mexico City area. Surface
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NH3 concentrations between 10 and 40 ppbv were measured using an open-path FTIR

spectrometer, with the highest mixing ratios observed in the morning hours during

a two-month period (Moya et al., 2004). FTIR-NH3 time series between 2012 and

2015 contributed to a validation study for IASI (Dammers et al., 2016) and CrIS

(Dammers et al., 2017) NH3 satellite products. In terms of NH3 emissions in Mexico

City, Yokelson et al. (2007) reported NH3 emission factors from forest fires in the

mountains surrounding Mexico City in 2006, and Christian et al. (2010) reported

emission factors from garbage burning and domestic and industrial biofuel use in

central Mexico. A more recent study by Cady-Pereira et al. (2017) investigated

the impact of biomass burning events on pollution over the MCMA using trace gas

data, including NH3, from the TES instrument onboard the Aura satellite. That

study concluded that biomass burning events can impact pollution levels in Mexico

City, specifically the south part of the MCMA and particularly during the March-

April-May period. Recently, Clarisse et al. (2019) and Viatte et al. (2022) reported

NH3 hotspots near Mexico City at Tochtepec (18.84°N, 97.80°W), Ezequiel Montes

(20.68°N, 99.93°W), and Tehuacan (18.45° N, 97.31° W), with all of them classified as

agricultural sources. Finally, Van Damme et al. (2021) reported an increasing trend

of NH3 over Mexico of (2.5 ± 1.5) × 1013 molec. cm−2 yr−1 using 11 years of IASI

satellite data (2008-2018).

In this work, the diurnal and seasonal variability of NH3 over Mexico City is in-

vestigated using datasets from two ground-based FTIR spectrometers, including an

extension of the FTIR-NH3 total column time series of the station in Mexico City

used in Dammers et al. (2016), and of the FTIR-NH3 total columns measured at Alt-

zomoni, a remote high-altitude station close to Mexico City, that are retrieved for the

first time. The locations of these two sites are shown in Figure 3.1. The analysis is

complemented with IASI satellite observations over the region, and back-trajectories

that were constructed for anomalous NH3 columns detected at the urban site to assess
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the influence of local and remote sources.

Figure 3.1: Study area in central Mexico. Mexico City is shown in the middle, with the
red shading corresponding to NH3 emissions reported in the Mexico City Emissions
Inventory 2016 (SEDEMA, 2018) in tonnes per year. The stars indicate the location
of the UNAM and Altzomoni stations and the yellow shading indicates the extension
of the MCMA.

3.2.2 Ground-based FTIR Stations and NH3 Retrieval

This study utilizes NH3 total columns retrieved from solar absorption spectra mea-

sured with ground-based FTIR spectrometers at two sites in and around the MCMA.

The urban FTIR station is located in the south of Mexico City within the campus

of the Universidad Nacional Autónoma de Mexico on the rooftop of the Instituto

de Ciencias de la Atmósfera y Cambio Climático (UNAM, 19.33°N, 99.18°W, 2280

m.a.s.l.). A custom-built solar tracker directs solar radiation to the entrance of the

FTIR spectrometer (Bruker Optik GmbH model Vertex 80); see the diagram of the in-
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ternal parts of the instrument in Chapter 2 (Figure 2.6). The instrument is equipped

with a KBr beamsplitter and two detectors (MCT and InGaAs). For more details

about this system, see Bezanilla et al. (2014). Measurements from the remote FTIR

site were made at the Altzomoni Atmospheric Observatory (ALTZ, 19.12°N, 98.66°W,

3985 m.a.s.l.), a high-altitude station located 60 km from the UNAM urban site and

within the Izta-Popo National Park, surrounded by nature. This site is part of the

NDACC, contributing data from a high-resolution FTIR spectrometer since 2012.

This instrument (Bruker Optik GmbH model IFS 120/125 HR), similar to the instru-

ment described in Chapter 2 (Figure 2.5), can record solar spectra with a maximum

spectral resolution of 0.0035 cm−1, and is equipped with KBr and CaF2 beamsplitters

and MCT, InSb, and InGaAs detectors. For details of the site and the instrument,

see Baylon et al. (2017).

The FTIR spectra used for the retrieval of NH3 were collected with the MCT detector

at each site with a spectral resolution of 0.005 cm−1 at Altzomoni, and 0.1 cm−1

(prior to 2014) and 0.075 cm−1 at UNAM, using an optical bandpass filter in the

region between 700 and 1400 cm−1. In this study, we extend the UNAM time series

used in a previous 2012-2015 comparison between IASI and FTIR (Dammers et al.,

2016) with improvements to the retrieval, and we present for the first time, Altzomoni

FTIR-NH3 retrievals for the period between April 2012 and May 2020. The analysis

presented here focuses on the region around the MCMA, also using the IASI satellite

product and a back-trajectory evaluation, as described below.

For both sites, the solar FTIR spectra were analyzed using PROFFIT version 9.6 for

the retrievals (Hase et al., 2004) to obtain the NH3 total columns. The details of the

parameters used for the retrieval strategy are described in Section 2.1.5. A total of

7992 NH3 columns were retrieved for the UNAM station and 4031 for ALTZ. The

resulting uncertainties obtained with PROFFIT averaged over the entire time series,
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in molec. cm−2, were 1.25×1015 (random), 8.40×1014 (systematic), and 1.52×1015

or 11.50% (total) at UNAM; and 3.09×1014 (random), 3.14×1014 (systematic), and

4.42×1014 or 51.37% (total) at ALTZ. The average DOFS over the entire time series

were 2.03 for UNAM and 1.04 for ALTZ.

3.2.3 IASI-NH3 Data Product and Comparison

IASI measurements are described in Section 2.1.6. For this study, eleven years of the

IASI-A NH3 total columns (ANNI-NH3-v3) between 2008 and 2018 were used; details

of this version 3 can be found in Appendix A of Van Damme et al. (2021), and was

also used by Yamanouchi et al. (2021). IASI observations with adequate sensitivity

to NH3, based on the quality flag of the product, and with errors less than 100% were

used. The spatial distribution of NH3 over Mexico City was obtained by averaging

all the IASI-A morning observations between January 2008 and December 2018 over

this region (latitude: 18.9°N to 19.9°N, longitude: 98.5°W to 99.5°W). The FTIR-

NH3 total columns at UNAM were compared against the IASI-NH3 total columns

over Mexico City to assess the agreement between both data sets.

Due to the high spatiotemporal variability of NH3, the temporal and spatial coin-

cidence criteria were tested and assessed using the correlation coefficient R and the

slope of the fitted line in the scatterplots. In addition, as suggested in Dammers

et al. (2016), an elevation filter using the altitude difference between the location of

the FTIR and the IASI pixel position (FTIR station altitude minus IASI observation

< 300 m) was applied. The criteria resulting in the best correlations were elevation

filter < 300 m, spatial sampling difference < 20 km, maximum temporal sampling

difference ± 40 min, and maximum IASI-NH3 retrieval error of 100%. The seasonal

variability comparison and annual averages were performed using only FTIR-NH3

retrievals between 9:00 and 10:59 a.m. (Local Time), corresponding to the IASI over-



CHAPTER 3. EVOLUTION AND DISTRIBUTION OF NH3 OVER MEXICO CITY 59

pass time over Mexico City, and the < 20 km spatial criterion for IASI-NH3 total

columns. Altzomoni correlation plots with IASI-NH3 data were not included due to

the few coincidences between FTIR and IASI.

3.2.4 Back-Trajectory Analysis

To determine the primary sources of NH3 measured at the UNAM station and to as-

sess the dominant atmospheric transport pathways during the events with the largest

hourly means of NH3 columns in the time series, trajectory cluster analysis (Reizer and

Orza, 2018) was applied. Eight-hour back-trajectories were selected to capture the

air masses passing over the MCMA. Using the UNAM station as the receptor, back-

trajectories were calculated using the Hybrid Single-Particle Lagrangian Integrated

Trajectory (HYSPLIT) model (Stein et al., 2015; Draxler and Hess, 1997) at different

altitudes above the UNAM station level (2280 m.a.s.l.). The HYSPLIT model can be

run online at the following link https://www.ready.noaa.gov/HYSPLIT.php. The

wind data used for the back-trajectories were derived from the NCEP North Amer-

ican Mesoscale (NAM) analysis product at 12 km and 1 hour spatial and temporal

resolution, respectively. The cluster analysis is an embedded routine in HYSPLIT and

is based on the Ward’s agglomerative hierarchical clustering algorithm (Ward, 1963).

Finally, the Total Spatial Variance (TSV) method (Draxler et al., 2021), included in

HYSPLIT, was used to fit the number of clusters that represent the data.

3.3 Results and Discussion

3.3.1 FTIR NH3 Time Series and Variability

The NH3 total column time series retrieved at both FTIR stations are shown in Fig-

ure 3.2. The urban UNAM columns, shown in the top panel, are about one order

of magnitude larger than the high-altitude Altzomoni columns. The mean NH3 to-

https://www.ready.noaa.gov/HYSPLIT.php
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tal columns ± 1σ measured at UNAM is 1.46 ± 0.64×1016 molec. cm−2 and 1.87 ±

2.40×1015 molec. cm−2 at Altzomoni are compared to values reported for stations

in other parts of the world in Table 3.1. The Mexico City NH3 total columns are

comparable with those reported in Bremen, while they are about twice as large as

those measured at Toronto (Canada), Paris (France), and Lauder (New Zealand).

Jungfraujoch, a remote high-altitude station in Switzerland with similar character-

istics to Altzomoni, presents a significantly lower average NH3 column and also has

much lower variability. The reason for this might be that Altzomoni is impacted

more frequently by biomass burning events in the dry season and also by the regional

boundary layer, receiving polluted air from Mexico City and other large urban centres

in the afternoon (Baumgardner et al., 2009).

Figure 3.2: Time series of retrieved FTIR-NH3 data over (a) Altzomoni and (b)
UNAM, with a fitted Fourier series (red) to reproduce seasonality. Note the differences
in magnitude.

Figure 3.2 also shows the fit of a Fourier series (Baylon et al., 2017) to represent

seasonality at both stations. A clear cycle is seen at both locations, with a maximum

between mid and late April, and a minimum in late December. However, the difference

between the minimum and the maximum is larger at Altzomoni, with UNAM having

greater NH3 background concentrations. The average annual increase in the NH3
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columns obtained from the Fourier fit are 92 ± 3.9×1013 molec. cm−2 yr−1 at UNAM

(from 2012 to 2019) and 8.4 ± 1.4×1013 molec. cm−2 yr−1 at (from 2012 to 2020).

Van Damme et al. (2021) reported a trend from 2008 to 2018 of 2.5 ± 1.5×1013

molec. cm−2 yr−1 for all of Mexico, which is closer to the Altzomoni value. The

difference in magnitude can be attributed to the datasets and methodology as the

present study uses ground-based FTIR measurements from two sites with higher

values in 2019 and 2020, while Van Damme et al. (2021) used IASI satellite data over

a wider region between 2008 to 2018.

Figure 3.3: Average diurnal evolution of NH3 total columns over Mexico City at (a)
Altzomoni and (b) UNAM. Different years are shown in different colours, the thick
white line is the average for all years, and the blue shading indicates ±1σ.

The average diurnal variability of the FTIR NH3 total columns at both stations is

displayed in Figure 3.3. The largest average NH3 columns at the urban station are

on the order of 1.50×1016 molec. cm−2 and were observed during the morning and
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the evening. Although the diurnal pattern is not as evident as in other cities where

motor vehicles have been found to be a dominant source of urban NH3 (Osada et al.,

2019; Kotnala et al., 2019), traffic emissions in Mexico City still might play a role in

conjunction with other urban sources of atmospheric NH3. The average NH3 columns

at UNAM have a minimum of 1.35×1016 molec. cm−2 at 13 h, which can be attributed

to the conversion to ammonium as was observed by Moya et al. (2004) when describing

the evolution of the surface gas phase NH3 and PM NH+
4 evolution in Mexico City.

The diurnal cycle at the remote station (Figure 3.3a) is noticeably different, with NH3

columns that increase systematically as the day progresses, with the largest variability

in the afternoon hours. Altzomoni is located within a natural protected area with

few local sources of NH3, and even less so during the morning hours when values

are around 0.10×1016 molec. cm−2 and when cooler temperatures do not favour the

volatilization of NH3. The columns increase throughout the day, having the largest

average values of 0.76×1016 molec. cm−2 in the evening, probably transported from

lower altitudes by the dynamics of the regional boundary layer (Baumgardner et al.,

2009). This is supported by the large variability observed in the afternoon, since the

probability that NH3 is transported > 1,700 m a.g.l. (above ground level) up to this

site strongly depends on the meteorological conditions, which vary from day to day.

Comparisons between daily average NH3 columns and the daily averages of some

meteorological variables, during the same measurement period as the FTIR data,

from the RUOA Network (Red Universitaria de Observatorios Atmosféricos) such as

temperature, relative humidity (RH), precipitation, and solar radiation, resulted in

weak correlations (R between 0.1 and 0.3), and negative correlations with RH and

precipitation (R between -0.1 and -0.3). The average wind speed for Altzomoni is

4.5 m/s, with dominant winds from the east-southeast and west-northwest, while the

average wind speed for UNAM is 1.6 m/s, with dominant winds from the north and

the north-northwest.
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The seasonal variability of the FTIR NH3 total columns is shown in Figure 3.4.

In general, the pattern is similar at both stations, showing the NH3 temperature

dependence with larger NH3 columns in the months of March, April, and May which

correspond to the warm-dry season; this season usually has days with clear skies, weak

winds, high pressure systems, and biomass burning events (Molina et al., 2020), and

also corresponds to the most critical part of the fire season in Mexico City (Yokelson

et al., 2007; CENAPRED, 2021). In addition, there are two agricultural seasons in

the country, the first one from April to September and the second one from October

to March. The fertilizer application combined with meteorological conditions could

favour NH3 volatilization from the agricultural sources contributing to the higher NH3

spring columns observed in Figure 3.4. Smaller columns are clearly observed during

the wet season (June to October), due to the increase in wet deposition, and during

the cold-dry season from November to February, due to less favorable conditions for

NH3 volatilization. This is in agreement with Viatte et al. (2022).

