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Abstract 

Raw image data derived from satellites is in many cases not ready to be used for analyses or 

calculations. Often a series of pre-processing steps is necessary to prepare the image data for 

the actual study purpose, among those are bottom-of-atmosphere image correction and 

topographic correction. This paper explores the principles of these two calibration concepts by 

providing an overview of available methods, tools and important considerations for their use. 

Sen2Cor, a free atmospheric correction tool for Sentinel-2 imagery is used to demonstrate the 

capabilities of image calibration techniques by conducting corrections on imagery and by 

explaining every step of the workflow in detail. Although using most tools, both proprietary 

and free, does not require a deep understanding of the background processes, it is still advisable 

to have a basic understanding of them. With this, from the multitude of available algorithms, 

tools and methods, a more well-thought-out decision can be made as to what is the best choice 

for a specific project. 
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1 Image calibration in the remote sensing workflow 

In recent years the amount of data acquired by remote sensing sensors has been ever increasing. 

But in most cases the raw data itself delivered from satellites, drones and others does not provide 

many useful information for the users. In order to interpret the images many processing and 

analysis techniques are used to turn images into information, often by conducting similar 

processing steps (Christophe et al., 2011).  

The, for many years well-established remote sensing workflow consists of the steps image 

acquisition, image pre-processing, image analysis and the final information delivery (Teillet, 

1986). For many years this classical workflow has now been applied without major disruptions 

or entirely new concepts. However, especially in recent years, this workflow is in constant 

change. New trends towards cloud computing and web processing add new ways to execute 

many of the workflow components, the overall idea, however, remains the same (Christophe et 

al., 2011).  

Within the component of pre-processing, the calibration 

and correction of images is necessary in order to 

generate accurate and quantifiable interpretations of 

remote sensing data for the subsequent analyses (Teillet, 

1986). Just like the overall remote sensing workflow, 

image correction follows a typical sequence of 

processing steps as well (see figure 1). Three main 

groups: geometric, absolute and relative, classify the 

single steps according to their type of image calibration 

(Young et al., 2017).  

Absolute calibration methods are the most sophisticated 

and difficult feasible approaches. These methods, which 

also include atmospheric correction, require either in-

situ measurements or calculations from complex 

physically based models according to similar 

atmospheric conditions like at the time of image 

acquisition. Relative calibration models, on the other 

side, do not require any auxiliary data since all values 

for the atmospheric parameters get derived from the 

digital image information itself. The calculation models 

are based on known spectral correlations and 

consequential assumptions that the comparison of 

spectral values from multiple bands can derive 

atmospheric characteristics and their influence on the 

image (San & Suzen, 2010). 

In many cases where any of these sub-steps get applied 

in practical work it is often not required to do much more 

than to choose from a list of standard parameters and 

then start the process. However, it is important to 

Figure 1: Potential workflow steps of 

image pre-processing (Young et al., 2017). 
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understand what the actual processing is doing in the background. Learning how and also why 

some algorithms work the way they do will help to decide on when to use them in the most 

efficient and beneficial way. Additionally, potential occurring errors or otherwise 

unexplainable results can be fixed easier the more background knowledge about a certain 

processing is present. 

This paper will give detailed insight into two processing steps which are part of the conventional 

remote sensing workflow of turning images into information. Both topics are part of the pre-

processing of images. First, the topic of bottom-of-atmosphere (BOA) image calibration is 

explained in detail while being illustrated and supported by results of an applied image BOA 

conducted using the software SNAP. Followed by this, the principle of an image calibration 

process called topographic correction will be explained in detail. 

2 Bottom-of-Atmosphere Image Calibration 

2.1 The principle of atmospheric correction 

As seen in the introduction, several processing steps have to be conducted before an 

atmospheric correction can be applied to an image. In order to be able to conduct such 

calibration, a radiometrically calibrated image product has to be provided as input data, 

meaning a radiometric correction has to be conducted. 

