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1 INTRODUCTION 

1.1 Atmospheric Remote Sensing Measurements:         

The Need for Validation of Random Uncertainties 

Atmospheric measurements provided by remote-sensing instruments are crucial in observing 

physical and chemical parameters of atmosphere due to their geographical and temporal 

coverage around the globe. Relevant studies and experiments in atmospheric sciences are thus 

directly influenced by the quality and quantity of available atmospheric measurements. The 

associated random uncertainties are of high significance, and it follows that the information 

regarding these random uncertainties is vitally important in a wide range of processes, such as 

data assimilation, averaging, analysis and comparison. 

For satellite measurements obtained by means of remote sensing instruments, the random 

uncertainties are typically estimated via an inversion algorithm [Rodgers, 2000] where 

measurement noise and other random errors propagate to the state of the retrieved 

parameters. Under most circumstances, the noise is assumed to be under generalized 

Gaussian propagation [von Clarmann et al., 2020] with linear or linearized models. This is 

termed as ex-ante random uncertainties hereafter in this Thesis. Estimation on ex-ante 

random uncertainties is always incomplete: possible reasons include incomplete or simplified 

models describing the satellite measurements, imperfect description of atmospheric 

processes, coupling of uncertainties from external auxiliary data, as well as unknown or 

unresolved atmospheric features [Sofieva et al., 2021].  

As a result, validation of ex-ante random uncertainties is highly important for remote-sensing 

measurements, which assumes estimating these random uncertainties from another approach: 

one possibility is the statistical analysis of actual measurements. This type of random 

uncertainties estimated from a statistical method is termed as ex-post random uncertainties 

hereafter in this Thesis. 

In the laboratory, the experimental (i.e. ex-post) random uncertainties can be estimated using 

repeated measurements under the same conditions: the sample variance approaches the 

variance of random error distribution when the size of sample tends to infinity. Contrary to 

laboratory experiments, atmospheric measurements are obtained from the continuously 

changing atmosphere, and thus special methods for validation of atmospheric measurement 

uncertainties are needed [Sofieva et al., 2014]. Some of them are described as follows: 
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(1) For perfectly collocated measurements from the same instrument, they have identical 

random uncertainties with nearly zero natural variability. Therefore, it is relatively easy 

to estimate the ex-post random uncertainties and validate against ex-ante random 

uncertainties. For example, this method was utilized for closely collocated MIPAS 

(Michelson Interferometer for Passive Atmospheric Sounding) and OSIRIS (Optical 

Spectrograph and Infrared Imaging System) measurements [Bourassa et al., 2012; 

Piccolo and Dudhia, 2007]; 

(2) For perfectly collocated measurements from different instruments, they have different 

random uncertainties and natural variabilities.  A method was proposed to estimate them 

simultaneously from the sample variances of those two collocated datasets (e.g. ground-

based and satellite measurements) and the variance of their differences [Fioletov et al., 

2006]; 

(3) For a tremendous amount of nearly collocated measurements from the same instrument, 

the root-mean-square difference as a function of increasing separation in space and/or 

time can be computed for the dataset (i.e. two-dimensional structure functions). Then 

the limit at zero spatio-temporal mismatch yields the estimated ex-post random 

uncertainties, which can be used for validation against ex-ante random uncertainties. 

The last method introduced above is essentially the direct implementation of an important 

concept in spatial statistics that is of our particular interest: Structure Function.  

1.2 Applicability of Structure Function in Atmospheric Studies 

This Thesis aims to explore the structure function method, a relatively simple but rather new 

method that allows simultaneously validating ex-ante random uncertainties in an atmospheric 

measurement and probing small-scale natural variability on this atmospheric parameter.  

As a prerequisite, it should be noted that the application of structure function requires a 

considerable number of measurements with different spatial (and/or temporal) separations, 

particularly those with very small separations having nearly constant random uncertainties. 

Yet for satellite measurements using limb-viewing geometry, such information is usually very 

limited. However, a few applications of structure function have been published as follows: 
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(1) One-dimensional structure function in polar regions has been utilized for validation of 

random uncertainties reported by MIPAS [Laeng et al., 2014] and GOMOS (Global 

Ozone Monitoring by Occultation of Stars) [Sofieva et al., 2014] instruments on board 

the Envisat (Environmental Satellite);  

(2) Similar application has also been performed by using collocated temperature profiles 

from radiosondes at Sodankylä [Sofieva et al., 2008] to investigate on the natural 

variability of the small-scale structure of temperature fields; 

(3) Two-dimensional structure function for the validation of radio-occultation 

measurements by COSMIC (Constellation Observing System for Meteorology, 

Ionosphere, and Climate) [Staten and Reichler, 2009], using the initial data provided by 

its six microsatellites at the beginning when measurements were in close separations. 

In contrast, for satellite measurements using nadir-viewing geometry, the smallest separation 

is typically defined by the ground pixel size of its instruments, and thus applying structure 

function is highly desirable because measurements with tiny spatial (and/or temporal) 

separations can be obtained in almost all locations and all seasons. It is essentially the major 

consideration for utilizing measurements of TROPOspheric Monitoring Instrument 

(TROPOMI) in our analysis, the characteristics of which are discussed in Section 3. Still, we 

are not aware of implementations of the structure function for validating ex-ante random 

uncertainties reported by nadir-viewing satellite instruments, except our study [Sofieva et al., 

2021] which has been published alongside the preparation of this Thesis. This paper is also 

fully attached as an appendix. 

1.3 Thesis Objective and Organization  

The primary objective of this Thesis is to investigate how the structure function, a concept in 

spatial statistics, can be utilized for 

(1) Validation of ex-ante random uncertainties of atmospheric remote sensing 

measurements, and 

(2) Exploration of local-scale natural variability of atmospheric parameters 

by applying the developed methodology and software to the total ozone column (TOC) 

measurements by the TROPOMI instrument on board Sentinel-5 Precursor satellite.  
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This Thesis is organized as follows. Section 2 reviews the fundamental concepts of the 

structure function, an important method in spatial statistics, that is consistently utilized 

throughout our analysis. Its immediate application to TOC measurements is then elaborated 

from theoretical and experimental perspectives, followed by discussion on its capability in 

validating random uncertainties and investigating ozone natural variability in terms of spatial 

separations.   

Section 3 provides a technical overview of our target satellite instrument TROPOMI and the 

chosen Level-2 dataset of TOC, describing the characteristics and justification for utilizing 

TROPOMI measurements in our analysis. 

Section 4 describes the practical procedures to evaluate the ozone structure functions, 

detailing on selections over geographical coverage and temporal interval, as well as 

computational aspects such as finding spatial separations, overall algorithm and adopted 

simplification. This section ends with an example for illustration. 

Section 5 shows the results from analyzing ozone structure functions in selected months and 

latitude bands, followed by discussions on the exploration of local-scale natural variation and 

validation of ex-post against ex-ante random uncertainties, as well as their statistical 

parameters. Comparison of ozone structure functions evaluated under clear-sky and cloudy 

conditions is also illustrated. 