The annual cycle of NH3 columns at the urban UNAM station is similar to that

observed at the background Altzomoni station but has a larger amplitude. A study

by Sun et al. (2017) observed that the growing efficiency of three-way catalysts in

motor vehicles is responsible for large NH3 emissions detected in urban locations in

the USA and China. These emissions are strongly dependent on traffic volume and,

thus, should not have a strong seasonality. On the other hand, emissions originating

from agricultural activity usually have a distinct seasonality that depends on the

fertilizer application and temperature (Sun et al., 2017; Van Damme et al., 2015;

Viatte et al., 2022). In the current study, the annual cycles follows the pattern of

temperature (Figure 3.4c), indicating that emissions from other sources, such as fires,

waste treatment, human or pets emissions, may be contributing significantly to the

NH3 detected over the MCMA.



CHAPTER 3. EVOLUTION AND DISTRIBUTION OF NH3 OVER MEXICO CITY 65

Figure 3.4: Monthly averages showing the annual cycle of NH3 over Mexico City at
(a) Altzomoni and (b) UNAM. The thick white line is the average for all years and the
shading indicates ±1σ. (c) Monthly averages of temperature at both stations between
2014-2018 for Altzomoni and 2012-2018 for UNAM. The shaded area indicates ±1σ.

There are more features to note in Figure 3.4. While Altzomoni and UNAM NH3

columns have similar annual cycles, those at Altzomoni have greater variability through-

out the different years during the warm-dry season than during the rest of the year.

This might be due to the strong relationship between pollutants reaching the high-
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altitude station and the boundary layer dynamics and wind conditions, which are

more variable during the warm-dry season. However, another contribution to this

variability may be biomass burning activity, which has a maximum during the warm-

dry months as has been shown by Cady-Pereira et al. (2017). The 2013 pollution

events presented by Cady-Pereira et al. (2017) are seen on April 23, May 9, and

May 25 in Figure 3.2, with May 9 having the largest enhancements at Altzomoni;

unfortunately, there are no coincident measurements for UNAM. At Altzomoni, the

average NH3 column for May 9, 2013 was 2.39 ± 0.53×1015 molec. cm−2, which is

28% greater than the average column for the entire period (Table 3.1). However, in

2013, the largest NH3 column measured at Altzomoni was on the evening of February

27 with an average value of 17.4 ± 0.58×1015 molec. cm−2, almost ten times higher

than the average column presented in Table 3.1. This enhancement on February 27,

2013 seems to be local and of short duration, most likely due to a nearby biomass

burning event. This is supported by the detection of active fires northwest of the

site on that date by the MODIS instrument on Aqua as shown on Figure 3.5. With

its high altitude and few local sources, Altzomoni seems to be more sensitive for the

detection of pollution events than UNAM. Even if the fires are not occurring nearby,

the increased lifetimes of emitted pollutants at these altitudes may favour transport

over longer distances to Altzomoni.

3.3.2 Satellite Observations and Comparison with FTIR

The correlation between IASI-NH3 and the ground-based FTIR-NH3 total columns

at UNAM from November 2013 to December 2018 is shown in Figure 3.6. The

coincidence criteria are described in Section 3.2.3, and are based on values used in

previous validations of IASI products using ground-based FTIR data (Dammers et al.,

2016), including an elevation correction using the Space Shuttle Radar Topography

Mission Global Product at 3 arcsec resolution (SRTMGL3) (Farr et al., 2007) over
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Figure 3.5: Snapshot of Mexico’s City fire events on February 27, 2013, from the Aqua
MODIS instrument with true colour corrected reflectance and resolution of 250 m,
obtained from NASA Worldview Snapshots (https://earthdata.nasa.gov). The
red dots show the fire events. The stars indicate the location of the UNAM and
Altzomoni stations.

Mexico City. A total of 64 coincident data pairs were found, from which a correlation

coefficient R = 0.72 and a mean relative difference (MRD) of -32.2 ± 27.5 % were

obtained (± 1σ). These results are consistent with R = 0.64 and MRD = -30.8 ±

43.9 % reported by Dammers et al. (2016) for this region using an older version of the

IASI-NH3 product. The correlation is also similar to that of Tournadre et al. (2020),

who obtained R = 0.79, when comparing IASI-NH3 to FTIR-NH3 columns using a

similar instrument (Vertex 80) in Paris, and to the R = 0.80 and MRD = -32.4 ± 56.3

https://earthdata.nasa.gov
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% reported for 547 coincidences from several ground-based FTIR stations and IASI-

NH3 (Dammers et al., 2016). The IASI ANNI-NH3-v3 product is thus in agreement

with the ground-based data and even presents an improved correlation compared to

the previous result in Dammers et al. (2016). However, an underestimation in the

IASI-NH3 total columns of approximately 32% over Mexico City persists. Dammers

et al. (2017), using an older version of the IASI ANNI-NH3 product, attributed these

differences to a combination of more randomly distributed error sources and large

systematic errors, however, these reasons need to be investigated further.

Figure 3.6: Correlation plot for IASI-A NH3 vs. UNAM FTIR-NH3 total columns,
with coincidence criteria of < 20 km, ± 40 minutes, elevation (FTIR station – IASI
observation) < 300 m, IASI-NH3 retrieval error < 100% between November 2013 and
December 2018.

The spatial distribution of NH3 over MCMA as observed by IASI is presented in Figure

3.7. The distribution shows a clear NH3 enhancement in the northeast section of

Mexico City and in part of the Estado de México region. There are several potentially

important sources located in this area: Mexico City International Airport, an area of

continuous traffic emissions; the Bordo Poniente compost plant, which treats around

1500 tonnes of daily organic waste from the city; wastewater discharge and treatment
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bodies with nearby bird colonies such as the regulation lagoon Cola de Pato; and the

agricultural area at Texcoco. The combination of these factors, along with the high

population density of this area, are likely to be the cause of the NH3 enhancements

observed in this part of the city. This enhancement is partially in agreement with the

location of the larger NH3 emissions reported in the Mexico City Emissions Inventory

(SEDEMA, 2018, 2021) shown in Figure 3.1 in the northern part of the city, which is

mainly associated with population activities and domestic animals’ excreta. Figure

3.7d will be discussed in Section 3.3.3.

Figures 3.7a-c show the variations of NH3 over the year, with the largest columns

measured during the warm-dry season and to the northeast of UNAM. In contrast,

the NH3 columns are reduced in the wet season when wet deposition can occur and

are smallest during the cold-dry season, when there are lower temperatures and less

NH3 volatilization. To investigate the influence of local topography on the NH3 distri-

bution, Figure 3.8 compares the average IASI-NH3 total column spatial distribution

(a) with altitude (b). The figure illustrates that the highest columns are located at

the lowest altitudes while the lowest columns are at higher altitudes, reflecting the

source locations and the boundary layer dynamics. The figure shows that the main

NH3 sources in MCMA are located in the most urbanized areas in Mexico City and

Estado de Mexico at an altitude of around 2250 m. These urban emissions agree with

the statement of Li et al. (2020) that human NH3 emissions are contributing signif-

icantly to the total NH3 emissions in hot and highly populated urban areas such as

Mexico City. A rough estimation using 25 °C as an average diurnal temperature for

Mexico City and the 0.4 mg of NH3 per hour at 25 °C from Li et al. (2020) resulted

in an estimate of 34 tonnes of NH3 per year, a contribution of the same order of

magnitude as all the “point sources” and “urban waste” combined according to the

Mexico City Emissions Inventory (SEDEMA, 2018, 2021).
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Figure 3.7: Spatial distribution of IASI-A NH3 total columns for the morning overpass
of MetOp-A over Mexico City, averaged over 2008-2018 for: (a) the cold-dry season
(November – February), (b) the warm-dry season (March-May), and (c) the wet
season (June-October). HYSPLIT back-trajectories for the UNAM site are shown
in panel (d). The stars indicate the locations of both stations, and Mexico City
International Airport is shown for reference.

Comparisons between the NH3 seasonal variability and time evolution over the UNAM

station in Mexico City were performed using morning (9-11 h) FTIR-NH3 columns
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Figure 3.8: Spatial distribution of (a) IASI-A NH3 total columns for the morning over-
pass of MetOp-A over Mexico City, averaged over 2008-2018 (b) altitudes in Mexico
City from the Space Shuttle Radar Topography Mission Global product (SRTMGL3)
(Farr et al., 2007). The stars indicate the location of ground-based stations, and
Mexico City International Airport is shown for reference.

and IASI-NH3 columns with a spatial criterion of < 20 km from the UNAM station

(Figure 3.9a). The NH3 seasonal variability over Mexico City in Figure 3.9a, is similar

for both the IASI and ground-based FTIR NH3 columns and is in agreement with

Figure 3.4. However, the IASI-NH3 shows a consistent negative bias. The time

evolution is represented by the IASI-NH3 and FTIR-NH3 annual averages in Figure

3.9b. The datasets suggest an increasing trend in the annual averages of the NH3 total

columns, with larger columns observed in the most recent years, even in Altzomoni

except for 2013, which was affected by the February 27 event as discussed previously.

The average annual increase of the IASI-NH3 columns between 2008 and 2018 (using

the < 20 km spatial criterion and the same Fourier fit as for the FTIR data) is 38 ±

7.6×1013 molec. cm−2 yr−1 for Mexico City. This is a larger positive trend than that

of 2.5 ± 1.5×1013 molec. cm−2 yr−1 reported by Van Damme et al. (2021) for all of
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Mexico over the same period, but lies between the values obtained in this study for

the remote and urban FTIR measurements.

Figure 3.9: IASI and FTIR NH3 total columns with coincidence criteria of < 20 km
and < 2 hr: (a) monthly averages at UNAM, (b) annual averages at UNAM and
Altzomoni. The shaded area indicates ±1σ.

3.3.3 Back-Trajectory Analysis and Origin Observed NH3 in

Mexico City

A cluster analysis was applied using 8-hour back-trajectories 100 m above UNAM

station to identify the main transport pathways for air masses arriving at this sta-

tion that correspond to the highest average hourly NH3 total columns (Figure 3.7d).

The 100 m cluster was considered the most representative because NH3 is mostly

concentrated near the surface. The TSV method was able to represent the primary
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trajectories at 100m above UNAM with only three clusters. It was found that 68%

of the trajectories originate from the north (red line with black dots), 27% from the

west-southwest (green line), and 5% from the south (blue line). However, the indi-

vidual back-trajectories that comprise the red cluster (the thin black lines in Figure

3.7d), indicate that most of the NH3 detected at UNAM comes from a variety of local

sources and does not originate exclusively from NH3-enriched air masses transported

from the enhancement region to the northeast observed in Figures 3.7a-c. This is in

agreement with Viatte et al. (2022). The relationship between the back-trajectories

and measured NH3 columns can be explained by the fact that Mexico City is located

in a basin; the wind fields are constricted in this basin and in general they are breeze

winds (6 km/h). Under these conditions, small locally distributed NH3 urban emis-

sions seem to be the main cause of the high column values of this pollutant measured

at the UNAM station, this agrees with Figure 3.8, which shows that the main NH3

sources in MCMA seem to be urban.

3.4 Conclusions

This work presented the temporal and spatial distribution of NH3 total columns over

the Mexico City Metropolitan Area derived from two ground-based FTIR spectrom-

eters and IASI satellite observations. The average NH3 total column at the urban

UNAM site (1.46 ± 0.64×1016 molec. cm−2) is considerably larger than that at the

remote station Altzomoni (1.87 ± 2.40×1015 molec. cm−2), with a clear difference

in the diurnal cycle but similar seasonal variability. The NH3 spatial distribution

from IASI shows the largest NH3 columns in the northeast part of the city, an area

surrounded by water bodies, a landfill, a compost plant for the treatment of all the

organic waste, and the airport. The IASI ANNI-NH3-v3 data product underesti-

mates the NH3 total columns over Mexico City, with a mean relative difference of
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32% over the period 2008-2018, but showed a similar temporal variability and a good

correlation with FTIR measurements (R = 0.72).

The analysis of back-trajectories for the largest NH3 enhancement events suggests

that most of the NH3 measured at the urban station is coming from local sources.

The NH3 observed at the remote site is most likely transported from the surroundings

and it is influenced by biomass burning events. These results present evidence that

sources other than from agriculture, such as motor vehicles, fires, human emissions,

domestic animals, water discharge, and waste, have a significant contribution to the

total NH3 budget in the city. In general, an average annual increase is observed in

Mexico City from both ground-based stations (92 ± 3.9×1013 molec. cm−2 yr−1 at

UNAM, 8.4 ± 1.4×1013 molec. cm−2 yr−1 at Altzomoni) and IASI (38 ± 7.6×1013

molec. cm−2 yr−1).

Based on the results of this chapter, two measurement campaigns were conducted

by the Instituto de Ciencias de la Atmósfera y Cambio Climático (UNAM), using

passive samplers to collect NH3 in the northeast part of the city, reporting NH3 con-

centrations within the range of 0.002 to 0.0622 mg m−3. These observations, together

with model data, will examine the role of reactive nitrogen in the pollution of Mexico

City. In addition, the results of this chapter were presented in the “Virtual Workshop:

Diagnosis of current knowledge of the scientific bases for air quality management in

the Megalopolis region”, which was held on April 21 and 22, 2022. The workshop

was jointly organized by the Molina Center for Strategic Studies in Energy and the

Environment (MCE2) and the government of Mexico, and the results were summa-

rized and published in Molina et al. (2023). A re-evaluation of the contribution of

NH3 emission sources to the Mexico City inventory is suggested. Measures to miti-

gate NH3 emissions and reduce these positive trends are important, given that NH3

is closely linked to secondary aerosol formation and the deterioration of ecosystems.



Chapter 4

Variability and Trends of NH3

4.1 Introduction

This chapter presents the variability and trends of NH3 using total columns retrieved

from spectroscopic solar absorption measurements performed at 22 ground-based

FTIR sites. The sites are globally dispersed in both hemispheres, ranging from 45°S

to 80°N, with most of them affiliated with NDACC. In addition, to complement the

measurements and provide additional insight, the FTIR data are compared with sim-

ulated NH3 from the GEOS-Chem High Performance CTM and the Tropospheric

Chemistry Reanalysis product. Variability and trends from the FTIR measurements

are first explored, followed by comparisons with the GCHP and TCR-2 NH3 total

columns. GCHP exhibited a better general agreement with the FTIR observations

than TCR-2; potential reasons for this are explored in this work. A manuscript on

this work titled Herrera et al., NH3 variability and trends from globally distributed

FTIR ground-based measurements and simulations, will be submitted to Journal of

Geophysical Research: Atmospheres, (Herrera et al, 2025).