The radiometric calibration of an image comprises two steps and has the aim to convert the raw 

data, which was acquired by the sensor, into top-of-atmosphere (TOA) reflectance values. The 

data in a raw image consists of digital numbers which themselves have no physical meaning, 

thus, in a first step these values get converted into radiance values by rescaling the image data 

based on metadata of the sensor. This metadata of each individual sensor, scene and band is 

usually directly included with every download of a satellite image and comprises values like 

the gain and bias of the sensor. Once this “at-sensor-radiance” is calculated it can be further 

converted into top-of-atmosphere reflectance values (Young et al., 2017). Radiance is given in 

absolute values, describing the amount of electromagnetic radiation measured by the sensor. 

Reflectance values is the ratio of much energy is hitting an object and how much of it gets 

reflected, which makes the values more comparable for further analyses (Stars Project, 2020). 

The final conversion from “at-sensor-radiance” to TOA reflectance values requires information 

like the earth-sun distance or the solar angle at the time of image acquisition to remove effects 

from differences in illumination. 

In figure 2 the just described process of radiometric image calibration is framed in blue and its 

result, the image with TOA reflectance values, can be used as an input for the next image 

calibration step – the atmospheric correction (Young et al., 2017). As indicated with a red 

square in figure 2, the atmospheric correction converts the estimated reflectance values at the 

top of the atmosphere into surface reflectance estimations. In literature this surface reflectance 

is also referred to as bottom-of-atmosphere (BOA) reflectance or top-of canopy reflectance. 

The latter term is commonly used in vegetation studies to describe the result of an atmospheric 

correction and is the most pictorial designation, namely the reflectance as it would be measured 

directly above the tree roofs (Stars Project, 2020). 
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Figure 2: The absolute pre-processing steps of image calibration (Adapted from Young et al., 2017). 

2.2 Atmospheric effects 

Before the electromagnetic radiation coming from the sun reaches the sensor of a satellite, most 

of it passes through the atmosphere twice. Once it reaches the atmosphere, the electromagnetic 

energy starts to interact with the contents of the atmosphere which can modify the radiation that 

is measured at a satellite sensor. Aerosols, gases and other contents of the atmosphere can 

absorb or scatter the sun rays both, on their way to the Earth’s surface and a second time after 

their reflection from the surface on their way to the sensor (Teillet, 2015). 

These two named atmospheric effects, absorption and scattering, can affect the quality of image 

data and are therefore the main driver why atmospheric correction is applied to remotely sensed 

images. 

 
Figure 3: The atmospheric effects of reflection, transmission, absorption and scattering (Renishaw, 2020). 

Absorption occurs when electromagnetic radiation hits atmospheric gases like water vapour, 

ozone, oxygen or carbon dioxide. The light gets absorbed and the reflectance measured at the 

sensor is lessened and therefore a different value than what would have been measured on the 

Earth’s surface without atmospheric interferences. This reduced reflectance intensity does not 

correspond to the reflected energy on the surface and creates hazy images. When 

electromagnetic energy hits air molecules and aerosols like soot or dust it causes the 
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atmospheric effect of scattering. Scattering redirects the electromagnetic energy in other 

directions. This leads to image artefacts called adjacency effects in which neighbouring pixels 

are shared (Hagolle, 2015). 

The effects of these two main atmospheric distortion phenomena get eliminated in the course 

of atmospheric correction based on the provided input parameters. Obtaining such information 

and data that describe the atmosphere, which can be used as input parameters, is one of the great 

challenges of the atmospheric calibration method. In the before applied pre-processing step of 

image calibration, the radiometric correction, it is relatively easy to get the required input 

parameters. There, information is needed which is more or less static or at least changes in a 

predictable regularity. Values like the gain and bias of the sensor, the earth-sun distance or the 

solar radiation angle are known for every position and time of image acquisition and therefore 

already included in the metadata of images of major satellite systems (Young et al., 2017). 