Section 6 concludes the Thesis by summarizing our analysis and highlighting the significance 

of this study, along with remarks for future research arising from this Thesis. 
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2 THEORY AND METHODOLOGY 

This section briefly reviews the fundamental concepts and common terminology for 

explaining the structure function in detail, a spatial statistical method that is consistently 

implemented in this Thesis.  

2.1 Fundamental Statistical Parameters: Expectation and Variance  

Consider a random variable 𝒁 comprising a finite number of observed values 𝒛𝟏 , 𝒛𝟐 , … , 𝒛𝒏 . 

The most fundamental statistical parameter of 𝒁 = {𝒛𝟏 , 𝒛𝟐 , … , 𝒛𝒏} is its mathematical 

expectation 𝑬[𝒁] , which describes the mean value of all observations and is defined as  

 

where 𝒑𝒊 is the probability for 𝒛𝒊 to occur if 𝒁 is a discrete random variable, and 𝒇(𝒛) is the 

probability density function of 𝒛 in the case of 𝒁 being a continuous random variable.  

Another important statistical parameter of random variable 𝒁 is its variance 𝑽𝒂𝒓[𝒁] , which 

describes how the observations are spreading around its expectation 𝑬[𝒁] (i.e. amount of 

variability) and is defined as follows, whether 𝒁 is a discrete or continuous random variable:    

 

2.2 Definition of Structure Function in Spatial Statistics 

Let the random function 𝒁(𝒙) denote the observed value at any spatial location 𝒙  is a vector 

in time and space for atmospheric applications. For a pair of observations at particular 

locations 𝒙𝟏 and 𝒙𝟐 , its difference (or increment) is computed as 

 

if the separation between locations 𝒙𝟏 and 𝒙𝟐  are connected by the vector 𝒓 =  𝒙𝟐 –  𝒙𝟏 as 

illustrated in Figure 1 below.  

(2.1) 

(2.2) 

(2.3) 
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Figure 1. Spatial locations 𝒙𝟏 and 𝒙𝟐 linked by vector 𝒓 inside their domain 

As one of the reasonable and common assumptions in spatial statistics (and geostatistics as 

well), the principles of second-order and intrinsic stationarity [Wackernagel, 2003; Cressie, 

1993; Matheron, 1963] are applied to characterize the random function 𝒁(𝒙) at any spatial 

location 𝒙 and its increments with spatial separation 𝒓 such that:  

1. the (mathematical) expectation of the increments, which is invariant for any translation 

of a given vector 𝒓 in the domain, is supposed to be zero regardless of the position of 𝒓  
 

2. the variance of the increments is a finite value depending only on the length and 

orientation of a given vector 𝒓, but not on the position of 𝒓 in the domain. 

These random processes are called the processes with stationary increments [Yaglom, 1987]. 

If only spatial separations are considered, such fields are also referred to as locally 

homogeneous random fields. Equivalently, the above conditions can be mathematically 

expressed as  

  

where the parameter  𝟐 𝑫(𝒓) is known as variogram in spatial statistics. From the basic relation 

between expectation and variance in equation (2.2), the above expressions yield the following 

important definition 

  

in which 𝑫(𝒓) is termed as semi-variogram.  In the theory of atmospheric random processes, 

𝑫(𝒓) is called the Structure Function, and this name is used in this Thesis hereafter. Being 

one of the primary characteristics of the random processes with stationary increments 

[Kolmogorov, 1940; Yaglom, 1987], this concept of structure function is widely implemented 

in the theory of local-scale atmospheric processes including turbulence [Tatarskii, 1971; 

Gurvich and Brekhovskikh, 2001; Yaglom, 1987; Monin and Yaglom, 1975]. In usual 

(2.4) 

(2.6) 

(2.4) 

(2.5) 
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situations, smooth functions are utilized in geophysical processes for its characterization 

and/or parameterization. As an example, a power function is typically implemented for 𝑫(𝒓) 

in the studies of atmospheric turbulence (e.g. the Kolmorogov’s relation for the locally 

isotropic turbulence 𝐷(𝑟) = 𝐶𝑟2/3 with 𝑟 being the separation distance [Frisch, 1995]). 

2.3 Theoretical and Experimental Structure Functions   

In principle, the structure function can be directly applied to any atmospheric measurements 

having sufficiently small spatial (and/or temporal) separations, i.e.  

𝑫(𝒓)  =  𝑫(𝒙𝟐 − 𝒙𝟏)  =  
𝟏

𝟐
   (𝑴(𝒙𝟐)  −  𝑴(𝒙𝟏))

𝟐 
  

where 𝑫(𝒓) denotes the structure function and 𝑴(𝒙) is the measurement at location 𝒙 and 

spatial (or spatio-temporal) separation 𝒓 = 𝒙𝟐 − 𝒙𝟏  (see Section 4.3 for discussion on temporal 

separations. In our application, only spatial separations are considered). The angle bracket 

represents the mathematical expectation. As a reminder, 𝑫(𝒓) depends only on the separation 

𝒓 instead of individual locations 𝒙.  

In an ideal scenario, there are infinitely many noise-free measurements, 𝑫(𝒓)  characterizes 

the true natural variability and we name it the theoretical (true) structure function  𝑫𝑻𝑹𝑼𝑬(𝒓). 

In practical situations, however, measurements always include components of random 

uncertainties 𝝈𝒏𝒐𝒊𝒔𝒆
𝟐  . For white noise with variance independent to separation 𝒓, the structure 

function can be simply described by a step function with discontinuity at zero separation 

[Wackernagel, 2003 ; Cressie, 1993] as illustrated in Figure 2.  

  

Figure 2. Schematic representation of random uncertainties 𝝈𝒏𝒐𝒊𝒔𝒆
𝟐  against separation 𝒓 

(2.7) 
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As a result, the experimental (measured) structure function  𝑫𝑬𝑿𝑷(𝒓) deviates from the 

theoretical one due to the associated random uncertainties from instrument. Mathematically, 

the theoretical and experimental ozone structure functions can then be expressed as  

𝑫𝑬𝑿𝑷(𝒓)  =  𝑫𝑻𝑹𝑼𝑬(𝒓)  +   𝝈𝒏𝒐𝒊𝒔𝒆
𝟐   

which is schematically illustrated in Figure 3 below. Note that  𝑫𝑻𝑹𝑼𝑬(𝒓) = 𝟎  at zero 

separation by definition while  𝑫𝑬𝑿𝑷(𝒓) is discontinuous at the origin.  

 
Figure 3. Schematic representation of theoretical and experimental structure functions against separation 𝒓 

2.4 Estimating Ex-post Random Uncertainties 

When spatial separation 𝒓 is reaching zero, it is obvious that  𝑫𝑻𝑹𝑼𝑬(𝒓) approaches zero from 

equation (2.7) while  𝑫𝑬𝑿𝑷(𝒓) approaches its random uncertainties from equation (2.8), i.e. 