75
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4.2 Materials and Methods

4.2.1 Ground-based FTIR NH3 Observations

FTIR Sites

Figure 4.1 shows the location of the 22 study sites used in this work. Most of the sites

are affiliated with the Network for the Detection of Atmospheric Composition Change

(De Mazière et al., 2018), contributing data from high-resolution FTIR spectrometers,

mainly using the Bruker Optik GmbH IFS 120/125HR spectrometer that can record

solar absorption spectra with a typical spectral resolution of 0.0035 cm−1, and is

equipped with either KBr or CaF2 beamsplitters, and MCT and InSb detectors. The

Mexico City instrument is a low-resolution Bruker Optik GmbH Vertex 80, which was

included in this study due to the relevance of the site, as it is located in the south

of Mexico City, one of the largest metropolitan areas in the world, and the largest

in North America. The Los Angeles instrument is the MkIV high-resolution FTIR

spectrometer, which has been performing ground-based observations since the 1980s,

mainly in California (Toon, 1991; Sen et al., 1996; Toon et al., 2018).

Table 4.1 presents the main characteristics of each of the 22 FTIR sites. Eureka,

Thule, and Ny Alesund are Arctic sites where NH3 sources are limited. Zugspitze,

Jungfraujoch, Izana, Altzomoni, and Reunion Maido are high-altitude stations, with

generally smaller NH3 columns. St. Petersburg, Toronto, Los Angeles, Hefei, and

Mexico City are sites located in heavily urbanized areas with populations of millions.

Bremen, Boulder, Tsukuba, Paramaribo, Porto Velho and Wollongong are located

in less urbanized areas, while Garmisch, Reunion St. Denis, and Lauder are more

remote sites. Data from the NDACC FTIR instruments have been used to accurately

document trends of many stratospheric and tropospheric gases (De Mazière et al.,

2018).



CHAPTER 4. VARIABILITY AND TRENDS OF NH3 77

T
ab

le
4.
1:

F
T
IR

si
te
s
u
se
d
in

th
is
st
u
d
y.

S
ta
ti
on

L
at
it
u
d
e

L
on

gi
tu
d
e

E
le
va
ti
on

M
ea
su
re
m
en
t

P
ri
m
ar
y
N
H

3
S
ou

rc
es

m
.a
.s
.l
.

P
er
io
d

E
u
re
ka

80
.0
5°
N

86
.4

°2
W

61
0

20
06
-2
02
0

S
ea
b
ir
d
s,
b
io
m
as
s
b
u
rn
in
g

N
y
A
le
su
n
d

78
.9
2°
N

11
.9
3°
E

20
20
17
-2
01
9

S
ea
b
ir
d
s,
b
io
m
as
s
b
u
rn
in
g

T
h
u
le

76
.5
3°
N

68
.7
4°
W

22
5

19
99
-2
02
2

S
ea
b
ir
d
s,
b
io
m
as
s
b
u
rn
in
g

S
t.

P
et
er
sb
u
rg

59
.9
0°
N

29
.8
0°
E

20
20
10
-2
02
2

B
io
m
as
s
b
u
rn
in
g,

lo
ca
l
so
u
rc
es

B
re
m
en

53
.1
0°
N

8.
80

°E
27

20
04
-2
01
8

F
er
ti
li
ze
rs
,
li
ve
st
o
ck

G
ar
m
is
ch

50
.0
1°
N

14
.4
5°
E

30
2

20
04
-2
00
7

F
er
ti
li
ze
rs
,
tr
an

sp
or
t

Z
u
gs
p
it
ze

47
.4
2°
N

10
.9
8°
E

26
94

19
95
-2
02
3

H
ig
h
al
ti
tu
d
e,

fe
rt
il
iz
er
s,
tr
an

sp
or
t

J
u
n
gf
ra
u
jo
ch

46
.5
5°
N

7.
98

°E
35
80

20
08
-2
02
3

H
ig
h
al
ti
tu
d
e,

n
o
la
rg
e
so
u
rc
es
,
tr
an

sp
or
t

T
or
on

to
43
.6
6°
N

79
.4
0°
W

17
4

20
02
-2
02
3

F
er
ti
li
ze
rs
,
b
io
m
as
s
b
u
rn
in
g

B
ou

ld
er

39
.9
9°
N

10
5.
26

°W
16
34

20
10
-2
02
2

F
er
ti
li
ze
rs
,
b
io
m
as
s
b
u
rn
in
g

T
su
k
u
b
a

36
.0
5°
N

14
0.
13

°E
31

20
14
-2
02
2

F
er
ti
li
ze
rs
,
b
io
m
as
s
b
u
rn
in
g

L
os

A
n
ge
le
s

34
.2
0°
N

11
8.
17

°W
34
5

19
85
-2
02
4

L
iv
es
to
ck
,
lo
ca
l
so
u
rc
es

H
ef
ei

31
.9
0°
N

11
7.
17

°E
30

20
17
-2
02
2

F
er
ti
li
ze
rs
,
b
io
m
as
s
b
u
rn
in
g

Iz
an

a
28
.3
0°
N

16
.4
8°
W

23
67

20
00
-2
02
2

H
ig
h
al
ti
tu
d
e,

b
io
m
as
s
b
u
rn
in
g,

tr
an

sp
or
t

M
ex
ic
o
C
it
y

19
.3
2°
N

99
.1
7°
W

22
80

20
12
-2
02
2

L
ar
ge

lo
ca
l
so
u
rc
es

A
lt
zo
m
on

i
19
.1
1°
N

98
.6
5°
W

39
85

20
12
-2
02
2

H
ig
h
al
ti
tu
d
e,

b
io
m
as
s
b
u
rn
in
g,

tr
an

sp
or
t

P
ar
am

ar
ib
o

5.
75

°N
55
.2
0°
W

23
20
18
-2
01
9

B
io
m
as
s
b
u
rn
in
g,

lo
ca
l
so
u
rc
es

P
or
to

V
el
h
o

8.
77

°S
63
.8
7°
W

87
20
19

F
er
ti
li
ze
rs
,
b
io
m
as
s
b
u
rn
in
g

R
eu
n
io
n
S
t.

D
en
is

20
.9
0°
S

55
.5
0°
E

85
20
04
-2
01
1

F
er
ti
li
ze
rs
,
b
io
m
as
s
b
u
rn
in
g

R
eu
n
io
n
M
ai
d
o

21
.1
0°
S

55
.4
0°
E

21
55

20
13
-2
02
3

H
ig
h
al
ti
tu
d
e,

fe
rt
il
iz
er
s,
b
io
m
as
s
b
u
rn
in
g

W
ol
lo
n
go
n
g

34
.4
1°
S

15
0.
88

°E
30

20
07
-2
02
2

F
er
ti
li
ze
rs
,
b
io
m
as
s
b
u
rn
in
g,

in
d
u
st
ry

L
au

d
er

45
.0
4°
S

16
9.
68

°W
37
0

19
96
-2
02
2

F
er
ti
li
ze
rs
,
li
ve
st
o
ck



CHAPTER 4. VARIABILITY AND TRENDS OF NH3 78

Figure 4.1: Location of the 22 ground-based Fourier transform infrared spectrometer

sites used in this study.

FTIR NH3 Retrieval Strategy

The retrieved NH3 total columns presented in this work were obtained following the

strategy described in Section 2.1.5. For most sites, the solar FTIR spectra were

analyzed using the SFIT4 retrieval algorithm (https://wiki.ucar.edu/display/

sfit4/) version 0.9.4.4 to obtain the NH3 total columns; except for Garmisch, Zugspitze,

and Izana, which used PROFFIT9 (Hase et al., 2004), and GFIT for Los Angeles.

The average DOFS for all sites was 1.07 ± 0.15. The total error on the NH3 total

columns was calculated as the square root sum of the squares of all systematic and

statistical errors (Garćıa et al., 2021), with an average value for all sites of 0.93 ±

1.30×1015 molec. cm−2.

https://wiki.ucar.edu/display/sfit4/
https://wiki.ucar.edu/display/sfit4/
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4.2.2 Simulations of NH3

GEOS-Chem

NH3 total column simulations from the GCHP CTM between 2003 and 2021 were

used. The horizontal resolution is C48 resolution (≈ 2◦ × 2.5◦). The modeled fields

were archived at a temporal resolution of 2 h for comparison with the FTIR observa-

tions. The details of this simulation are described in Section 2.2.1.

TCR-2

NH3 total column simulations from TCR-2 between 2005 and 2018 were used. The

product has a horizontal resolution of 1.1◦ × 1.1◦ and was archived at a temporal

resolution of two hours. The TCR-2 product was described in Section 2.2.2.

4.2.3 Trend Analysis

To derive the long-term trends for the time series, we used a linear trend model with

fitted Fourier series to account for seasonality, and bootstrap resampling methods

to derive the 95% confidence intervals following the methodology of Friedrich et al.

(2020). The trend model is described as follows:

yt = dt + st + ut (4.1)

where yt are NH3 measurements at time t, dt is the unknown trend, st is the intra-

annual seasonal pattern, and ut is the error term. st is described by Fourier terms

given by:

st =
S∑

j=1

ajcos(2jπt) + bjsin(2jπt) (4.2)

where aj and bj are the Fourier series parameters.

The seasonal variability is relevant for trends in atmospheric gases, and previous
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studies have shown that this variability is well captured by using the Fourier series

of order 3 (S=3) (Gardiner et al., 2008; Franco et al., 2016; Prignon et al., 2019;

Yamanouchi et al., 2021; Friedrich et al., 2020; Wizenberg et al., 2024). For this study,

we apply Fourier series fitting of S=3 to the daily means of the NH3 total column time-

series data from the FTIR sites, GCHP, and TCR-2, to the sites with more than 150

data points to ensure a good fit of the linear trend model. In addition, to estimate the

uncertainty, we used bootstrap resampling methods, with a bootstrap population of

5000 as recommended in Gardiner et al. (2008), and an autoregressive wild bootstrap

method (AWB) as recommended by Friedrich et al. (2020) to obtain the corresponding

95% confidence intervals (CI). The latter is more suitable for analyzing geophysical

time series as it is specifically designed to account for missing observations, auto-

correlation, and seasonal effects in the datasets. Trends for which the CI does not

include zero are considered statistically significant.

4.3 FTIR Results

4.3.1 Time Series

The retrieved total column time series of NH3 from the 22 FTIR sites are shown

in Figure 4.2. The NH3 time series are very diverse across all sites, with Thule,

Zugspitze, Toronto, Los Angeles, Izana, and Lauder, the only sites with more than 20

years of data. Most of the sites have between ten and 20 years of data, and only five

sites have less than three years of data. The largest total columns of NH3 are seen

in Hefei, Bremen, Toronto, Mexico City and Porto Velho. These sites are in urban

areas influenced by nearby agricultural activities, local sources, and biomass burning

events. In contrast, the smallest total columns of NH3 are mainly at the Arctic sites,

where the NH3 sources are limited, and in Reunion Maido and Jungfraujoch, two

high-altitude sites that most likely were measuring NH3 background concentrations.
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Figure 4.2: Time series of NH3 total columns measured at the 22 FTIR sites.
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However, some noticeable enhancements can be observed at some of the sites, such as

Eureka, Thule, Izana, Los Angeles, Mexico City, Altzomoni, Paramaribo, Porto Velho

and Reunion Maido, mainly attributed to biomass burning events. The NH3 enhance-

ments at Eureka and Thule were linked to the 2017 Canadian wildfires by Lutsch et al.

(2019). A large fire that occurred in the Amazon that reached several regions, ana-

lyzed by Bencherif et al. (2020), potentially reached Porto Velho and Paramaribo in

August 2019. The NH3 enhancements in late 2019 at the Reunion Maido site could be

from biomass burning plumes from Africa and even the Amazon region (Callewaert

et al., 2022). Simultaneous enhancements of NH3 and CO at Porto Velho and Reunion

Maido during 2019 are shown in Figures B.1 and B.2 in the Appendix B, as CO is

largely emitted by fires with a longer lifetime than NH3 and can be used as a reference

species (Whitburn et al., 2017). For Mexico City, the simultaneous enhancements of

NH3 and CO are also shown in Figure C.1 during May 2019; this enhancement was

part of a pollution event further discussed in Chapter 5. Unfortunately, there are no

simultaneous measurements of CO at Altzomoni during the enhancement observed

in late March 2019; however, a few fires in the surrounding areas were detected by

the Aqua-MODIS instrument (https://wvs.earthdata.nasa.gov). Similarly, for

the Los Angeles site, NH3 and CO enhancements are observed during 2020 and 2021

(Figure B.3, which can be attributed to the exceptional California fires (Keeley and

Syphard, 2021; Safford et al., 2022; Ayars et al., 2023).

For the Izana site, the enhancements observed in 2012 are from the Tenerife Island

fire that reached the site in July 2012 (Santamarta Cerezal, 2013). In addition, in

September 2021, a volcanic eruption on the island of La Palma (Canary Islands)

affected the Izana site (Garćıa et al., 2023; Campeny et al., 2023). Studies on NH3

emissions from volcanic eruptions are limited, but simultaneous enhancements of NH3

and SO2 from volcanoes has been reported (Uematsu et al., 2004; Adams et al., 2017),

Figure B.4 shows SO2 and NH3 enhancements during the Tajogaite eruption from 19

https://wvs.earthdata.nasa.gov
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September 2021 to 13 December 2021 during which volcanic plume reached the Izana

site.

For the analysis in the following sections, the sites are divided into three categories:

Arctic (Eureka, Ny Alesund, Thule), Northern Hemisphere (St. Petersburg, Bremen,

Garmisch, Zugspitze, Jungfraujoch, Toronto, Boulder, Tsukuba, Los Angeles, Hefei,

Izana, Mexico City, Altzomoni and Paramaribo), and Southern Hemisphere (Porto

Velho, Reunion St. Denis, Reunion Maido, Wollongong, and Lauder).

4.3.2 Seasonal Variability

The seasonal variability in NH3 total columns corresponding to the monthly means

calculated across all years is shown in Figure 4.3. The seasonal patterns present

similarities across most sites, with a few exceptions. In addition, the monthly means

are seen to increase for the most recent years for most sites. The monthly mean

total columns vary between 2.66 and 6.92 × 1015 molec. cm−2 for all sites, with the

maximum during spring and summer and the minimum in winter. For the Arctic

sites, the variability of NH3 across the year (between February and October due to

the lack of Sunlight during the Arctic winter) is small. The columns are between

0.06 and 0.70× 1015 molec. cm−2 with the minimum in March and the maximum in

August at all three sites, and an average of 0.40 × 1015 molec. cm−2, mainly due to

NH3 being transported from large biomass burning events in northern latitudes, such

as the August wildfires in 2017 (Lutsch et al., 2019). According to Riddick et al.