In the case of atmospheric correction, however it is not that easy. The occurrence of aerosols 

and gases in the atmosphere is in constant change, movement and influenced by many factors, 

making it hard to predict. Additionally, variables like the size or type of the particles in the 

atmosphere are very variable, making their impact on earth imagery and therefore the required 

correction parameters difficult to determine (Hagolle, 2015). 

Following this, atmospheric image correction requires individual information on the 

atmospheric conditions present at the time of image acquisitions in order to remove the caused 

effects under the given circumstances. In general, there are two main variables which are used 

to describe the composition of the atmosphere relevant for image calibration. These are the 

aerosol optical depth (AOT) and the water vapour content which are explained in detail in their 

dedicated chapters 2.5.3 and 2.5.4. There are many approaches available which can be used to 

obtain data on the values of these variables, and it is up to the user to determine the best option 

for a given project, but the main possibilities were identified by Philippe M. Teillet as follows: 

 Measure the required parameters in the field at the same time as image acquisition 

 Use online sources of data that has these parameters near the time and location of 

the image acquisition 

 Assume fixed standard values 

 Estimate the required parameters from the image data themselves 

 Use data assimilation results based on dynamic models driven by meteorological 

data 

(Teillet, 2015) 

2.3. Need for atmospheric correction 

For many analyses in the remote sensing domain users require clear atmospheric conditions 

with low amounts of atmospheric water vapour and low aerosol content. In cases where it is 

possible to obtain fitting images, which have a good quality in that respect, there is usually no 

mandatory need to conduct an atmospheric correction. Furthermore, if the project only covers 

the analysis of a single image, like a simple land cover classification, an atmospheric correction 

may not be needed, given that the image is not hazy nor includes other disruptive distortions. 
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This is because usually all pixels are influenced to the same degree by the atmospheric effects 

and therefore good results can also be achieved with standard classification models. 

In other cases it is crucial and necessary to perform atmospheric calibrations for example when 

an analysis is conducted using several diverse images, like in a time-series analysis of crop 

growth. When comparing the spectral characteristics of image objects from data acquired at 

different times, the atmospheric effects have to be removed first. For such analyses it as to be 

ensured that measurement and methods yield consistent and accurate values even though the 

measurements are made in a variety of satellite sensors under different observational conditions. 

Calibrated images, which have undergone the same level of correction become comparable 

“across time, space and sensor” (Young et al., 2017, p. 925), are improved regarding their 

interpretability and can be used in an extended range of possible applications. 

However, atmospheric correction is not always needed, nor recommended to use. Each step in 

the pre-processing workflow further alters the data from their original values and increase the 

potential of errors, because every result of an image calibration is always just an assumption 

where the corrected values are just more or less accurate approximations. Hence, it is not always 

recommended to perform the atmospheric correction on imagery data and the decision to do so 

should depend on the intended use of the satellite images. Determining an appropriate level or 

degree of pre-processing can be a significant barrier to non-remote sensing experts who lack 

knowledge in the numerous and constantly changing techniques to alter the data (Young et al., 

2017). 

2.4. Atmospheric correction using Sen2Cor 

In the following subchapters the complete workflow of the tool Sen2Cor process of conducting 

an atmospheric correction to retrieve bottom-of-atmosphere reflectance values is explained in 

detail. The atmospheric correction was conducted on a Sentinel-2 scene recorded on the 14th of 

April 2018, showing the border region of Austria and Germany around the city of Salzburg (see 

figure 4). 

 

 

 

 

 

 

 

Figure 4: Sentinel-2 scene with the country border of 

Germany and Austria. 

 

Salzburg 
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The image details are as follows: 

 ID: S2B_MSIL1C_20180414T101019_N0206_R022_T33UUP_20180414T122253 

 Processing level: S2_MSI_Level-1C 

2.4.1. Sen2Cor for SNAP 

For the image calibration the software Sentinel’s Application Platform (SNAP) is used. SNAP 

is a free software of the European Space Agency (ESA) and provides tools to analyse and 

manipulate Sentinel image products for the public.  