 𝐥𝐢𝐦
𝐫→𝟎

 𝑫𝑻𝑹𝑼𝑬(𝒓) =  𝟎 

 𝐥𝐢𝐦
𝐫→𝟎

  𝑫𝑬𝑿𝑷(𝒓)  =  𝝈𝒏𝒐𝒊𝒔𝒆
𝟐  

From Figure 3, it is also clear that the estimation of  𝝈𝒏𝒐𝒊𝒔𝒆
𝟐  depends on the y-intercept value 

of  𝑫𝑬𝑿𝑷(𝒓) which is not directly obtained due to discontinuity (the “nugget effect”). As an 

intuitive approach, extrapolation can be performed on  𝑫𝑬𝑿𝑷(𝒓) to obtain its value at  𝒓 = 𝟎 . 

Thus, it is important to have a sufficient number of measurements with separations small 

enough. These considerations constitute the principle of this method: at very small 

separations, the estimation of the structure function will approach the variance of random 

  

(2.8) 

 

(2.9) 

(2.10)  
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uncertainties. This can be considered as experimental estimates on random uncertainties, and 

it follows from equation (2.10) that    

 𝝈𝒏𝒐𝒊𝒔𝒆
𝟐 =  𝑫𝑬𝑿𝑷(𝒓 → 𝟎)    or      𝝈𝒏𝒐𝒊𝒔𝒆 =  √ 𝑫𝑬𝑿𝑷(𝒓 → 𝟎) 

2.5 Probing Natural Variability  

In addition to estimating ex-post random uncertainties in satellite measurements, the 

structure function also allows us to simultaneously perform spatial analysis of the natural 

variability of the concerning atmospheric parameter. 

Two-dimensional (2D) structure functions can be evaluated such that 𝑫(𝒓) is presented as a 

function of latitudinal separation 𝒓𝒍𝒂𝒕 (y-axis) and longitudinal separation 𝒓𝒍𝒐𝒏𝒈 (x-axis) as a 

scatter diagram, which is schematically shown in Figure 4 below. This representation allows 

us to evaluate the natural variations at different scales and investigate on the anisotropy of 

variations (i.e. how the root-mean-square of differences are changing in latitudinal and 

longitudinal directions).  

 

Figure 4. Schematic representation of scatter diagram of 2D structure functions with latitudinal separations 

against longitudinal separations  

  

 (2.11)  
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3 INSTRUMENTATION AND DATA 

This section aims to provide a technical overview of the TROPOspheric Monitoring 

Instrument (TROPOMI) and its associated data products, describing the characteristics and 

justification for utilizing TROPOMI measurements in our analysis as well as detailing the 

chosen Level-2 dataset of total ozone column (TOC). 

3.1 Instrument TROPOMI   

TROPOMI is a nadir-viewing imaging spectrometer and is the only instrument onboard the 

Sentinel-5 Precursor (S5P) satellite [Veefkind et al., 2012], which was launched in October 

2017 as part of the European Union’s Earth Observation programme Copernicus with a 

nominal lifetime of 7 years. The mission of S5P is to perform measurements on atmospheric 

composition with high spatio-temporal resolution for monitoring air quality and forecasting 

climate. The primary characteristics of TROPOMI concerning our analysis are described with 

more details in following sections. 

 Passive mode of remote sensing  

Instead of emitting its own electromagnetic radiation (i.e. active remote sensing), TROPOMI 

adopts passive remote sensing techniques by measuring the solar radiation reflected, scattered 

and radiated by the Earth-atmosphere system at the top of atmosphere. Figure 5 below shows 

schematically the principal difference between passive and active remote sensing. 

 

 

 

 

 

Figure 5. Schematic comparison of passive (left) and active (right) modes of remote sensing. TROPOMI 

adopts passive remote sensing by measuring the solar radiation indirectly. Reproduced from https://blogs.fu-

berlin.de. 

https://blogs.fu-berlin.de/
https://blogs.fu-berlin.de/
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 Spectral coverage and associated atmospheric constituents 

TROPOMI is capable to observe various wavelengths in the nadir-looking geometry, ranging 

from ultraviolet-visible (UV-VIS, 267-499 nm), near-infrared (NIR, 661-786 nm) and 

shortwave infrared (SWIR, 2300-2389 nm) [Tilstra et al, 2020]. Covering such a large 

spectrum, TROPOMI can retrieve information from a wide number of atmospheric 

constituents, including ozone (O3), nitrogen dioxide (NO2), sulphur dioxide (SO2), carbon 

monoxide (CO), methane (CH4), and formaldehyde (HCHO). The spectral coverage of 

TROPOMI is summarized in Figure 6 below along with comparison from several selected 

satellite instruments, namely Ozone Monitoring Instrument (OMI), Global Ozone 

Monitoring Experiment (GOME) and SCanning Imaging Absorption spectroMeter for 

Atmospheric CHartographY (SCIAMACHY). 

 

Figure 6. Spectral coverage of TROPOMI and other instruments (OMI, GOME and SCIAMACHY). 

Reproduced from [Veefkind et al., 2012].   

 Near-polar and sun-synchronous orbit  

The orbit of S5P has two characteristics: it is (1) near-polar with an angle of orbit inclination 

is around 99 degrees (i.e. angle between orbital plane and the plane containing the equator), 

and (2) sun-synchronous such that the Earth’s surface is always illuminated at nearly the same 

solar angle. Having 14 or 15 full orbits per day and the local overpass time of around 13:30, 

TROPOMI is capable to produce observations with nearly global coverage on a daily basis. 
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This near-polar and sun-synchronous orbit is illustrated in Figure 7 below. 

 

 

 

 

Figure 7. A satellite moving with a near-polar and sun-synchronous orbit (swath width not in scale). 

 Reproduced from https://www.esa.int/. 

 Principle of measurement  

TROPOMI operates under a push-broom configuration (i.e. along-track scanning) with a 

swath width of approximately 2600 km on the Earth's surface [Veefkind et al., 2012]. The 

detector in TROPOMI obtains an image strip of the Earth's surface for a period of one second 

(1s) during which the satellite flies a distance of around 7 km. Therefore, the dimension of 

each strip is about 2600 km in the direction across the track of the satellite (swath width) and 

7 km in the direction along its track. Every second a new measurement is recorded, and so 

TROPOMI can scan the entire Earth's surface when the satellite continues orbiting. The 

detector of TROPOMI is two-dimensional: one is for different ground pixels in the across-

track direction (swath width) while the other is for various wavelengths ranging from UV-VIS, 

NIR to SWIR. The overall measurement principle of TROPOMI is summarized in Figure 8. 

 

 

 

 

  

Figure 8. Measurement principle of TROPOMI under push-broom configuration. The image captured by its 

detector is 2D with swath width (across-track resolution) against wavelengths (spectral resolution) as indicated 

by the dark-orange pixel. All ground pixels in the whole swath of 2600 km are measured simultaneously. 