(2012), the seabird colonies near Thule are larger than those near Eureka, and the

difference in the magnitude of the NH3 columns between these sites is attributed to

this source as shown by Lutsch et al. (2019), mainly due to the presence of seabird

colonies on the Greenland coast (Murphy et al., 2025).
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Figure 4.3: Monthly mean NH3 total columns for each FTIR site. Different years are
shown in different colours, with the most recent years in pink shades and older years
in blue shades. The thick black line with error bars is the mean for all years ±1σ.
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For the sites located in the Northern Hemisphere, excluding the Arctic sites, the

monthly mean NH3 total columns vary between 2.80 and 8.77 × 1015 molec. cm−2,

with the largest values observed between April and August and the smallest values

during December and January. For most sites, NH3 has a maximum in April and

May, then decreases with another maximum in August in a few cases. However, the

maximum monthly mean was found at Hefei in June (42.38× 1015 molec. cm−2) and

the minimum at Zugspitze in December (0.03 × 1015 molec. cm−2). The observed

pattern could reflect the influence of the meteorological conditions, mainly related to

the NH3 temperature sensitivity, warmer temperatures favour the conditions for NH3

volatilization (Sutton et al., 2013).

Figure B.5 shows the monthly means of surface temperature derived from GCHP.

However, at some sites such as Boulder, a maximum was observed later in the

year, probably due to the fertilizer application season and agricultural practices. For

Toronto, Mexico City, and Altzomoni, the seasonal patterns were directly compared

with those reported in Yamanouchi et al. (2021) and Herrera et al. (2022) as those

studies also used these FTIR datasets. For Toronto, the previously reported means

were calculated between 2002 and 2018, while this study extends the time series up

to 2023; the patterns are very similar with the maximum in May and the minimum

in January, however, the columns are larger for April and June in the present study.

For Mexico City and Altzomoni, the previously reported time series ended in 2020,

while this study extends the time series up to 2022; the patterns are similar with a

small increase in the total column means in this study.

For the sites in the Southern Hemisphere, a similar pattern is seen, with more NH3

during the warmest months, in this case during the last months of the year, with

overall monthly mean total columns between 1.26 − 6.87 × 1015 molec. cm−2. The

maximum values were found at Porto Velho in August (27.82 × 1015 molec. cm−2)
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and the minimum at Reunion Maido during March (0.21 × 1015 molec. cm−2). For

Porto Velho, it is difficult to isolate a seasonal pattern due to the limited observations,

however, it is clear that August is the month with more NH3, potentially influenced

by Amazonian biomass burning events, in agreement with a study by Whitburn et al.

(2015), and specifically for 2019 when an exceptional wildfire event took place in the

southern portion of the Amazon during August (Bencherif et al., 2020). Plumes from

this fire event could have reached Paramaribo, explaining the enhancements in this

site. Overall, the reported seasonal patterns are in agreement with other studies such

as Van Damme et al. (2015), which used satellite data. However, this study provides

details for the specific sites.

4.3.3 Diurnal Variability

One advantage of the FTIR measurements, compared to satellite data, is their fre-

quency, which allows diurnal cycles to be derived by calculating the hourly means

as shown in Figure 4.4 in local hours for the 22 sites. In this case, similar to the

monthly means, larger columns are observed for the most recent years for most sites,

however, the diurnal variability is very different across the sites, with hourly means

between 0.20 and 6.74 × 1015 molec. cm−2. Of the three Arctic sites, Thule showed

the most complete diurnal cycle, while very little diurnal fluctuation is observed at

these sites, with a mean of 0.31 × 1015 molec. cm−2 and a variation of less than

0.5× 1015 molec. cm−2 during the day. This pattern is expected as there are limited

sources in the Arctic region that change daily NH3 concentrations. For the other

sites located in the Northern Hemisphere, the diurnal means were between 0.06 and

9.01× 1015 molec. cm−2 with the larger values in the afternoon between 16h and 17h

and the minimum in the early morning.
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Figure 4.4: Hourly mean NH3 total columns in local time (hours, with offset from
UTC for each site indicated on each panel) for each FTIR site. Different years are
shown in different colours with the most recent years in pink shades and older years
in blue shades. The thick black line with error bars is the mean for all years ±1σ.
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For the Southern Hemisphere, the diurnal means were between 1.64 and 4.76 ×

1015 molec. cm−2, smaller values than in the Northern Hemisphere, with no consistent

patterns across the sites; however, Lauder presents a pattern similar to Altzomoni,

with columns increasing steadily during the day until reaching a peak in the late

afternoon. The variability of Altzomoni was explored in more detail in Chapter 3

and Herrera et al. (2022), where this pattern was attributed to NH3 transported from

surrounding urban areas. The high-altitude sites also present very little variability

throughout the day, except for Altzomoni.

The reasons for the observed patterns vary depending on each site. Diurnal variations

in the NH3 total columns can be associated with vertical variations of the relative hu-

midity and temperature profiles (Kutzner et al., 2021), as changes in these conditions

as well as in the pH can lead to phase changes between NH3 in the gas and particulate

phase (Pye et al., 2020). In addition, transport from the surrounding regions plays

a major role in the variability for some sites. Finally, for the sites located in urban

areas, traffic emissions during rush hour have an impact on the diurnal variability of

NH3 (Kotnala et al., 2019; Osada et al., 2019; Herrera et al., 2022; Gu et al., 2022;

Viatte et al., 2023).

4.3.4 FTIR Trends

Long-term trends in the daily mean NH3 total column are calculated using Eqs. 4.1

and 4.2. The FTIR trends, the period used for the trend estimation, and confidence

intervals for all sites are summarized in Table 4.2 and plotted in Figure 4.5. The mean

trend for all sites is 19.43 (14.18− 24.68)× 1013 molec. cm−2 yr−1 driven by the large

trends at Hefei and Mexico City. Most of the sites present positive and significant

trends. Only two sites present negative trends, Thule and Wollongong. Most of the

trends are in agreement with trends reported by Van Damme et al. (2021) using ten
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years of satellite data. The drivers behind these trends vary between sites, and can be

due to a change in NH3 emissions, a change in meteorological conditions, or a change

in the lifetime of NH3 due to changes in NOx and SO2 abundances.

For the Arctic sites, Thule presents the largest and most significant trend, although it

is negative. As mentioned in Section 4.3.2, seabird colonies are an important source

of NH3 at this site, so changes in the seabird population could impact the trend, such

as the reported global decline in seabird population of 69.7% between 1950 and 2010

(Paleczny et al., 2015).

Europe is one of the few regions where actions towards the reduction of NH3 emissions

have been implemented. Zugspitze is located in Germany, where according to the

European Environment Agency (EAP) National Emission Reduction Commitments

Directive reporting status 2022 (European Environment Agency, 2023), there have

been reductions in NH3, NOx, and SO2 emissions. However, the FTIR time series at

the five European sites don’t show this reduction, suggesting that more efforts focused

on reducing NH3 from the agricultural sector are needed. Trends in reduced N have

been previously reported in North America (Yao and Zhang, 2016; Yamanouchi et al.,

2021; Benish et al., 2022; Herrera et al., 2022). In Canada, significant reductions in

emissions of SOx (79%) and NOx (41%) between 1990 and 2021 have been reported

(Government of Canada, 2023). In the US, the Acid Rain Program requires major

emissions reductions in SO2 and NOx and has delivered annual SO2 reductions of over

95% and NOx reductions of over 89% (U.S. Environmental Protection Agency, 2024).

These changes could be increasing the atmospheric lifetime of NH3 over Toronto,

Boulder, and Los Angeles, resulting in the positive NH3 trends. Mexico City has the

largest positive and significant trend; this may be due to Mexican policies to regulate

NOx and SO2 that (similar to Boulder and Toronto) could be affecting the lifetime

of NH3.
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Figure 4.5: Time series of FTIR daily mean NH3 total columns with fitted third-order
Fourier series (solid blue line) and linear trends (dashed blue line) for the sites with
sufficient data density to derive trends.
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For the Southern Hemisphere, the largest trend is from Wollongong, and it is nega-

tive. There have been recent efforts in Australia to improve agricultural practices to

mitigate emissions of different gases, based on the implementation of technology and

a best management practices approach (Panchasara et al., 2021). For NH3, the focus

is on reducing the emissions from volatilization by improving the irrigation methods,

use of urease inhibitors, and use of ammonium-based fertilizers instead of urea (Pan

et al., 2016). Zhang et al. (2022) emphasized the cost and benefits of NH3 abatement

in this region because the mitigation potential of NH3 emissions from agricultural

sources is around 32% . Similarly to Wollongong, several approaches to mitigate NH3

emissions have been investigated for New Zealand (Jarvis and Ledgard, 2002; Parfitt

et al., 2008; Saggar et al., 2013). Despite this, the trend for Lauder is positive and

significant. Around 50% of Australia’s and New Zealand’s land area is used for agri-

culture. However, there are substantial differences in their agricultural sectors and

diversity, with more diversification in Australia and dominance of livestock grazing

and dairy production in New Zealand (Pannell and Rogers, 2022). Dairy farms in-

volve several emission sources, such as grazing, fertilizer application, housed animals,

and stored and applied excreta (Jarvis and Ledgard, 2002). Implementing strate-

gies to mitigate emissions from several sources is more challenging, and this could

be related to Lauder’s positive trend. A more detailed discussion of similarities and

differences in policy approaches regarding the agricultural situation in New Zealand

and Australia is discussed in Pannell and Rogers (2022).
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4.4 Comparison of Simulated NH3 Total Columns

The FTIR measurements were used to evaluate the simulations of NH3 by GCHP

and TCR-2. Long-term time series of NH3 total columns were extracted from the

previously described GCHP model and TCR-2 product at the grid point closest to

the latitude and longitude of each FTIR station. The total columns from GCHP and

TCR-2 were smoothed using the FTIR averaging kernels (AVKs) and a priori profiles

for each site following the methodology of Rodgers and Connor (2003). The temporal

coincidence criterion for matching the simulation and the FTIR observations was 2

h. The time series of NH3 total columns from FTIR, GCHP and TCR-2 are shown

in Figure B.6 of the Appendix.

To compare the simulated and FTIR total columns, correlations for the simulation-

measurement pairs were performed, in addition to the calculation of simulation mi-

nus measurement relative differences (RD) as defined by Equation 4.3 according to

Dammers et al. (2016), where TCS,i and TCF,i are the total columns for the simu-

lations and FTIR, respectively. The mean is calculated to obtain the mean relative

difference (MRD) used to compare the simulation’s performance with the FTIR mea-

surements:

MRD =
1

N

N∑
i=1

RD =
1

N

N∑
i=1

(
TCS,i − TCF,i

TCF,i

)
× 100. (4.3)

The normalized root mean square error (NRMSE) was calculated with Equation 4.4,

where N is the total number of model-measurement pairs, and σF is the standard

deviation of the FTIR data, following Kärnä and Baptista (2016) and Flood et al.

(2024):
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NRMSE =
1

σF

√√√√ N∑
i=1

(TCS,i − TCF,i)2. (4.4)

A NRMSE close to 1 indicates a RMSE comparable to σF , NRMSE > 1 indicates a

RMSE > σF and poor fit, and NRMSE < 1 indicates a RMSE < σF and a better

agreement of the simulation with respect to the FTIR. Linear regressions were fitted

to the scatter plot data of the GCHP and TCR-2 outputs versus the FTIR measure-

ments, without forcing the intercept to zero. The results are summarized in Table 4.3,

including the correlation coefficient R, the fitted slope, the MRD, and the NRMSE.

Figure 4.6 shows the correlations between both datasets and the FTIR data at each

station.

The comparisons vary from site to site and differ between GCHP and TCR-2. For

GCHP, R varies from a minimum of 0.02 at Eureka, to a maximum of 0.85 at Porto

Velho. For TCR-2, R varies from a minimum of -0.02 at Reunion St. Denis, to a

maximum of 0.85 at Ny Alesund. GCHP overestimates NH3 at two of the three Arctic

sites, with poor correlations, high NRMSE, and large columns in the lower range of

FTIR, while TCR-2 underestimates NH3 at all three sites, but with better correlations

and NRMSE. For the other Northern Hemisphere sites, the correlation coefficients for

GCHP improved, with larger R = 0.65 for Toronto. GCHP underestimates NH3 for

all sites except Garmisch and Zugspitze, where it significantly overestimates the NH3

column with large NRMSE values. For TCR-2, the correlations are mostly smaller

than those for GCHP, with negative MRDs, a maximum R of 0.46 for Boulder, and a

minimum of -0.04 at Izana, while the highest NRMSE are for Hefei and Mexico City.

For the Southern Hemisphere, GCHP correlation coefficients are between R = 0.85

and 0.22, with the best correlation for Porto Velho and the lowest value for Reunion

St. Denis, with negative MRDs and NRMSE values close to one. For TCR-2, similarly

to the Northern Hemisphere sites, the correlations are small between R = 0.25 for
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Figure 4.6: Scatter plots of GCHP and TCR-2 vs.FTIR NH3 total columns. The
lines show the individual regression results for each dataset. Note that for Porto
Velho only the correlation between FTIR and GCHP is shown, as there are no TCR-
2 data available for this site.
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Lauder and R = -0.020 for Reunion St. Denis. TCR-2 continues underestimating

NH3 with negative MRDs and NRMSE > 1.

Using all the available coincidences for all sites, there is an overall correlation coeffi-

cient of R = 0.36 and a slope of 0.27 (±0.002) for GCHP and R = 0.28 and a slope of

0.22 (±0.003) for TCR-2 as shown in Figure B.7 of the Appendix. Figure 4.6 shows

that the GCHP and TCR-2 total columns are larger than the FTIR measurements at

the lower range of values, with larger columns from TCR-2 than GCHP. Both model

datasets performed similarly at the higher range of values, with lower columns than

the FTIR values.

4.4.1 Seasonal Variability

Figure 4.7 shows the FTIR, GCHP, and TCR-2 monthly mean NH3 total columns, in-

cluding the temporally matched FTIR and models data (solid lines) and the complete

time series (dashed lines) between 2003-2021 for GCHP and 2005-2018 for TCR-2.

The RD was calculated for each month for each site; then, using the monthly means,

the MRD was obtained as reported in Table 4.4. Overall, no major differences were

observed between the dashed and solid lines in Figure 4.7. Both GCHP and TCR-2

captured similar variability as the FTIRs; however, there are some sites where the

differences are more noticeable.