For SNAP, the Sen2Cor processor is offered as a free plugin and expands the software with the 

capabilities to perform a correction of Sentinel-2 images with TOA reflectance values to BOA 

reflectance values. Sentinel-2 data with TOA reflectance values are referred to as Level-1C 

products, which will be processed with Sen2Cor to produce so called Level-2A image data. 

Apart from the possibility to run Sen2Cor in the SNAP environment it is also possible to run 

Sen2Cor with advances settings as a standalone tool where the commands are given in a 

command line interface (Louis et al., 2016). 

When running the Sen2Cor tool in SNAP a single window opens in which all the parameters 

can be specified (see figure 5), providing a straightforward environment to perform atmospheric 

calibrations and further image corrections options. 

 

Figure 5: The Sen2Cor user interface dialog 
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As input data the Sen2Cor tool requires a very specific file structure to work because it 

automatically pulls all the bands and metadata it needs from the folder structure. When 

downloading Sentinel-data from a platform like the Copernicus Open Access Hub the data 

comes in the standard archive format for Europe (SAFE) which the SNAP software will access. 

The generated structure of the Level-2A outputs is strictly based on the folder structure of the 

Level-1C input (ESA, 2019). 

2.4.2. Workflow overview 

The main purpose of the Sen2Cor tool is the removal of atmospheric effects from Level-1C 

images to receive Level-2A data. Sentinel-2 data in the Level-1C are images containing TOA 

reflectance values, Sentinel Level-2A images have BOA reflectance values. The sub-steps 

involved in this process are shown in the diagram of figure 6.  

For the image correction process the Sen2Cor tool requires two types of auxiliary input data. 

For one, a digital elevation model (DEM) is used for height information. The height information 

is among other purposes used to perform better scene classifications and for the optional terrain 

correction (ESA, 2019). Additionally, so called look-up tables (LUT) are used to give the 

processor information about the atmospheric composition at the time of the image acquisition. 

These LUTs contain lists of values describing different atmospheric conditions and how they 

affect radiation. For a variety of atmospheric conditions, solar geometries and ground elevations 

the Sen2Cor processor refers to such tables calculated with the help of an atmospheric radiative 

transfer model called libRadtran. The LUTs included in Sen2Cor include results from models 

dedicated to describe the atmosphere in mid-latitude winter, summer and for application fields 

like maritime or rural scenes. Dependent on the values of these in advance generated tables, the 

atmospheric correction is conducted accordingly (Main-Korn et. al., 2017). 

 

Figure 6: Diagram of the Sen2Cor workflow (Main-Korn et al., 2017) 
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In a first step the Sen2Cor processor starts by conducting an automatic scene classification. 

Hereafter, the atmospheric parameters of aerosol thickness and the amount of water vapour are 

derived. Then, in a final step, the actual TOA to BOA conversion gets conducted using all the 

beforehand calculated parameters as input. In the subsequent chapters 2.4.3 to 2.4.6 the purpose 

and methodology of each step involved in this process is explained in detail. 

2.4.3. Scene classification 

At the beginning of the atmospheric correction process in Sen2Cor, an unsupervised 

classification of the scene is created. Every pixel in the image gets assigned to one of eleven 

classes such as vegetation, cloud or dark feature shadow (The full list of classes can be seen in 

figure 8). These class names show that this classification is not a typical land cover 

classification, rather the result of this process is intended as input in later steps of the image 

correction process. Sen2Cor uses this information internally to distinguish between the different 

types of image contents. Additionally the tool creates quality maps for clouds and snow 

showing the confidence of these features with values between 0% and 100% (Main-Korn et. 

al., 2017).  