Reproduced from https://dragon3.esa.int.  
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 Spatial resolution  

The initial spatial resolution of TROPOMI was around 7 km × 3.5 km (which has further 

improved to 5.5 km × 3.5 km since August 2019), which was unprecedentedly high comparing 

to its predecessor OMI (around 24 km × 13 km), and other instruments such as GOME-2 

(around 80 km × 40 km) and SCIAMACHY (around 200 km × 30 km). In order to compare 

the difference in a graphical sense, the ground pixel size (i.e. spatial resolution) of TROPOMI 

against other mentioned instruments are shown in Figure 9 below. 

 

Figure 9. Approximate pixel size of TROPOMI, OMI, GOME-2 and SCIAMACHY are compared over the 

Netherlands (left), with zoom-in regions over Amsterdam to further compare TROPOMI and OMI (right). 

TROPOMI has the finest spatial resolution among them. Reproduced from https://www.tudelft.nl. 

Such extremely small pixel size of TROPOMI implies atmospheric constituents can be 

measured in the scale of megacities, allowing the detection of local and regional emission 

sources in addition to the mass transport around the globe. In fact, this is one of the major 

reasons for utilizing TROPOMI measurements in this Thesis: its extraordinarily fine spatial 

resolution enables the application of the structure function, since the ground pixel separations 

can be probed at scales that are tiny enough for observing both the random uncertainties and 

natural variability.  

To further visualize the fineness of TROPOMI’s resolution, the pixel size of TROPOMI and 

its predecessor OMI are illustrated in Figure 10 below using tropospheric NO2 column on the 

same date as an example. 

https://www.tudelft.nl/
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Figure 10. Regional maps of OMI (left) and TROPOMI (right) using tropospheric NO2 column on same date 

(17 Apr 2018). TROPOMI has significantly higher resolution than OMI. Reproduced from [Lorente et al., 2019] 

3.2 TROPOMI Data Levels and Streams 

TROPOMI has a total of three data levels: Level-0, Level-1B and Level-2 data products [ESA, 

2021a]. In a simplified and general sense, Level-0 data refer to the raw satellite and 

engineering data, while Level-1B data refer to the Earth radiance and solar irradiance 

products. Level-2 data are processed from Level-1B data using appropriate algorithms along 

with auxiliary factors both dynamic and static.  

As a matter of fact, Level-0 data are restricted to internal users and not released to the public, 

whereas Level-1B and Level-2 data products are available to public users via an open access 

hub, although the former one (i.e. Level-1B) is not intended to be used in analysing 

atmospheric variables. In other words, under most circumstances, Level-2 data products serve 

as the baseline data level appropriate for scientific users to perform subsequent experiments 

and further investigation.  

Each Level-2 data product is further divided into three different data streams, namely near-

real-time stream (NRTI), non-time critical or offline stream (OFFL) and reprocessing stream 

(RPRO) [KNMI, 2021]. NRTI data are shortly available within a few hours after data 

acquisition and intended for quick access and rapid use such as operational processing, but 

NRTI data could be incomplete and has a slightly lower data quality as compared to other 

streams. It is thus advisable that in most occasions OFFL data should be used, which become 
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available a few days after acquisition of NRTI data. For long-term analysis, the latest version 

of RPRO data are recommended for avoiding shifts due to updates in data version. 

For the purpose of this Thesis, the Level-2 data products of TROPOMI would be the most 

appropriate and thus implemented for our entire analysis, specifically the OFFL data of total 

ozone column, which is described in the next section with more details.  

3.3 TROPOMI Total Ozone Column (Level-2 Offline Data) 

For TROPOMI, there exist two algorithms for delivering total ozone column (TOC) 

measurement [ESA, 2021b]:  

(1)   GOME Data Processor (GDP) for the NRTI data, and  

(2)   GOME-type Direct Fitting (GODFIT) for the OFFL data. 

The offline TOC measurements computed by the second algorithm (i.e. GODFIT) serve as 

the primary input data for our analysis.  

Figure 11 below schematically indicates a hierarchy to highlight our selected data product, i.e. 

Level-2 OFFL TOC, among others offered by TROPOMI (not exhaustive).  

 

Figure 11. Hierarchy showing TROPOMI data levels, major products (not exhaustive) and streams. The Level-

2 OFFL TOC using GODFIT algorithm serves as the primary data used in our analysis (red box).  

Currently TROPOMI is implementing the version 4 of this algorithm (GODFITv4) which 

uses a direct-fitting approach for retrieving TOC from satellite nadir UV measurements. The 
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TOC values are then computed using non-linear least-squares minimization for the 

differences between measured and modelled sun-normalized radiances in the Huggins bands 

(with fitting window of 325-335 nm) which is highly sensitive to ozone absorption [ESA, 

2021c]. In fact, the GODFITv4 algorithm has a long heritage for delivering TOC data from 

many nadir-viewing instruments such as GOME, SCIAMACHY, GOME-2 and OMI with 

good performance [Garane et al., 2019; Lerot et al., 2014].  

The TOC data from TROPOMI contains an estimation for the ex-ante random uncertainties 

associated to each measurement (which is crucial in our analysis). The random uncertainties 

are simply obtained by the propagation through the inversion solver of the radiance and 

irradiance statistical errors provided with the measurements (in Level 1 products). In addition 

to the instrumental noise, some pseudo-random errors (i.e., systematic errors varying rapidly 

at short spatio-temporal scales, or “model errors” [von Clarmann et al., 2020]) may be present 

in the data due to imperfect corrections under the presence of clouds in the probed scene.  

In order to limit the effect of imperfect corrections for the presence of clouds, the TOC 

measurements under clear-sky condition is primarily utilized in our analysis – they are selected 

with cloud fraction smaller than 0.2 in the TROPOMI cloud product [Loyola et al., 2018].  

For demonstration of the capability of the structure function method, a comparison of selected 

results under both clear-sky and cloudy conditions is also presented in Section 5.3.  

As an illustration, the typical measurement of TROPOMI clear-sky TOC and its respective 

ex-ante random uncertainties in a single complete orbit are shown in Figure 12. 

 

Figure 12. TROPOMI clear-sky TOC measurements in one orbit (September 1, 2018, 06:37) (left) and their 

ex-ante random uncertainties estimated for each pixel (right). Reproduced from [Sofieva et al., 2021].  
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4 EVALUATION OF OZONE STRUCTURE FUNCTIONS  

This section describes in detail the computational aspects and algorithms for the evaluation of 

structure functions (Section 2.3) using TOC measurements from TROPOMI. This 

experimental structure function directly implemented on TOC is referred to as the ozone 

structure function hereafter.   

4.1 Computation of Spatial Separation (No Level-3 gridding)  

Level-2 data (ground pixels) from satellite measurements are often oriented in “irregular” 

spatial grids resulted from its orbital movement (except few instruments operated under 

standard spatial grids such as Military Grid Reference System), i.e. Level-2 grids typically do 

not align with latitude and longitude exactly. Although it is not required in our analysis, a 

common technique would be performing subsequent gridding based on the original Level-2 

pixels such that the output (known as Level-3 gridded pixels) is perfectly aligning perfectly in 

latitudinal and longitudinal directions as shown on the left schematic diagram in Figure 13.  