Using data for all sites, the analysis suggested a monthly MRD = 0.41% for GCHP

and -49.25% for TCR-2. For the Arctic sites, GCHP mainly overestimates and TCR-2

consistently underestimates NH3 compared to the FTIR observations, while GCHP

captures more variability than TCR-2. For the rest of the Northern Hemisphere sites,

the best agreements were for Jungfraujoch, Boulder, and Tsukuba for GCHP, and

Bremen, Zugspitze, Toronto, and Tsukuba for TCR-2, respectively, but overall, both

datasets mainly underestimate NH3 at all sites. For the Southern Hemisphere, GCHP
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Figure 4.7: Monthly mean NH3 total columns of FTIR (black), GCHP (blue), and
TCR-2 (green). The thick solid lines represent the temporally matched FTIR mea-
surements and GCHP and TCR-2 datasets; the dashed lines represent the complete
time series from each dataset. Vertical lines represent the standard deviation (±1σ).
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Table 4.4: MRD for monthly means of GCHP and TCR-2 NH3 total columns com-
pared to FTIR measurements at each site.

Station GCHP MRD TCR-2 MRD
% %

Eureka -41.87 -97.06
Ny Alesund 128.64 -77.99
Thule 265.41 -97.81
St. Petersburg -23.21 -59.97
Bremen -21.95 -5.84
Garmisch 233.47 132.21
Zugspitze 140.81 -2.19
Jungfraujoch -9.88 -90.98
Toronto -46.41 -18.35
Boulder -18.12 -88.79
Tsukuba 1.46 -15.92
Los Angeles -62.78 -42.66
Hefei -22.92 93.02
Izana -21.63 -87.18
Mexico City -80.06 -87.98
Altzomoni -72.85 -95.62
Paramaribo -78.99 -96.05
Porto Velho -28.12 NA
Reunion St. Denis -80.81 -72.30
Reunion Maido -84.11 -98.80
Wollongong -11.69 -66.89
Lauder -55.28 -57.11
All sites 0.41 -49.25

and TCR-2 presented similar results. For Porto Velho, GCHP and TCR-2 captured

the NH3 maximum between August and September; moreover, GCHP was able to

capture the August 2019 enhancement. Both datasets underestimated NH3 and barely

captured the variability for Reunion St. Denis and Reunion Maido. For Wollongong,

GCHP is in good agreement with FTIR, while TCR-2 captures the variability but

with an underestimation, as in Lauder, where both datasets represented the variability

but underestimated the monthly means.
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4.4.2 Diurnal Variability

The NH3 simulations do not have diurnal variation in anthropogenic emissions; how-

ever, in this section, comparisons of the hourly means were performed to see the

ability of GCHP and TCR-2 to capture diurnal variability based on all the other pro-

cesses involved in the simulations, such as the chemistry, transport, and meteorology

variations. The hourly means are plotted in Figure 4.8; the RD was calculated for

the matching hours for each site, then the MRD of these hourly means was obtained

as shown in Table 4.5. There are large differences between the simulated and the

observed total columns, as both GCHP and TCR-2 struggled to capture the diurnal

variability of NH3, with an hourly MRD for all sites of 25.47% for GCHP and -47.84%

for TCR-2. For the Arctic sites, TCR-2 doesn’t capture any diurnal variability, while

GCHP seems to capture some variability but with large overestimations, mainly at

Ny Alesund and Thule. GCHP performed better at St. Petersburg and Wollongong

and TCR-2 at Zugspitze where both datasets effectively reproduced the diurnal cy-

cles, however, in most of the cases, there are large negative biases as observed in

Figure 4.6 and Table 4.5, except for TCR-2 at Hefei and Garmisch where there is

overestimation for the matching time series but better agreement with the full time

series. The 24-hour variability from GCHP and TCR-2 could be relevant for some

sites, but overall both simulations are unable to capture the diurnal variability of the

FTIR instruments.



CHAPTER 4. VARIABILITY AND TRENDS OF NH3 101

Figure 4.8: Hourly mean NH3 total columns of FTIR (black), GCHP (blue), and TCR-
2 (green) in local time (hours, with offset from UTC for each site indicated on each
panel) for each site. The thick solid lines represent the temporally matched datasets
between the FTIR measurements and GCHP and TCR-2 datasets; the dashed lines
represent the complete time series from each dataset. Vertical lines represent the
standard deviation (±1σ).
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Table 4.5: MRD for diurnal means of GCHP and TCR-2 NH3 total columns compared
to FTIR measurements at each site.

Station GCHP MRD TCR-2 MRD
% %

Eureka 19.91 -96.83
Ny Alesund 234.15 -46.67
Thule 494.09 -97.13
St. Petersburg 9.50 -58.29
Bremen -35.23 21.35
Garmisch 261.96 109.41
Zugspitze 122.25 -2.38
Jungfraujoch -36.98 -88.93
Toronto -40.25 -23.19
Boulder -16.39 -87.80
Tsukuba 70.75 -35.75
Los Angeles -42.38 -42.61
Hefei -22.83 92.72
Izana -21.35 -96.05
Mexico City -80.67 -84.95
Altzomoni -73.51 -96.00
Paramaribo -39.68 -94.66
Porto Velho -26.96 NA
Reunion St. Denis -79.91 -71.91
Reunion Maido -83.98 -98.71
Wollongong -9.89 -64.02
Lauder -42.25 -42.21
All sites 25.47 -47.84

4.4.3 Sensitivity Tests

Overall, GCHP NH3 total columns agree better with the FTIR measurements than

does TCR-2 for most sites, despite TCR-2 having higher spatial resolution and assim-

ilated observations of relevant tropospheric species. Regardless of the optimization

of the emissions and concentrations of various trace gases performed by TCR-2, NH3

is not among the species that were assimilated. Consequently, the emissions of the

TCR-2 NH3 product in this work are not optimized, and its concentration is only

indirectly improved by optimizing species related to the NH3 chemistry, such as NOx

and SO2.
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One difference between TCR-2 and GCHP is the a priori input emissions inventory

used in the CTMs: CEDS for GCHP and HTAP for TCR-2 as described in Sections

2.2.1 and 2.2.2. To explore the impact of the emissions inventory, we performed

sensitivity tests for GCHP by running the model using HTAP emissions for one month

(February 2013). In addition, the stand-alone input emissions from HTAP and CEDS

were analyzed independently. The MRD difference for the GCHP-CEDS vs. GCHP-

HTAP NH3 total columns and between CEDS and HTAP NH3 total emissions are

presented in Table 4.6 and were calculated using:

RD =
1

N

N∑
i=1

RD =
1

N

N∑
i=1

(
HTAPTC/Emissions,i − CEDSTC/Emissions,i

CEDSTC/Emissions,i

)
× 100.

(4.5)

The results show that the GCHP-HTAP NH3 total columns were, on average 58.90%

larger than the respective GCHP-CEDS columns for all sites. The sites with negative

HTAP-CEDS MRD in the total columns were Eureka, Tsukuba, and all sites with a

latitude south of Izana, while Bremen, Garmisch, Zugstpitze, Jungfraujoch, Toronto,

Boulder and Los Angeles presented large positive MRD for the total columns.

The total HTAP NH3 emissions are 10.85% larger than the total CEDS emissions for

all sites, with the biggest differences for Los Angeles, Eureka, Hefei, Boulder and St.

Petersburg. Among the emissions, the contribution from anthropogenic and seabird

emissions the most different sectors.

This sensitivity test suggests that the larger underestimation in the NH3 total columns

from TCR-2 compared with GCHP does not solely due to the a priori input emissions,

since the total columns of GCHP-HTAP were, on average, larger than GCHP-CEDS

despite the HTAP emissions being lower than the CEDS emissions. The systematic

negative bias in TCR-2 relative to the FTIR measurements can be related to persis-

tent challenges common to many CTMs. Bian et al. (2017) highlighted that negative
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Table 4.6: GCHP-HTAP vs GCHP-CEDS NH3 total columns and NH3 total emissions
with HTAP and CEDS emissions based on Equation 4.5 during February 2013.

Station MRD columns MRD emissions
% %

Eureka -12.01 -99.34
Ny Alesund 9.87 -0.93
Thule 9.00 0.60
St. Petersburg 21.81 -55.79
Bremen 195.69 49.56
Garmisch 210.17 20.45
Zugspitze 210.17 20.45
Jungfraujoch 175.00 27.16
Toronto 121.30 26.21
Boulder 220.52 81.03
Tsukuba -12.66 -39.37
Los Angeles 213.70 267.64
Hefei 19.87 98.17
Izana 14.31 -67.71
Mexico City -4.82 -4.11
Altzomoni -4.82 -4.11
Paramaribo -14.53 -27.20
Porto Velho -14.93 -14.77
Reunion St. Denis -19.20 -7.29
Reunion Maido -19.20 -7.29
Wollongong -13.19 -12.05
Lauder -8.50 -12.64
All sites 58.98 10.85

biases in NH3 simulations can result from significant uncertainties in the wet depo-

sition process, where the effective Henry’s Law constant for NH3 varies significantly

among different global models, up to 6 orders of magnitude, depending on what was

considered in each model for its calculation (Bian et al., 2017). Additionally, the lack

of NH3 recycling between the atmosphere and soil further contributes to these biases.

The implementation of a bi-directional flux scheme has been shown to mitigate these

biases, as demonstrated in Zhu et al. (2015) and Cao et al. (2022) for the GEOS-

Chem adjoint model. However, this scheme is not included in many CTMs, including

the forecast model of TCR-2, limiting its ability to correct for such biases. In the

TCR-2 framework, positive model biases in sulfate and nitric acid could also lead
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to an underestimation of the ratio of gaseous ammonia to particulate ammonium.

This issue is partially addressed by optimizing SO2 and NOx emissions through data

assimilation (Miyazaki et al., 2020a; Sekiya et al., 2023). To further improve the rep-

resentation of NH3 in the data assimilation framework, the most effective approach

would be to incorporate improved model schemes while simultaneously assimilating

SO2, NO2, along with NH3 observations.

4.4.4 Trend Comparison

Long-term trends were derived from the FTIR, GCHP, and TCR-2 datasets using

temporally matched daily means as shown in Table 4.7. The FTIR trends using

only the matching data do not indicate major changes compared with the trends in

Table 4.2. The overall GCHP trend is 7.30 (-2.45 – 17.04)×1013 molec. cm−2 yr−1,

smaller than the corresponding FTIR value, while the TCR-2 trend is 36.28 (-7.00 –

79.57)×1013 molec. cm−2 yr−1, larger than the FTIR trend, mainly due to the large

TCR-2 trend at Hefei. For GCHP, the trend magnitudes are similar to the FTIR

trends; however, there are changes in the statistical significance, with the largest dif-

ferences for the Arctic and Southern Hemisphere sites. For TCR-2, most of the trends

were positive but only two were significant. Both GCHP and TCR-2 have differences

with the FTIR trends; however, the performance of GCHP is more consistent with

the FTIR results than that of TCR-2.

The NH3 total column trends derived from the full-time series of GCHP and TCR-2

for all sites are shown in Table 4.8. Overall, most of the GCHP trends are positive

and significant, while for TCR-2, there are more negative and fewer significant trends.

In addition, GCHP trends are much larger in magnitude than those for TCR-2, and

there are differences compared to the trends in Table 4.7. For GCHP, all the trends for

the Arctic sites are small, positive and non-significant; for the Northern Hemisphere
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all trends were positive and significant, including Hefei; for the Southern Hemisphere

only Porto Velho presented a negative trend that is non-significant, while the other

sites presented positive trends, including Wollongong. For the Arctic sites, TCR-

2 trends are very small and non-significant; for the Northern Hemisphere sites the

trends are small and just a few of them are significant, including the negative trend

for Mexico City; finally for the Southern Hemisphere, the trend for Porto Velho is also

negative but non-significant, while the trend for Wollongong is negative, significant

and similar to the FTIR trend.
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The NH3 partitioning at each site was derived using GCHP total columns of NH3

and NH+
4 to calculate the NH3/NH

+
4 ratio and explore which was the predominant

species in the chemical equilibrium. In addition, correlations of NH3 total columns

with total columns of SO2 and NOx, and surface temperature were calculated. These

results are shown in Table 4.9.

Table 4.9: GCHP NH3/NH
+
4 total column ratio and correlation coefficients for NH3

total columns vs. SO2, NOx total columns and surface temperature. The calculations
were made using GCHP variables from 2003 to 2021.

Ratio Correlation coefficient R for NH3 with
Station NH3/NH

+
4 SO2 NOx Surface Temperature

Eureka 0.08 -0.03 0.13 0.08
Ny Alesund 0.08 0.00 0.07 -0.02
Thule 0.20 -0.17 0.48 0.39
St. Petersburg 0.14 -0.06 0.10 0.32
Bremen 0.57 0.02 -0.18 0.56
Garmisch 0.56 -0.15 -0.02 0.63
Zugspitze 0.56 -0.15 -0.02 0.63
Jungfraujoch 0.50 -0.13 -0.19 0.58
Toronto 0.22 -0.15 -0.04 0.39
Boulder 0.52 -0.03 0.39 0.56
Tsukuba 0.16 0.00 -0.06 0.10
Los Angeles 0.59 0.03 0.22 0.40
Hefei 0.23 -0.25 -0.25 0.23
Izana 0.19 0.09 0.30 0.08
Mexico City 0.24 0.40 0.09 0.23
Altzomoni 0.24 0.40 0.09 0.23
Paramaribo 0.92 0.01 -0.07 0.00
Porto Velho 2.93 0.91 0.77 0.27
Reunion St. Denis 0.21 -0.01 -0.14 -0.11
Reunion Maido 0.21 -0.01 -0.14 -0.11
Wollongong 0.55 0.37 0.63 0.30
Lauder 1.20 -0.10 0.17 0.15

The NH3/NH
+
4 ratio is less than one for all sites except Porto Velho and Lauder,

meaning that NH3 prevails in the particulate phase. This suggests that the previously

described model trends might be underestimated, as they were calculated for NH3 in

the gas phase. Most of the correlations with SO2 and NOx are very small, with a

few exceptions. For Porto Velho, the NH3/NH
+
4 ratio is 2.93 with R = 0.91 for SO2
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and R = 0.77 for NOx. This suggests that for Porto Velho, the NH3 trends are

due to changes in the emission sources rather than a reduction in the emissions of

SO2 and NOx. The correlation coefficients between surface temperature and NH3

total columns were > 0.5 only for Bremen, Garmisch, Zugspitze, Jungfraujoch, and

Boulder, suggesting that for these sites, temperature changes could have a greater

impact on NH3 concentrations than for other sites.

4.5 Conclusions

Using NH3 total columns from ground-based FTIR spectrometers at 22 globally dis-

tributed sites and from a global CTM (GCHP) and a reanalysis product (TCR-2),

this work examined the variability and trends of atmospheric NH3. The FTIR time

series revealed that NH3 is present even in the most remote areas, and it can show sig-

nificant enhancements mainly due to biomass burning events. The seasonal patterns

were similar across most sites, ranging between 2.66 and 6.92 × 1015 molec. cm−2,

and are in agreement with previous studies mainly using satellite data. The patterns

are influenced by meteorological conditions such as temperature and rain, seasons of

fertilizer application, and fire season. Overall, both NH3 simulations captured the

seasonality of the FTIR measurements with some differences, mainly underestima-

tions for the Northern and Southern Hemisphere sites and GCHP overestimations in

the Arctic.

The diurnal variability of NH3 total columns was shown for the first time for most of

the FTIR sites, with variations between 0.20 and 6.74× 1015 molec. cm−2 and large

differences between sites. In general, the diurnal patterns differ significantly and de-

pend on the characteristics of each site, as well as the influence of local sources such

as vehicular emissions and NH3 transported from surrounding areas in the late after-

noon. Both models struggled to capture the diurnal variability of the measurements,
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mainly due to the lack of diurnal variation in the anthropogenic emissions used in the

NH3 simulations.

Most NH3 FTIR trends are positive and significant, ranging from 0.38 to 93 ×

1013 molec. cm−2 yr−1 for all sites. The largest trends were for Mexico City, Boulder,

and Toronto. The equivalent trends calculated using GCHP and the TCR-2 prod-

uct were, in general, smaller for both GCHP and TCR-2. The trends using the full

time series for GCHP are 10.11 (9.31 – 10.91)×1013 molec. cm−2 yr−1 between 2003

and 2021 and 1.93 (1.11 – 2.75)×1013 molec. cm−2 yr−1 for TCR-2 between 2005 –

2018. The drivers behind these trends depend on each location, and they involve a

combination of changes in the NH3, NOx, and SO2 emissions and changes in the mete-

orology. According to GCHP, NH3 prevails in the particulate form NH+
4 at most sites,

suggesting that the model trends presented in this work might be underestimated.

Overall, GCHP exhibited a generally better agreement with the FTIR observations

than TCR-2, with the largest differences at the Arctic sites and Mexico City. Sensitiv-

ity tests regarding the a priori emissions were performed, finding that the differences

in the emissions used in GCHP and TCR-2 are not driving the larger underestimation

observed in the TCR-2 product. The persistent negative bias in TCR-2 can be related

to the lack of a bi-directional exchange flux scheme in its framework and to persis-

tent positive model biases in sulfate and nitric acid. Further, sensitivity tests and

direct assimilation of NH3 from satellite observations are recommended to improve

the TCR-2 NH3 product.



Chapter 5

NH3 and PM2.5 over Mexico City

5.1 Introduction

This chapter presents a case study of pollution events due to high levels of O3 and

PM2.5 reported in Mexico City during May 2019. Simultaneous enhancements of NH3

and PM2.5 were identified in May 2019 from ground-based measurements of NH3 total

columns and surface PM2.5. In addition, preliminary comparisons of NH3 and PM2.5

spatial distributions over Mexico City during the pollution events are presented. The

spatial distributions were obtained from model simulations of two CTMs, both at a

resolution of approximately 32 km: the regional model WRF-Chem and the GCHP

stretched grid configuration. Comparisons between total columns from GCHP and

GCHP stretched grid simulations were also performed.

According to the World Health Organization (WHO), air pollution is among the ten

threats to global health, and was even considered the greatest environmental risk to

health in 2019 by this organization. The air quality issue of most urgent concern

around the world could be pollution from particulate matter (Fuzzi et al., 2015). As

112
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mentioned in Chapter 1, Sections 1.1 and 1.2.1, NH3 plays a key role in the formation

of PM2.5. This role is particularly important in urban and densely populated areas,

where pollution episodes due to particulate matter are recurrent. For example, Behera

and Sharma (2010) made in situ measurements of PM2.5, NH3, SO2 and NOx in the

city of Kanpur, India and confirmed atmospheric NH3 as a precursor of 30% of the

mass of SIA such as (NH4)2SO4 or NH4NO3 in the PM2.5, and seasonal patterns with

higher levels of NH3 during the summer. Several studies of the efficiency in controlling

PM2.5 by reducing NH3 emissions have been performed in Chinese megacities, as this

region faces environmental challenges due to haze pollution with high levels of PM2.5

(Wang et al., 2023; Xiao et al., 2025). Viatte et al. (2020), found in Paris, a city with

frequent PM2.5 episodes during springtime, simultaneous enhancements of PM2.5 and

NH3, and identified low temperatures, thin boundary layer, low precipitation, and

winds from the north-east as the meteorological driving parameters of PM formation

in the presence of atmospheric NH3 over this region.

In terms of pollution episodes, the Mexico City Metropolitan Area presents many days

of poor air quality due to O3 and particulate mmater (PM2.5 and PM10) (Molina et al.,

2020) and some severe pollution events during the warm-dry season, with high levels

of PM2.5 (Calderón-Ezquerro et al., 2020). From March to June, the warm-dry season

is characterized by intense solar radiation and high-pressure systems, inducing hot

days with low winds and clear skies; biomass burning events and dust during this

season could further increase PM concentrations (Molina et al., 2020). Notably, from

March to May, an atmospheric blockage with low relative humidity, small temperature

fluctuations, and weak wind has been reported to trigger environmental contingency

of pollutants such as O3 (Silva-Quiroz et al., 2019). More details about Mexico City

are found Section 3.2.1. In particular, between 11 and 16 May 2019, Mexico City

experienced several days of extremely poor air quality due to PM2.5 and O3, with

levels of PM2.5 exceeding the 99th percentile of the official dataset (2005-2019) (Rios
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et al., 2023). This pollution event was attributed to a combination of factors, such as

regional transport of emissions from biomass burning aggravated by meteorological

conditions. The fire season in Mexico peaks in May (Ŕıos and Raga, 2017); the 2019

fire season was particularly intense due to extremely dry environmental conditions

(Rios et al., 2023), contributing to the emission of several pollutants, including NH3,

during the pollution event.

The results of the variability and trends analysis in Chapter 4 show that GCHP and

TCR-2 severely underestimate NH3 in some sites. One site of large underestimation

was Mexico City, which has a challenging topography and emissions, as described in

Section 3.2.1. The results in Table 4.3 for Mexico City showed MRD of -79.02% for

GCHP and -88.09% for TCR-2, indicating that the modeled emissions are strongly

underestimating NH3, potentially due to missing urban sources. In addition, the use

of different emission inventories in GCHP, as described in Section 4.4.3, did not sig-

nificantly impact the magnitude of the NH3 total column. Thus, the coarse resolution

of the GCHP simulation (∼198 km) migth be affecting the performance of the model

against the FTIR measurements, suggesting that the performance of higher resolution

simulations should be investigated. The motivation for this study is thus to examine

simultaneous enhancements of NH3 and PM2.5 during the May 2019 pollution event

in Mexico City, to evaluate the model capabilities during periods when concentrations

of both are greatly increased.

5.2 Materials and Methods

5.2.1 Pollution Events

The identification of the NH3 and PM2.5 pollution events was done by applying Fourier

series of order 3 on the daily means of the desired dataset, to account for the sea-
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sonality in the time series. Events that are above 2σ of this natural variability are

considered pollution events (Yamanouchi et al., 2021; Viatte et al., 2022). For NH3,

the FTIR total column time series from Chapter 4 between 2012 and 2022 was used.

In the case of PM2.5, daily means of surface PM2.5 data from Mexico City’s Atmo-

spheric Monitoring Network (RAMA, by its Spanish acronym), collected between 2015

and 2023, were used. RAMA uses PM sampling methods that include instruments

that perform gravimetric or beta attenuation analysis, which are in compliance with

the reference methods described by the US EPA. The identification of simultaneous

enhancements of NH3 and PM2.5 in Mexico City was focused on May 2019. Using the

time series of NH3 total column and PM2.5 surface concentration between 2003 and

2021, from the GCHP long-term simulation described in Section 2.2.1 and referred to

in this Chapter as GCHP-C48, pollution events were identified too.

5.2.2 Modeled NH3 and PM2.5

The spatial distribution of NH3 total column and surface PM2.5 during the May

2019 pollution events over Mexico City was obtained from two model simulations

of similar horizontal resolution. Using the stretched grid feature in GCHP, with

a stretched factor of 6.5, the resolution was increased from approximately 198 km

(GCHP-C48) to 32 km (GCHP-SF) for Mexico City. The details of this simulation

are described at the end of Section 2.2.1 and it will be referred to as GCHP-SF in this

chapter. Similarly, simulations for May 2019 from the regional model WRF-Chem

with a domain over Mexico at a resolution of 32 km were used. The details of this

simulation were described in Section 2.2.3. For comparisons presented in Section

5.3.3 and in Figure C.1, CO and formaldehyde (HCHO) FTIR total columns for the

Mexico City site were obtained upon request; O3 was not available. Unfortunately,

there were no CO, HCHO, or O3 FTIR measurements in May 2019 for Altzomoni.
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To add a reference to the spatial distribution of NH3 during the pollution event, NH3

total columns from IASI (ANNI-NH3-v4, (Clarisse et al., 2023)) between May 11 and

16, 2019, were used. Satellite data from MetOp-A and MetOp-B, referred to in this

Chapter as IASI A+B, were combined to have more satellite observations over Mexico

during this event. Only IASI observations with adequate sensitivity to NH3, based

on the quality flag of the product, were used. IASI measurements are described in

Section 2.1.6.

5.3 Results and Discussion

5.3.1 Pollution Events

Figure 5.1 shows the NH3 pollution events identified during 2019 in Mexico City. For

the NH3 FTIR measurements, 17 pollution events were identified, with seven events

in May, as shown in Table 5.1.

Figure 5.1: Daily mean NH3 total columns in Mexico City from (a) ground-based
FTIR measurements and (b) GCHP-C48 simulations. In red are the identified pollu-
tion events; note the spike in May. The blue shading represents 2σ from the Fourier
fit as described in Section 5.2.1.
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From Figure 5.1, it can be observed that the most significant pollution events were

in May, with NH3 total columns of almost 50×1015 molec. cm−2. In contrast, from

the GCHP-C48 data, a total of 40 pollution events were identified, with 21 of them

occurring in May. However, the largest columns are of almost 20×1015 molec. cm−2,

60% smaller than the FTIR total columns.

Table 5.1: NH3 pollution events over Mexico City during May 2019 from ground-based
measurements and model simulations.

NH3 total column (molec. cm−2)×1015

Date FTIR NH3 Date GCHP-C48 NH3

2019-05-13a 47.08 2019-05-03 16.61
2019-05-14 37.53 2019-05-04 18.54
2019-05-16 47.63 2019-05-05 14.89
2019-05-20 27.92 2019-05-06 11.08
2019-05-21 27.36 2019-05-07 12.09
2019-05-23 28.47 2019-05-08 12.55
2019-05-27 30.42 2019-05-09 10.93

2019-05-10 11.08
2019-05-11 15.38
2019-05-12 16.73

2019-05-13a 18.07
2019-05-14 16.49
2019-05-15 14.00
2019-05-16 10.13
2019-05-17 11.29
2019-05-18 11.22
2019-05-19 15.65
2019-05-20 16.83
2019-05-21 18.24
2019-05-22 18.66
2019-05-23 15.46

a Coincident date for simultaneous enhancements of NH3 from FTIR
measurements and GCHP-C48 simulations, and PM2.5 from RAMA
measurements and GCHP-C48 simulations.

Table 5.1 shows the seven and 21 NH3 pollution events from FTIR and GCHP-C48,

respectively. Despite the pollution event of interest being from 11 to 16 May, pollution

events after this date were found. However, it can be observed that for the FTIR

NH3 pollution events, the magnitude of those before May 16 is considerably higher
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than the later events.

Table 5.2: PM2.5 pollution events over Mexico City during May 2019 from surface
measurements and model simulations.

Surface PM2.5 in µg m−3

Date RAMA PM2.5 Date GCHP-C48 PM2.5

2019-05-04 39.90 2019-05-01 34.48
2019-05-05 38.04 2019-05-05 33.64
2019-05-06 40.25 2019-05-06 37.82
2019-05-07 35.67 2019-05-07 33.33
2019-05-09 37.02 2019-05-12 34.62
2019-05-10 41.86 2019-05-13 37.18
2019-05-11 67.38 2019-05-15 53.11
2019-05-12 76.17 2019-05-16 54.16
2019-05-13 78.86 2019-05-17 51.74
2019-05-14 65.99 2019-05-18 35.34
2019-05-15 66.32 2019-05-24 36.88
2019-05-16 65.26 2019-05-31 33.25
2019-05-17 34.58
2019-05-28 32.72
a Coincident date for simultaneous enhancements of PM2.5 from RAMA
measurements and GCHP-C48 simulations, and NH3 from FTIR mea-
surements and GCHP-C48 simulations.

Figure 5.2: Daily mean surface PM2.5 in Mexico City from (a) in situ measurements
and (b) GCHP-C48 simulations. In red are the identified pollution events; note the
spike in May. The blue shading represents 2σ from the Fourier fit as described in
Section 5.2.1.
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For the PM2.5 pollution events, Figure 5.2 shows the events derived from the RAMA

measurements and GCHP-C48 simulations, Table 5.2 shows the values of the pollu-

tion events in May for RAMA and GCHP-C48. In total, using the RAMA surface

measurements of PM2.5, 35 events were identified, 14 of them in May, with concen-

trations up to almost 80 µg m−3, as observed in Figure 5.2. The distribution of

the RAMA pollution events is similar to the NH3 pollution events, with most of the

enhancements during the warm-dry season. The GCHP-C48 PM2.5 pollution events

are shown in Figure 5.2, with a total of 108 events through the year and only 12 of

them in May. Compared to the other pollution events figures, the distribution of the

GCHP-C48 PM2.5 pollution events is spread through the year, showing both above

and below the 2σ events with similar frequency. In addition, the maximum PM2.5

concentrations are around 54 µg m−3, almost 40% smaller than the respective RAMA

measurement. According to the 2005 WHO Air Quality guidelines, the PM2.5 level

for short-term or 24-hour average exposure was 25 µg m−3, which was further reduced

in the 2021 guidelines to 15 µg m−3. Compared to the WHO level, the PM2.5 levels

are exceeded most of the year in Mexico City with both RAMA and GCHP-C48.