 

Figure 13. Left: Schematic representation of “irregular” Level-2 pixels (blue squares) versus regular Level-3 

gridded pixels (red squares). Note that in this Thesis Level-3 gridding is not necessary. Right: Spatial 

difference (red arrows) can be directly computed from Level-2 pixels in terms of latitudinal and longitudinal 

separations (red dashed lines as example). It is the adopted approach in our analysis. 

This Level-3 gridding is not performed in our TOC measurements, because it is sufficient to 

compute every spatial difference (in terms of latitudinal and longitudinal separations) 

between one measurement and all the others directly from Level-2 pixels as shown on the right 

schematic diagram in Figure 13 above. Due to very fine horizontal resolution of TROPOMI 
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measurements (and thus huge number of data), such computation requires further 

simplifications in order to ensure numerical efficiency, which is discussed in Section 4.4. 

4.2 Conversion of Latitudinal and Longitudinal Degree to Distance 

As a matter of fact, the computation of spatial separation in terms of degree between Level-2 

data are effortless because the TOC measurements from TROPOMI already record latitude 

and longitude in degree. However, for our purpose it would be more insightful to interpret 

small scale of spatial separations in distance (e.g. kilometres). This implies that we need to 

convert the given degrees into latitudinal and longitudinal distances using the relation from 

the spherical coordinate system, i.e.  

 

where 𝑎 is the Earth’s radius, φ is the latitude in degree, λ is the longitude in degree, 𝛿𝑦 is 

the corresponding latitudinal distance and 𝛿𝑥 is the corresponding longitudinal distance. 

These relations are schematically visualized in Figure 14 below.  

  

Figure 14. Schematic representation of spherical coordinate system for showing the relation between spatial 

(latitudinal and longitudinal) distance and degree.   

The difference of one degree in latitude corresponds to an almost identical distance of 

approximately 111.2 km in the latitudinal direction, while the difference of one degree in 

longitude depends on latitude. Considering that our emphasis is placed on small spatial 

separations only, an efficient approximation with enough accuracy would be averaging 

latitudes from two TOC measurements in order to compute the longitudinal distance 𝛿𝑥 

between them, which is illustrated in Figure 15 below. This approach would be adopted in our 

(4.1) 

(4.2) 
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analysis when computing longitudinal separations for the TOC measurements, whereas their 

latitudinal separations could be easily computed as mentioned before. 

 
Figure 15. Approximation for computing longitudinal distance 𝛿𝑥 (red dashed line) using the averaged latitudes 

φavg from two measurements (blue solid circles), which is sufficiently accurate with very small spatial separations. 

No approximation is required for computing latitudinal distance 𝛿𝑦 since it is almost identical everywhere. 

4.3 Geographical Coverage and Temporal Interval  

Since ozone is anticipated to have large variations in different seasons and across different 

latitude zones, instead of a worldwide extent we consider five broad latitude bands: 60-90S, 

30-60S, 20S-20N, 30-60N and 60-90N. They correspond to regions of tropics, middle and 

high latitudes, where the atmospheric properties are considered having enough homogeneity.  

It is also desirable to select certain temporal intervals to demonstrate seasonal dependencies 

instead of simply averaging measurements into annual values. Considering the available TOC 

measurements in our existing database, particular months are chosen to represent each season 

in our analysis, i.e. July 2018, October 2018, January 2019, and March 2019. 

As an additional note, the temporal separations could not be studied because TROPOMI 

measurements are performed simultaneously in local overpass time, thus only spatial 

separations are investigated in our analysis (see also Section 4.4). 

4.4 Algorithm and Simplification  

In our analysis, the ozone structure functions are computed separately for each latitude band 

and each month, since the natural variability of ozone is anticipated to be dependent on both 

latitudes and seasons. In order to exclude the temporal dependence resulting from satellite 

measurements at different dates, the ozone structure functions are first computed for each 

orbit individually before averaging over a month.   
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The ozone structure functions are evaluated in a two-dimensional sense (i.e. as a function of 

latitudinal and longitudinal distance). Such computation requires finding the differences in 

TOC measurements and its corresponding spatial separations between every pair of Level-2 

data pixel in each orbit. From a theoretical perspective, it could be achieved by considering 

one pixel and comparing it with the rest of measurements, then moving to another pixel and 

again comparing it with all other measurements, and so forth. However, such operation is very 

demanding in a computational sense, owing to high spatial resolution of TROPOMI, which 

results in a tremendous number of measurements even for a single orbit (it already consists of 

around 1.3 million pixels for one orbit).  

To ensure numerical efficiency, the algorithm is simplified while preserving the underlying 

principle: instead of using all available measurements, we consider sufficiently large number 

of TOC measurements. The procedures are as follows: 

(1) For each orbit and each latitude band, a set of reference points is created such that they 

are evenly spaced – in our case they are set to 40 pixels apart from each other in 

latitudinal and longitudinal directions. 

(2) Then consider a square with each reference point acting as its center, the length of 

which is chosen such that it contains sufficient number of pixels inside the square – 

around 130,000 from a square of 360 × 360 pixels in our case.  

(3) In each square, the differences in TOC between the centered reference point and the 

pixels in every alternate row and column are computed (instead of all pixels).  

These procedures are illustrated in Figure 16. This simplification is highly efficient: it saves 

considerable computational resources while collecting large number of data pairs 

(approximately 2 to 2.5 million in each orbit) corresponding to all separation distances.  

After computing the average of squared differences in ozone and their spatial separations for 

each orbit, the monthly averaged structure functions are created based on 400–450 structure 

functions from individual orbits. In total around 800 to 1000 million data pairs are used for 

the evaluation of monthly averaged ozone structure functions. The smallest bin for evaluating 

ozone structure functions is 5 × 5 km2, which corresponds to a sub-sample containing over 

14,000 data pairs. 
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Figure 16. Schematic representation of simplified algorithm for comparing selected pixels (blue dots) against 

reference points (red dots) inside a square of 360 × 360 pixels (green dashed box), while not considering certain 

pixels (gray dots) on purpose. Every reference point is 40 pixels away from each other.  Note that the size of 

squares and number of pixels are not in scale. 

4.5 Illustration of evaluated Ozone Structure Function  

The left plot of Figure 17 demonstrates the two-dimensional ozone structure functions 

evaluated for 30-60N over July 2018. This plot indicates that root-mean-square ozone 

differences are growing gradually with increasing separation distance. The ozone structure 

functions are anisotropic having larger values in latitudinal direction. The right plot indicates 

the ex-ante random uncertainties reported by TROPOMI, corresponding to various 

latitudinal and longitudinal separations, are almost constant at 1.4 to 1.5 Dobson Unit (DU).    