5.3.2 Spatial Distribution of NH3 and PM2.5

Here we compare the spatial distribution at a similar horizontal resolution (∼32 km)

of NH3 and PM2.5 in GCHP-SF and WRF-Chem. From Tables 5.1 and 5.2, it can

be observed that May 13th is the only date with coincident pollution events from

all datasets. Thus, the spatial distribution over Mexico City and its surroundings

was investigated under enhanced NH3 and PM2.5 conditions on this day. Figure 5.3

provides some context for the location of the biomass burning events that affected

the PM2.5 and NH3 concentrations at Mexico City.



CHAPTER 5. NH3 AND PM2.5 OVER MEXICO CITY 120

Figure 5.3: (a) Snapshot of Mexico’s fire events on May 13, 2019, from the Aqua
MODIS instrument with true colour corrected reflectance and resolution of 1 km,
obtained from NASA Worldview Snapshots (https://earthdata.nasa.gov). The
red dots show the fire events. The location of Mexico City is shown in red. (b) Hourly
backward trajectories from HYSPLIT on May 13, 2019, initiated in Mexico City at
100 m (each dot corresponds to 1 h). Adapted from Rios et al. (2023).

The PM2.5 spatial distribution over Central Mexico is presented in Figures 5.4 and

5.5. For GCHP-SF, the PM2.5 distribution shows the largest concentrations towards

the north, with values around 50 µg m−3. The PM2.5 values in the city are around

40 µg m−3, approximately 50% smaller than the RAMA values from Table 5.2 but

consistent with the GCHP-C48 values from the same table. To add more context

about the spatial distribution of NH3 and PM2.5 over Mexico during the pollution

events, plots of the complete target face from the GCHP-SF simulation are presented

in Appendix C. The WRF-Chem model shows values of surface PM2.5 between 25

https://earthdata.nasa.gov
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and 30 µg m−3 in Mexico City, approximately 60% smaller than the RAMA value.

However, contrary to GCHP-SF, WRF-Chem PM2.5 concentrations are smaller at the

north and larger at the bottom of the plot, southeast of the city, with values around

35 µg m−3.

Figure 5.4: Spatial distribution of mean PM2.5 surface concentration during May 13,
2019, over central Mexico from the GCHP-SF stretched grid simulation.

Figure 5.6 shows the spatial distribution of NH3 total column from the GCHP-SF

simulation centered at Mexico City and its surroundings. The NH3 total columns in

the city are between 15 and 20×1015 molec. cm−2, between 30 and 40% smaller than

the FTIR values from Table 5.1, but comparable to the value from GCHP-C48. Not

much variation is seen across the city and the surrounding states, except for the largest

columns in the north, mainly for columns with values around 30×1015 molec. cm−2

in the northeast. In contrast, the spatial distribution from WRF-Chem is shown in

Figure 5.7. It has NH3 total columns in the city between 4 and 5×1015 molec. cm−2,

four times smaller than GCHP, and more than 10 times smaller than the FTIR value.

Contrary to GCHP-SF, the largest NH3 total columns are in the southeast of the city,
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Figure 5.5: Spatial distribution of mean PM2.5 surface concentration during May 13,
2019, over central Mexico from the WRF-Chem simulation.

but the values are still small.

According to Rios et al. (2023), emissions from biomass burning were a major con-

tributor to the May 2019 pollution episode, with fires coming from the south. Simul-

taneous enhancements of CO and NH3 were found in the FTIR measurements and

GCHP-SF (Figures C.1 and C.2), suggesting that the enhancements are from biomass

burning emissions. The models used different emission inventories for biomass burn-

ing, GFAS for GCHP-SF and FINN for WRF-Chem, as described in Sections 2.2.1

and 2.2.3. According to the location of the fire events shown in Figure 5.3, it seems

that, for this event, emissions from FINN are giving more accurate results regarding

the spatial distribution of NH3 and PM2.5. Still, the emissions from GFAS might be

more precise in magnitude.

In addition, Figure 5.8 shows the spatial distribution of NH3 total columns during the

pollution event from May 11 to May 16, from GCHP-SF and WRF-Chem simulations
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Figure 5.6: Spatial distribution of daily mean NH3 total columns during May 13,
2019, over central Mexico from the GCHP-SF stretched grid simulation.

Figure 5.7: Spatial distribution of mean NH3 total columns during May 13, 2019,
over central Mexico from the WRF-Chem simulation.
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Figure 5.8: Spatial distribution of NH3 total columns between 11 and 16 May 2019,
over central Mexico from (a) GCHP-SF, (b) WRF-Chem, and (c) IASI A+B.

and IASI satellite data. The total NH3 columns from IASI are much larger than those

from GCHP-SF and WRF-Chem, with values between 40 and 50×1015 molec. cm−2

in the city and 90×1015 molec. cm−2 at the south and northeast of the city, more

in agreement with the NH3 total column from FTIR measurements at the Mexico

City site, shown in Figure C.1, with values up to 70×1015 molec. cm−2. Both models

underestimated the NH3 total column compared to IASI values, and this negative bias

is more prominent in WRF-Chem. The spatial distribution of NH3 total columns from

IASI over a larger region of Mexico is shown in Figure C.3, where large enhancements
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of NH3 are observed at the south, in agreement with Figure 5.3, and at the norteast

and east of the city, reaching the Gulf of Mexico, probably due to long-range transport.

5.3.3 GCHP-SF vs. GCHP-C48

This section presents comparisons between GCHP-C48 and GCHP-SF. The focus is

on comparisons using GCHP-SF only, as at the time of the analysis, WRF-Chem

outputs for Mexico City were not in the appropriate format to fully compare with

GCHP and FTIR observations at Mexico City and Altzomoni. Equation 5.1 was used

to calculate the relative difference of the results:

RD =

(
VGCHP−SF − VGCHP−C48

VGCHP−C48

)
× 100 (5.1)

where VGCHP−SF and VGCHP−C48 are the mean NH3 total columns or surface PM2.5

values for GCHP-SF and GCHP-C48 respectively.

Figure 5.9: Scatter plots of GCHP-SF vs. GCHP-C48 NH3 total columns for Mexico
City during May 2019.
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Figure 5.9 shows the scatter plot between the NH3 total columns of GCHP-C48

and GCHP-SF for Mexico City during May 2019. It can be observed that there is

consistency between the datasets, with a correlation coefficient R = 0.76 and a slope

= 0.70. However, the GCHP-SF columns have a negative bias compared to GCHP-

C48. For Mexico City, the mean NH3 total columns ±1σ in May 2019 were 11.78

± 5.00 ×1015 molec. cm−2 for GCHP-C48 and 10.64 ± 4.61 ×1015 molec. cm−2 for

GCHP-SF, with a RD of -10.02%.

Figure 5.10: Scatter plots of GCHP-SF vs. GCHP-C48 surface PM2.5 for Mexico City
during May 2019.

The correlation for PM2.5 in Figure 5.10 shows a better consistency, with R = 0.83

and slope = 0.80, GCHP-SF values are generally smaller than GCHP-C48 above 40

µg m−3. The mean PM2.5 surface concentrations were 31.11 ± 19.33 µg m−3 for

GCHP-C48 and 29.92 ± 18.67 µg m−3 for GCHP-SF with a RD of -3.81%.

For Altzomoni, Figure 5.11 shows a similar correlation to that found at Mexico City,

with R = 0.79 and slope = 0.73. The mean NH3 total columns were 11.78 ± 5.00

×1015 molec. cm−2 for GCHP-C48 and 11.30 ± 4.63 ×1015 molec. cm−2 for GCHP-
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SF, with a RD of -4.14%. The mean NH3 total columns for GCHP-C48 at Altzomoni

are the same as for Mexico City, due to the coarse resolution of the model.

Figure 5.11: Scatter plots of GCHP-SF vs. GCHP-C48 NH3 total columns for Alt-
zomoni during May 2019.

Figure 5.12: Scatter plots of GCHP-SF vs. GCHP-C48 surface PM2.5 for Altzomoni
during May 2019.
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The PM2.5 correlations at Altzomoni are shown in Figure 5.12. In this case, the

consistency was better below 20 µg m−3, beyond which the underestimation in GCHP-

SF for large values of GCHP-C48 is more evident, with a correlation R = 0.64 and a

slope of only 0.36. The mean surface PM2.5 was 31.11 ± 19.33 µg m−3 for GCHP-C48

and 22.06 ± 10.93 µg m−3 for GCHP-SF, with a RD of -29.07%.

Figure 5.13: Daily means of (a) NH3, (b) CO, (c) HCHO total columns and (d) surface
PM2.5 for Mexico City during May 2019 from measurements (FTIR and RAMA),
GCHP-C48, and GCHP-SF.

Comparisons between GCHP and the measurements were also performed. Figure

5.13 shows the time series of NH3, CO, and HCHO from FTIR measurements at the

Mexico City site. CO and HCHO were included as they are species emitted from

biomass burning events, with CO having a longer lifetime than NH3, to analyze the

performance of the model simulations with those different gases. The figure shows

that in general, GCHP-SF total columns seem to be capturing more variability than
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GCHP-C48, however, with a more negative bias for the three species, mainly during

the pollution event in mid-May. For PM2.5, both GCHP-SF and GCHP-C48 were

able to capture the enhancements in mid-May, but the daily means of GHCP-C48

and GCHP-SF are considerably smaller than the RAMA values.

5.4 Summary

Mexico City’s air quality can be detrimental throughout the year, mainly during the

warm-dry season from March to June, with frequent episodes of high O3 and PM2.5

levels. During May 2019, several days of extremely poor air quality were recorded,

with substantial contributions of emissions from unusually intense biomass burning

events exacerbated by meteorological conditions. NH3 can be emitted from biomass

burning, a key precursor for PM2.5. Thus, two different models were evaluated under

enhanced NH3 and PM2.5 conditions.

NH3 and PM2.5 pollution events were detected over Mexico City during May 2019

using GCHP-C48 data: on 21 days for NH3 and 12 days for PM2.5. These events were

confirmed using ground-based observations: seven for NH3 and 14 for PM2.5. The

magnitude of the pollution events from GCHP-C48 was smaller than the magnitude

from the measurements, by 40% for NH3 and 60% for PM2.5. The model representa-

tion of the pollution events was more accurate for NH3 than for PM2.5. To further

evaluate the participation of NH3 in the PM2.5 formation during this pollution event,

the contribution of ammonium should be quantified via PM2.5 speciation (% in total

mass) derived from GCHP results.

In Chapter 4, it was observed that GCHP underestimates NH3, and Mexico City was

one of the most affected sites. To evaluate if increasing the model’s resolution will

improve the representation of NH3, two models of higher and similar resolution were
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selected (∼ 32 km). May 13th was the only date with pollution events from the model

and the measurements for both NH3 and PM2.5; therefore, this day was selected to

evaluate the spatial distribution of PM2.5 and NH3 from a regional model (WRF-

Chem) and a global model but with a feature to increase the resolution over a target

region by decreasing resolution in the areas that aren’t of interest (GCHP-SF). For

PM2.5, both models show similar surface PM2.5 values, both smaller than the RAMA

value. However, GCHP-SF presented larger values in the north andWRF-Chem in the

southeast. The GCHP-SF NH3 total column was larger than the WRF-Chem results,

and more similar to the reference FTIR value. However, the spatial distribution from

WRF-Chem was more accurate, with larger column values in the south, where the

fire events originated. Large values of NH3 total column from IASI were located

south of and northeast of the city. Comparisons of the spatial distribution over a

non-polluted day are recommended to evaluate the model’s performance under low

NH3 and PM2.5 concentrations. The GCHP analysis presented here should also be

extended to include other biomass burning inventories, such as GFED and the Quick

Fire Emissions Dataset (QFED).

Despite using a regional model and higher resolution, substantial underestimation of

NH3 for Mexico City remains. In the case of GCHP-SF, even though the resolution

significantly increases from GCHP-C48, it seems that the resolution and quality of

the emissions used are still a limiting factor to fully improve the model simulation

over Mexico City. Comparisons with the spatial distribution of NH3 from satellite

measurements are recommended. For PM2.5, the RAMA network has stations dis-

tributed around the City; these measurements could be used to generate a matrix to

visualize the spatial distribution of PM2.5 over the city to evaluate the models.

Finally, a comparison was performed between GCHP-C48 and GCHP-SF total columns

and PM2.5 for Mexico City and Altzomoni. In general, there is a good agreement be-
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tween GCHP-SF and GCHP-C48. However, GCHP-SF total column and surface

PM2.5 values were consistently smaller for NH3 and PM2.5 at Mexico City (-10.02%

for NH3 and -3.81% for PM2.5) and Altzomoni (-4.14% for NH3 and -29.07% for

PM2.5). The largest difference was presented for the PM2.5 surface values at Alt-

zomoni. GCHP-C48 and GCHP-SF underestimates NH3, CO, HCHO, and PM2.5.

However, the increase in the resolution of GCHP-SF allowed for better differentia-

tion between Mexico City and Altzomoni stations. Although biomass burning was a

major factor driving the pollution events, it would be valuable to rerun the GCHP

simulations with higher resolution anthropogenic emission inventories to better assess

the model fidelity in simulating the observations at Mexico City and Altzomoni.



Chapter 6

Conclusions and Future Work

6.1 Conclusions

Atmospheric ammonia is a pollutant that is getting more attention due to its environ-

mental impact and participation in several chemical reactions, including the formation

of fine particulate matter, which poses a threat to global human health. Ammonia is

present in a variety of environments, ranging from agricultural regions to megacities

and remote areas such as the Arctic. Despite this, there are still large uncertainties re-

garding its emissions. Ground-based measurements, such as the FTIR total columns

presented in this work, provide information about the spatial and temporal distribu-

tions of this gas in the atmosphere and can be used to improve estimates of emission

inventories. In this thesis, the total column time series of NH3 from 22 globally dis-

tributed FTIR sites were combined with satellite observations, atmospheric models,

and a reanalysis product to address the scientific objectives presented in Chapter 1,

which were:

132
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1. To investigate the spatial and temporal variability of NH3 over Mexico City by

using satellite data and ground-based measurements from remote and urban

sites.

2. To quantify the variability and long-term trends of atmospheric NH3 using mea-

surements and model simulations at globally distributed sites.

3. To investigate simultaneous enhancements of NH3 and PM2.5 in Mexico City

during an extreme pollution event, and to assess the ability of models to char-

acterize this event.

To address the first objective, the temporal and spatial variability of NH3 over Mexico

City was characterized from FTIR measurements at an urban and a remote site, and

IASI satellite observations. The NH3 total column at the urban site were considerably

higher than that at the remote station with a clear difference in the diurnal cycle

but similar seasonal variability. Most of the NH3 measured at the urban station

was attributed to local urban sources, while the NH3 observed at the remote site

was most likely transported from the surroundings and was influenced by biomass

burning events. The IASI ANNI-NH3-v3 data product underestimated the NH3 total

columns over Mexico City, with a mean relative difference of 32% over the period 2008-

2018, but showed a similar temporal variability and a good correlation with FTIR

measurements. The NH3 spatial distribution from satellite observations showed the

highest NH3 columns in the northeast part of the city.

To address the second objective, the time series of NH3 from 22 FTIR sites, most of

them affiliated with the NDACC IRWG, were acquired and analyzed to derive the

seasonal and diurnal variability. The sites are globally dispersed in both hemispheres,

ranging from 45°S to 80°N. Different retrieval strategies were tested for the Eureka,

Toronto, Altzomoni, and Mexico City sites, with the chosen parameters summarized
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in Table 2.1. For the other sites, the recommended retrieval strategy was followed to

the extent possible at each site. The seasonal variability was obtained by calculating

the monthly means for each site. It was found that the seasonal patterns were similar

across most sites, ranging between 2.43 and 6.47×1015 molec. cm−2, and were consis-

tent with previous studies that mainly used satellite data. For the diurnal variability,

hourly means at local time for each site were calculated. The diurnal variability of

NH3 total columns was shown for the first time for most of the FTIR sites, with vari-

ations between 0.20 and 6.74× 1015 molec. cm−2 and significant differences between

sites. The variability was compared to simulations of NH3 from the GEOS-Chem

High Performance CTM and the Tropospheric Chemistry Reanalysis product. Both

NH3 simulations captured the seasonality of the FTIR measurements, with a mainly

negative bias for the Northern and Southern Hemisphere sites and a positive bias in

the Arctic for GCHP. However, GCHP and TCR-2 poorly reproduced the diurnal

variability of the measurements. This suggests that potential underestimation of lo-

cal sources and lack of diurnal variations in the anthropogenic emissions used in the

simulations are crucial for most sites to reproduce the diurnal variability better.

Long-term trends were derived from the FTIR time series and the NH3 simula-

tions. The trends were determined by fitting Fourier series to account for season-

ality, and the 95% confidence intervals were obtained using an autoregressive wild

bootstrap method, to account for missing observations, autocorrelation, and seasonal

effects in the datasets. Most of the sites presented positive trends, with the largest

trends at sites located in urban areas, and the smallest trends at Arctic and high-

altitude sites. The mean value of the trends obtained for all sites is 19.43 (14.18

– 24.68)×1013 molec. cm−2 yr−1 for the FTIR measurements. Trends were also de-

rived from long-term NH3 simulations, with a mean value from 2003 to 2021 of 10.11

(9.31 – 10.91)×1013 molec. cm−2 yr−1 for the GCHP, and 1.93 (1.11 – 2.75)×1013

molec. cm−2 yr−1 for TCR-2 from 2005 to 2018. In general, the trends calculated
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using GCHP and the TCR-2 product were smaller than the FTIR results at each

site. In addition, significant NH3 enhancements were located in the time series for

Eureka, Thule, Los Angeles, Izana, Mexico City, Altzomoni, Paramaribo, Porto Velho

and Reunion Maido, and attributed to biomass burning events. NH3 emissions from

volcanic eruptions were also identified at Izana during the volcanic eruption of La

Palma in 2021. This highlights the importance of biomass burning as a source of

NH3.

Finally, to address the third objective, a pollution episode with enhanced PM2.5 in

May 2019 was selected to evaluate the model’s performance and the role of NH3 in

PM2.5 formation. Mexico City was one of the 22 FTIR sites where GCHP and TCR-

2 exhibited larger negative biases relative to the FTIR NH3 columns. Simulations

of NH3 and PM2.5 from two CTMs with a 32 km horizontal resolution, the GCHP

stretched-grid configuration and WRF-Chem regional model, were evaluated. Simul-

taneous enhancements of PM2.5 and NH3 at Mexico City were identified during May

2019. Both models’ representation of NH3 was better than that for PM2.5. However,

compared to satellite and ground-based data, a substantial underestimation of NH3

for Mexico City remains for both models, suggesting that the resolution and quality

of the emissions used in the models are still limiting factors in fully improving the

model performance over Mexico City.

NH3 is a short-lived and highly variable atmospheric trace gas present in urban and

remote areas, with consequences for the Earth’s radiative forcing balance, ecosys-

tems, and human health, including its role as PM2.5 precursor. Atmospheric NH3

concentrations have been rising since the early 1900s with the introduction of syn-

thetic fertilizers and they continue to increase globally. The lack of global regulation

regarding NH3 emissions, changes in meteorology, and emissions of other species such

as NOx and SO2 are some of the factors contributing to this. It is important to
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continue and expand the monitoring of NH3 using ground-based and satellite instru-

ments to extend the time series of this gas, analyze trends, and reduce uncertainties

in the emissions and simulations. Such measurements could help inform the devel-

opment of global regulations and policies that are needed to reduce the atmospheric

concentration of NH3 and its effects.

6.2 Future Work

Regarding the FTIR measurements, there are a few suggestions for future work.

First, continuing the ongoing measurements at the different NDACC IRWG sites will

expand the current time series. As shown in this work, NH3 can be retrieved at the

NDACC FTIR sites; however, it is not among the routine products provided by the

network. Future work on this could include improvements in the retrieval strategy

across all sites, such as the complete implementation of the new SFIT4 version v1.0.21,

instead of version v0.9.4.4; updating the linelist from HITRAN 2008 to HITRAN 2020

with the H2O lines from ATM 2020, updating the recommended a priori profiles by

creating new ones using the long-term simulation (2003-2021) from GCHP. For sites

where there are substantial differences in NH3 concentrations through the year due to

significant changes in temperature between warm and cold seasons or sites that are

strongly impacted by biomass burning season, the use of a changing a priori profile

could be explored. Having an improved retrieval for NH3 adopted by a significant

number of NDACC FTIR sites could be helpful in proposing this gas to be added to

the list of standard data products for the NDACC IRWG. FTIR measurements of NH3

have been used to validate satellite products such as IASI or CrIS. However, those

validations were performed using data from less than ten FTIR sites; thus, having a

standard NDACC NH3 product could be useful for validation of future satellite NH3

products. Such a product could be valuable for continuously evaluating regional and
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global atmospheric models.

Regarding GCHP and TCR-2 performance, a similar analysis to the one performed

in Chapter 4 could be done using another gas that preferably has a longer lifetime

than NH3 and less uncertainty in the retrieved total column. Among the standard

NDACC products, CO and O3 could be a good option to evaluate the model perfor-

mance in some of the FTIR sites where larger biases were found. TCR-2 optimizes

the emissions and concentrations of various trace gases through data assimilation of

satellite observations. To improve the TCR-2 NH3 product, it is recommended to

assimilate satellite observations of NH3 from instruments such as TES or CrIS, from

which other products, such as O3, are already being assimilated by TCR-2. This is

planned for the next version of TCR, TCR-3 (Kazuyuki Miyazaki, personal commu-

nication). This new TCR-3 NH3 product should then be validated against the global

FTIR measurements.

In addition, it could be helpful to rerun the GCHP simulations with higher-resolution

anthropogenic emissions for Mexico City. Comparisons against FTIR observations

should be performed using the WRF-Chem data to further assess the performance

of both models over this region. To evaluate the differences in the chemistry mecha-

nisms in the models, a simulation using WRF-GC (WRF coupled with GEOS-Chem

chemistry) could be performed at the same resolution as the WRF-Chem simulation.



Appendix A

Supplemental Figures and

Information for Chapter 2

A.1 NH3 Retrieval

Table A.1: Summary of FTIR NH3 retrieval parameters used at Eureka between 2006
and 2020.

NH3 a priori Lutsch (2019) GC×2.5
Mean total column (molec. cm−2) 2.27×1014 1.50×1014

DOFS 1.01 0.96
RMS(%) 0.57 0.65
# retrievals converged 8763 6355

Table A.2: Summary of FTIR NH3 retrieval parameters used at Toronto during 2021.

NH3 a priori Yamanouchi (2021) GC×3
Mean total column (molec. cm−2) 9.54×1015 9.05×1015

DOFS 1.15 1.43
RMS(%) 1.29 1.28
# retrievals converged 693 693
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A.2 Total Columns From GCHP

Below are the general steps followed to calculate the NH3 total column in molecules

cm−2 from GCHP simulations. These GCHP outputs are used:

• SpeciesConcVV NH3, which is the NH3 in mol NH3/mole dry air;

• MetAIRDEN, which is the dry air density in kg m−3; and

• MetBXHEIGHT, which is the grid box height in m.

We define a constant c that includes Avogadro’s constant (NA = 6.022x1023 molecules

NH3 mole−1), the molecular mass of dry air (Mdry = 0.028964 kg mole−1), and a

conversion factor from m−2 to cm−2:

c =
NA

Mdry

·
(

1

100

)2

= −2.079132716x1021
[
mole air ·molecules ·m2

kg ·mole NH3 · cm2

]
. (A.1)

The GCHP partial columns are given by:

PCNH3 = SpeciesConcVV NH3 ·MetAIRDEN ·MetBXHEIGHT · c

= partial column in

[
molecules NH3

cm2

]
.

(A.2)

The total columns are calculated by taking the sum of the partial columns:

TCNH3 =
N∑
i=1

PCNH3,i. (A.3)
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A.3 Total Columns From TCR-2

The TCR-2 product contains the following variables: latitude, longitude, level in

millibars, time, and NH3 VMR in pptv. The steps to calculate the total columns in

NH3 molec. cm−2 from TCR-2 outputs are as follows:

First, convert the NH3 VMR from pptv to moles of NH3/moles of dry air using 1 pptv

= 1x1012 mole NH3/mole air. Then, assuming dry-air conditions, the hydrostatic

equation, and constant g, and using the molecular mass of dry air, the molar partial

column is given by:

−∆P

gMdry

=
ρ∆z

Mdry

. (A.4)

where −∆P is the difference between adjacent pressure levels in the models in Pa; it

is calculated using pressure values from a separate output from the MIROC-CHASER

model. Similar to the GCHP total column calculation, a conversion factor k is defined

as:

k =
−NA

g ·Mdry

·
(

1

100

)2

= −3.51943

[
s2 ·mole

m · kg

]
.

The partial columns are given by:

PCNH3 = NH3VMR ·∆P · k = partial column in

[
molecules NH3

cm2

]
(A.5)

The total columns are again calculated by taking the sum of the partial columns.
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Supplemental Figures for Chapter 4

Figure B.1: Comparison of NH3 and CO total columns measured at Porto Velho
between July and September 2019. Simultaneous enhancements can be observed,
attributed to biomass burning events.
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Figure B.2: Comparison of NH3 and CO total columns measured at Reunion Maido
between August and November 2019. Simultaneous enhancements can be observed,
attributed to biomass burning events.

Figure B.3: Comparison of NH3 and CO total columns measured at Los Angeles
between July 2020 and August 2021. Simultaneous enhancements can be observed,
attributed to wildfires.
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Figure B.4: Comparison of NH3 and SO2 total columns measured at Izana between
September and November 2021 during the Tarjogaite volcanic eruption that reached
the Izana site. Simultaneous enhancements can be observed.
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Figure B.5: Monthly mean GCHP surface temperature at each FTIR site between
2003 and 2021. Vertical lines represent the standard deviation (±1σ).
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Figure B.6: Comparison of the time series of NH3 total columns from FTIR measure-
ments (black) versus GCHP (blue) and TCR-2 (green) at the 22 FTIR sites.
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Figure B.7: Scatter plot of GCHP and TCR-2 vs. FTIR temporally matched NH3

total columns. The lines show the regression results for each model.
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Figure B.8: Time series of GCHP daily mean NH3 total columns between 2003 and
2021 with fitted third-order Fourier series (solid red line) and linear trends (dashed
red line) for the 22 FTIR sites.
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Figure B.9: Time series of TCR-2 daily mean NH3 total columns between 2005 and
2018 with fitted third-order Fourier series (solid red line) and linear trends (dashed
red line) for the 22 FTIR sites.



Appendix C

Supplemental Figures for Chapter 5

Figure C.1: Comparison of NH3 and CO total columns measured at Mexico City
during May 2019. Simultaneous enhancements can be observed, attributed to biomass
burning events.
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Figure C.2: Comparison of NH3 and CO total columns from GCHP-SF during May
2019. Simultaneous enhancements can be observed, attributed to biomass burning
events.
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Figure C.3: Spatial distribution of NH3 total columns during the May 11 to 16 2019,
pollution event over Mexico from IASI A and B.
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Figure C.4: Spatial distribution of mean NH3 total columns during May 13, 2019,
over Mexico from the target cube-face from the GCHP-SF stretched grid simulation.
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Figure C.5: Spatial distribution of mean PM2.5 surface concentration during May 13,
2019, over Mexico from the target cube-face from the GCHP stretched grid simulation.
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Boyer, M., Quéléver, L., Brasseur, Z., McManus, B., Herndon, S., Agnese, M., Nelson,

D., Roscioli, J., Weis, F., Sel, S., Marincovich, G. L., Quarin, F. J., Buchholz, A.,

Xavier, C., Perchivale, P. J., Kerminen, V.-M., Kulmala, M., Petäjä, T., He, X.-C.,
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concentrations observed at Réunion Island by assessing WRF-Chem simulations.

Atmospheric Chemistry and Physics, 22(11):7763–7792.
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Gómez-Peláez, A. J., Navarro-Comas, M., Puentedura, O., Yela, M., Redondas,



BIBLIOGRAPHY 168

A., Carreño, V., León-Luis, S. F., Reyes, E., Garćıa, R. D., Rivas, P. P., Romero-
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tario de Emisiones de la Ciudad de México 2016. Dirección General de Gestión

de la Calidad del Aire, Dirección de Programas de Calidad del Aire e Inven-
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