 

Figure 17. Left: Illustration of 2D ozone structure function in July 2018 for latitude band of 30 - 60N, 

expressed as          in Dobson Unit (DU). Right: Mean of ex-ante random uncertainties (DU) stated by 

TROPOMI corresponding to spatial separations (pairs of points). Reproduced from [Sofieva et al., 2021]. 

DU DU 

Square root of ozone      
structure function 1111 

 

Mean of ex-ante 
random uncertainties 
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5 RESULTS AND DISCUSSION    

In this section, the results of evaluating ozone structure functions across different latitude 

bands and seasons are shown. Selected statistical parameters on the ex-ante and ex-post 

random uncertainties, as well as the comparison of ozone structure functions evaluated under 

clear-sky and cloudy conditions, are then illustrated.  

In this Thesis, the seasons are defined in a sense that winter in the Northern Hemisphere 

consists of December, January and February (corresponding to summer in the Southern 

Hemisphere), while summer in the Northern Hemisphere consists of June, July and August 

(winter in the Southern Hemisphere), whereas spring and autumn cover the remaining 

months in-between. 

5.1 Exploration of Small-Scale Natural Variability   

To perform our spatial analysis of the natural variability of the concerning TOC 

measurements, Figure 18 illustrates two-dimensional ozone structure functions plotted in a 

scatter diagram with latitudinal against longitudinal separations.  

Since we are interested only in small ozone differences, the monthly averaged ozone structure 

functions (expressing in square root) are shown in a color scale between 0 to 20 DU, 

corresponding to latitudinal separations (x-axes) and longitudinal separations (y-axes) within 

1000 km. Note that the scatter-plot for the local winter in polar regions (i.e. 60-90S in 2018 

July and 60-90N in 2019 January) are not indicated intentionally, due to the scarcity of TOC 

measurements from TROPOMI in such difficult conditions (e.g. minimal length of daytime 

and high solar zenith angle) for analysing large separations.The results are first summarized 

as an overall morphology, and then discussed in detail based on the selected latitude bands. 

(a) Overall Morphology of Small-Scale Ozone Variability   

From a general perspective, the indicated morphology of ozone natural variability is aligning 

with our expectations: the root-mean-square (rms) ozone differences in the tropics reach 

minimal values. The values are less than 7 DU even for large separations, independently of 

seasons. At middle latitudes and polar regions, the seasonal cycle in small-scale ozone 

variability are pronounced:  the variability is significantly stronger in local winter and spring 

than in summer. The rms ozone differences can be up to 20 DU for separations of 300-400 
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km. In most of the locations and seasons, the ozone structure functions are anisotropic with a 

stronger variability in the latitudinal separation, except the spring (and possibly the unshown 

cases of local winter) in polar regions of the Northern Hemisphere where ozone structure 

functions indicate isotropic behaviour (i.e. their growth are of nearly equal magnitude in both 

latitudinal and longitudinal directions). Generally, the ozone natural variability is stronger in 

the Northern Hemisphere, particularly during local winter and spring.  

 

 

Figure 18. Scatter-plots of ozone structure functions (expressing as            in DU) for selected latitude bands 

(columns) and months (rows), with latitudinal separations (km) against longitudinal separations (km). 

(b) Tropical regions (20S-20N) 

In the tropics, ozone structure functions are essentially independent of seasonal factors and 

remain almost identical throughout the year with minimal changes. The increasing separations 

DU 

Ozone structure function  



29 of 41 

in the latitudinal direction only correspond to very slight growth of rms ozone differences, 

which are around 7 DU at large separations of about 1000 km.  Ozone variations are very small 

in the longitudinal direction at all times, i.e. rms ozone differences are nearly constant in this 

direction. Thus, the ozone structure functions are strongly anisotropic. Comparing to other 

latitude bands, values of rms ozone differences in the tropics reach global minima even with 

large spatial separations. 

(c) Middle latitudes (30-60N, 30-60S) 

At mid-latitudes, the seasonal cycle in small-scale ozone variability is clearly observed. 

Comparing to the tropics, absolute values and gradients of ozone structure functions are of 

higher order of magnitudes for all months in mid-latitudes. They easily surpass the tropical 

maximum of 7 DU in just 100 to 380 km depending on seasons. In many cases, the upper limit 

of our color scale (20 DU) are exceeded by rms ozone differences with moderate to large 

separations ranging from around 400 km in winter to slightly above 1000 km in summer.  

The growth of ozone structure functions with increasing separations is more intense in the 

local winter and spring. In particular, at 30-60N in 2019 March the rms ozone difference in 

the latitudinal direction rises to 20 DU with just 300 km separation, whereas in the 

longitudinal direction it grows to 20 DU within 500 km. Comparably, the local winter at 30-

60S in 2018 July has the same features but to a much lesser extent. On the other hand, ozone 

structure functions during summer and autumn are much weaker, yet they also have notable 

growth of rms ozone differences at separations of 1000 km ranges from around 10 to 16 DU. 

It is clear that ozone structure functions here are anisotropic with larger growth caused by 

latitudinal separations, which is most visible in the local winter and spring. This behaviour 

(much stronger variability in winter and spring) is quite expected: it is primarily caused by the 

presence of polar vortex. The stronger ozone variability in the winter of the Northern 

Hemisphere at mid-latitudes (comparing to the same latitude zones in the winter of the 

Southern Hemisphere) is caused by a stronger wave activity in the Northern Hemisphere.   

(d) Polar regions (60-90N, 60-90S) 

In polar regions, the absolute values and growth of ozone structure functions are of the same 

order of magnitudes as at middle latitudes. The rms ozone differences still exhibit strong 

seasonal effect in polar regions, although the growth of ozone structure functions can be 

stronger or weaker depending on the hemispheres.  
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In the Northern Hemisphere, it is not surprising to observe a highly similar patterns to those 

at middle latitudes for all seasons, since the ozone variability is influenced by the same 

processes related to the evolution of the polar vortex. However, the growth of the structure 

functions in the longitudinal direction is steeper here, together with reduced growth in the 

latitudinal direction, resulting in a more isotropic behaviour of ozone variability in all seasons. 

This phenomenon is most obvious in the local spring at 60-90N in 2019 March, when their 

growth are nearly equal to 20 DU in 400 km in both directions.   

However, the situation is significantly different in the Southern Hemisphere. In local spring 

and autumn, comparable patterns to those at middle latitudes are still observed, but with 

stronger growth in both directions. The most remarkable increase occurs in the latitudinal 

direction during local spring at 60-90S in 2018 October, where rms ozone differences rise to 

20 DU in 350 km that is twice the magnitude as at mid-latitudes. This behaviour is quite 

expected: it is the influence of Antarctic ozone hole.   

On the other hand, the local summer at 60-90S in 2019 January shows unusual behavior: 

significant reduction in gradients is observed in both directions, particularly the ozone 

differences of 10 DU in 1000 km caused by latitudinal separations that is one half of the 

magnitude as in middle latitudes.  

At large separations, ozone structure functions in polar regions also indicate anisotropic 

behaviour in all seasons, although the anisotropy is smaller than at middle latitudes.  

5.2 Validation of Ex-ante Random Uncertainties    

 Comparison of Ex-ante and Ex-post Random Uncertainties 

In order to perform validation of the reported ex-ante random uncertainties, it is necessary to 

consider even smaller spatial separations such that those distances below 100 km (i.e. one 

tenth of the previous scale of 1000 km) are our focus. The same ozone structure functions are 

then plotted against these smaller spatial separations as illustrated in Figure 19.  

The monthly averaged ozone structure functions (expressing in square root) are shown in a 

smaller scale between 0 to 5 DU (y-axes) evaluated for the selected months and latitude bands 

individually, corresponding to spatial separations within 100 km (x-axes) where latitudinal 

directions are represented by blue solid line and longitudinal directions are represented  by 
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green solid line. Additionally, the mean ex-ante random uncertainties reported by TROPOMI 

are indicated as blue asterisks and green circles on y-axes for latitudinal and longitudinal 

directions respectively. Recall that the ex-post random uncertainties  𝝈𝒏𝒐𝒊𝒔𝒆 can be estimated 

from the ozone structure functions when spatial separations approach zero, i.e.  

 𝝈𝒏𝒐𝒊𝒔𝒆 =  √ 𝑫𝑶𝟑_𝑬𝑿𝑷(𝒓 → 𝟎) 

Therefore, a simple extrapolation of ozone structure functions to the y-intercept in Figure 19 

enables us to estimate ex-post random uncertainties with sufficient accuracy (the smallest bin 

is 5 × 5 km2 with over 14,000 data pairs, making the estimations statistically significant). The 

results are first discussed in selected latitude bands, and then summarized afterwards.    

 

 

 

Figure 19. Ozone structure functions (expressing as        in DU) against spatial separations (blue solid line 

for latitudinal directions and green solid line for longitudinal directions), evaluated for selected latitude bands 

(columns) and months (rows) while emphasizing on separations smaller than 100 km. The circles and asterisks 

on y-axes indicate the mean ex-ante random uncertainties of TOC reported by TROPOMI in latitudinal and 

longitudinal directions respectively. 
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(a) Tropical regions (20S-20N) 

In the tropical region, ozone structure functions practically do not depend on seasons: they 

have nearly the same values and growth with increasing separation distances throughout the 

year. The increasing separations only correspond to very slight growth of rms ozone 

differences of around 0.5 DU for 100 km in the latitudinal direction, and this is especially true 

in the longitudinal direction where rms ozone differences staying nearly constant which 

accounts for the minimal growth of less than 0.1 DU in 100 km. Perfect isotropy is observed 

for septations smaller than 60 km. 

Besides, it is clearly seen in Figure 19 that ozone structure functions extrapolated at zero 

separation almost equal to the ex-ante random uncertainties reported, perfectly aligning at 

around 1.4 to 1.5 DU for all seasons in the tropics. This indicates correctness of ex-ante 

random uncertainties computed by TROPOMI.  

(b) Middle latitudes (30-60N, 30-60S) 

Comparing to the tropics, the initial values (at zero separation) of ozone structure functions 

at mid-latitudes range from 1.6 to 2.4 DU, but their values grow substantially with increasing 

separations for all months at mid-latitudes.  

Such rise of rms ozone differences is most remarkable during the local winter and spring 

seasons. For instance, at 30-60S in 2018 July the ozone structure functions in the longitudinal 

direction grow to 4 DU at 100 km separation, and they rise to 5 DU at 80 km separation in 

the latitudinal direction. In the local winter in the Northern Hemisphere (30-60N in 2019 

January), the behavior of ozone structure functions is similar but with even stronger growth. 

On the other hand, the growth is less steep in the local summer and autumn. Still, their rms 

ozone differences can have notable increase to 2.5-4 DU within a separation of 100 km. 

Anisotropic behaviour is observed in most cases, except for separations less than 30 km in 

local summer and autumn. 

The estimated ex-post random uncertainties range from 1.8 to 2.3 DU, whereas the mean ex-

ante random uncertainties reported are only 0.1 to 0.5 DU lower than those values. In other 

words, both ex-post and ex-ante random uncertainties are in good agreement at mid-latitudes 

as well. If we exclude the results in local winters and springs (in which natural variability is 

high, even with very small separations), their discrepancies are further reduced to below 0.2 

DU in every scenario.  
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(c) Polar regions (60-90N, 60-90S) 

As expected, the ozone natural variations exhibit strongest seasonal effect here, and it is not 

surprising that ozone structure functions in all seasons, except winter, are comparable to those 

at mid-latitudes, especially in the Southern Hemisphere. 

The situation is totally different during local winter: at 60-90S in 2018 July the initial rms 

ozone differences in the longitudinal and latitudinal directions are already starting at 4 DU or 

above, but their growth is not easily quantified owing to large fluctuations. The same behavior 

is observed at 60-90N in 2019 January, where ozone structure functions in both directions 

start at about 3.7 DU initially and grow rapidly to more than 5 DU with only 50 km separation. 

Such behaviour of ozone natural variability is quite expected: it is the consequence of the 

presence of polar vortex. Thus, these cases must be excluded from any validation for more 

accurate results. 

It is interesting that the ozone structure functions are nearly isotropic at small separations in 

local summer and autumn in polar regions plus the special case of local spring in the Northern 

Hemisphere (2019 March), while they are anisotropic in the remaining cases.  

The estimated ex-post random uncertainties range from 1.2 to 4.3 DU, because the upper 

boundary is widened by the extreme values recorded in local winter. Nevertheless, the mean 

ex-ante random uncertainties are only 0.2 to 1.0 DU lower than those estimated values in all 

cases. This implies that both ex-post and ex-ante random uncertainties show high consistency 

in polar regions even with scarce and fluctuated measurements. If we exclude the results in 

local winter, their discrepancies are further reduced to below 0.5 DU in all cases.  

(d) Summary of the Observations   

In a general sense, the ex-post random uncertainties estimated from our analysis agree 

considerably well with the ex-ante random uncertainties reported by TROPOMI: 

discrepancies between them are very small in general, ranging from almost 0 DU in the tropics 

(i.e. matching perfectly) to around 0.5  DU in polar regions (excluding local winter there).  

The ozone structure functions are nearly isotropic at small scales below 20-40 km, and then 

anisotropy grows with the increasing separation distances. For polar regions in the Northern 

Hemisphere, ozone structure functions remain isotropic until larger scales of 300-400 km.  
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 Statistical Parameters on Ex-ante and Ex-post Random Uncertainties 

Figure 20 below indicates several statistical parameters (distribution of individual values, 

mean and median, selected inter-percentiles) based on the obtained ex-ante and ex-post 

random uncertainties. The individual values of the ozone structure functions and ex-ante 

uncertainties (black dots in Figure 20) are selected for very small separations listed below, 

where the influence of natural ozone variations are negligible: 

• 20×20 km in the tropics for all seasons  

• 15×15 km at middle latitudes in summer and autumn  

• 5×5 km at middle latitudes in winter and spring 

 

 Figure 20. Statistical parameters of the ex-post random uncertainties estimated by the structure function 

(magenta and red) and the ex-ante random uncertainties reported by TROPOMI (cyan and blue) which have 

close to zero separations in the tropics and at mid-latitudes.  Individual values are represented by black dots, 

medians are represented by circle, means are represented by a horizonal dash, 16th-84th inter-percentiles are 

represented by thick vertical lines, 5th-95th inter-percentiles are represented by thin vertical lines.  

For the tropics, the ex-post random uncertainties estimated from our analysis agree very well 

with the ex-ante random uncertainties reported by TROPOMI, which are about 1.5 DU. All 

statistical parameters are very close since the differences of their means and medians are as 

low as 0.02 DU, while all their inter-percentile intervals are nearly identical.  

For middle latitudes in both hemispheres, the overall distribution of ex-post random 

uncertainties shows a tendency in shifting toward larger values in comparison to that of ex-

ante random uncertainties, especially in the Northern Hemisphere. Still, the differences 

between their means and medians remain very small, less than 0.1 DU, in all scenarios. Their 



35 of 41 

16th-84th inter-percentile intervals overlap roughly from 30% to 50%, whereas their 5th-95th 

inter-percentile intervals overlap to a higher extent from around 60% to 80%.  

In summary, all of these parameters clearly indicate that both the ex-ante and ex-post random 

uncertainties are highly consistent from a statistical perspective as well.  

5.3 Detection of Non-Accounted Random Uncertainties 

The structure function method can be also used as a tool for detecting non-accounted random 

and pseudo-random errors. To demonstrate and assess this capability, the ozone structure 

functions in the tropics under clear-sky and cloudy conditions (with cloud fraction larger than 

0.2) are then compared in this section.  

Recall that in cloudy conditions, the pseudo-random errors due to presence of clouds are not 

characterized by the current inversion algorithm of TROPOMI [Sofieva et al., 2021] (Section 

3.3), therefore it is expected that the values of ozone structure functions are higher at zero 

separations than the reported ex-ante random uncertainties.   

Figure 21 shows the ozone structure functions and ex-ante random uncertainties for both 

cloudy and clear-sky conditions in the tropical region in January 2019. The representation of 

clear-sky conditions in Figure 21 is similar to that in Figure 19. 

 

 

 

 

 

 

Figure 21. Ozone structure functions (expressing as        in DU) in latitudinal and longitudinal distances 

after averaging separations from 0 to 20 km in the tropics for January 2019. The circles and asterisks on y-axes 

indicate the ex-ante random uncertainties reported by TROPOMI in latitudinal and longitudinal directions 

respectively. Cleary-sky conditions (cloud fraction < 0.2) are represented by red and magenta, while cloudy 

conditions (cloud fraction > 0.2) are represented by cyan and blue.    
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The effect of non-accounted random uncertainties is clearly observed: in clear-sky conditions, 

the nuggets of ozone structure functions nearly align with the ex-ante random uncertainties 

(both at around 1.5 DU), while in cloudy conditions they are substantially higher (around 1.7 

DU) than the reported random ex-ante uncertainties (around 1.1 DU). As expected, it 

indicates the presence of non-characterized pseudo-random uncertainties under cloudy 

conditions. 

This example illustrates that the structure function method can also act as a powerful tool for 

detecting those non-accounted random and pseudo-random uncertainties.  Such method can 

be used in many other applications as well. 

6 CONCLUSIONS   

In this Thesis, the structure function – an important spatial statistical approach – has been 

applied to the atmospheric measurements provided by the nadir-viewing satellite instrument 

TROPOMI. Its total ozone column measurements have very fine spatial resolution, allowing 

us to simultaneously perform validation of reported ex-ante random uncertainties and 

exploration of small-scale natural variability of the ozone field. 

In our analysis, Level-2 measurements of TOC have been considered (1) under clear-sky 

condition, i.e. cloud fraction smaller than 0.2 (with selected results compared under both 

clear-sky and cloudy conditions); (2) across five latitude bands representing tropics, middle 

latitudes and polar regions; and (3) over four selected months representing for each season.  

The theoretical and practical/computational aspects of the structure function method have 

been considered.  A numerically efficient algorithm for evaluation of ozone structure function 

using TOC measurements has been developed, implemented as a computer program, and 

applied to a large subset on TROPOMI data. The developed algorithm evaluates two-

dimensional structure functions (corresponding to latitudinal and longitudinal separations) 

for each TROPOMI orbit and averages them into monthly mean structure functions.   

The structure function method provides detailed information about the natural variability of 

the measured parameter. In our analysis, the structure functions are evaluated using TOC of 

TROPOMI across five latitude bands and in different seasons. The obtained morphology of 

ozone variability shows expected behaviour:  the variability is the smallest in the tropics 

throughout the year, and the largest at middle latitudes and in polar regions in local spring 
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and winter.  At middle and high latitudes, ozone variability has a pronounced seasonal cycle. 

The analyses have shown that the ozone structure functions are anisotropic with larger 

variability in the latitudinal direction at separations of a few hundred kilometers nearly 

everywhere, except the polar region in the Northern Hemisphere. For smaller separation 

distances (up to 20-40 km), ozone structure functions generally remain isotropic. It should be 

noted that the ozone variability at such small scales has not been thoroughly studied before. 

Meanwhile, the structure function method allows us in performing validation of ex-ante 

random uncertainties provided by the inversion algorithm. For TOC of TROPOMI, the ex-

post random uncertainties estimated from ozone structure functions agree considerably well 

with the ex-ante random uncertainties reported by TROPOMI: discrepancies between them 

are very small in regions of low ozone natural variability. The validation results have indicated 

that the ex-ante random uncertainties computed by TROPOMI using inversion algorithm are 

close to the reality. 

In addition, the comparison of ozone structure functions evaluated under both clear-sky and 

cloudy conditions has demonstrated the capability of the structure function method for 

detecting non-accounted random uncertainties, such as pseudo-random errors for 

measurements in the presence of clouds.  

Unique measurements by TROPOMI satellite instrument together with the comprehensive 

analyses presented in this Thesis provided the methodological development and interesting 

scientific results of implementing the structure function method. They have also been 

published in the peer-reviewed paper [Sofieva et al., 2021],  which was prepared alongside 

this Thesis.  

As concluding remarks, it has been illustrated that the structure function is a powerful tool for 

validating random uncertainties and probing natural variability in the atmosphere. Practically 

it can be applied to any data with varying spatial (and/or temporal) separations, including very 

small separations. This method is especially attractive for atmospheric measurements from 

nadir-looking instruments which have fine horizontal resolutions. The structure function 

method can be equally applied to other remote sensing measurements or datasets related to 

atmospheric studies, for example it can be used for estimating the numerical noise in 

chemistry-transport models.   
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