 

Figure 7:  Scene classification of the Sentinel-2 scene 

 

Figure 8:  List of all available classes for the scene classification in Sen2Cor 
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2.4.4. Aerosol optical thickness 

To remove the atmospheric effects caused by scattering of electromagnetic energy when it hits 

aerosols, the amount of aerosols at the time of the image recording has to be estimated. Aerosols 

are particles in the atmosphere which can have different types ranging from sand, soot, dust or 

sulfates and can therefore vary significantly in size (Hagolle, 2013). 

The amount of aerosols is described by the variable of aerosol optical thickness (AOT) and can 

be seen as a measure of the visual transparency of the atmosphere present in the image. The 

AOT gets derived from information in the image data on which the dark dense vegetation 

algorithm (DDV) is applied. This algorithm makes use of a known and stable relationship 

between the measured surface reflectance in the short-wave infrared band (SWIR) and the 

measured reflectance in the blue and red band (Main-Korn et. al., 2017). 

It is known that the surface reflectance of SWIR on the top of the atmosphere is almost the 

same values as the SWIR reflectance at the bottom of the atmosphere. This approximation can 

be explained by the fact that SWIR waves are unlikely to be scattered by aerosol particles 

because of their long wavelength. In other bands like blue and red this phenomenon does not 

apply and therefore this difference between the TOA and BOA reflectance values is desired to 

be eliminated.  

The known spectral relationships used in the DDV are as follows, whereby ρ is defined as the 

reflectance value (Richter et al., 2006). 

       

Using these spectral correlations, the DDV algorithm looks at specific image objects in the 

Sentinel scene and check if they apply. If it is not the case the degree deviation is used to 

determine the amount of interferences in the scene due to aerosol. As the name of the DDV 

algorithm suggests the algorithm uses dark reference areas in the image scene like dark dense 

vegetation, dark soil or water bodies to compare the spectral values of the according bands 

(Richter et al., 2006). 

2.4.5. Water vapour 

The second atmospheric effect covered by the Sen2Cor atmospheric calibration is absorption 

due to water vapour in the atmosphere. The amount of water vapour in the scene is described 

by the so-called absorption depth which the Sen2Cor processor tries to calculate directly from 

the image data. For this a method using the atmospheric pre-corrected differential absorption 

algorithm is applied (Main-Korn et. al., 2017). 

Similar to the approach to detect the aerosol thickness in the atmosphere, here also a known 

spectral correlation is used. This time a relationship between the Sentinel-2 bands B8a and B9 

is made use of. Band 8a is used as the reference channel because it lies in an atmospheric 

window region for water vapour. Band B9 on the other side is used as a measurement channel 
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in the absorption region of water vapour. In Sentinel-2 band B9 is specifically designed for this 

detection as shown in figure 9.  

Simply said this means that band B8a can look through water vapour while band B9 cannot. 

But since the spectral relationship is known that usually the reflectance values in these two 

bands are equal, this knowledge can be used to estimate the impact of water vapour. The 

difference on how unequal the values in these two bands are the amount of water vapour in the 

atmosphere can be derived and can be compensated in the course of the image correction 

(Schläpfer et al. 1996). 

 
Figure 9: Overview of the Sentinel-2 MSI bands and their attributes (Martins et al., 2017) 

Once the values for water vapour and aerosol optical thickness have been determined, the 

Sen2Cor process of the conversion from TOA to BOA reflectance values can be conducted. 

From the pre-calculated look-up tables the specific compositions of atmospheric parameters 

can be read and the conversion from TOA to BOA is computed accordingly (Main-Korn et. al., 

2017). 

2.4.6. Cirrus correction 

In addition to the in the previous chapters explained methods, several additional functionalities 

can be activated in Sen2Cor. These include for example automatic terrain correction, adjacency 

correction and empirical bidirectional reflectance distribution function (BRDF) corrections. 

The BRDF correction can be applied to eliminate effects related to viewing angles and 

illumination effects due to variations in brightness of surfaces. The adjacency correction aims 

at removing effects where neighbouring pixels are shared due to reflection scattering (Richter 

& Schläpfer, 2019).  

The cirrus correction in Sen2Cor uses the spectral information measured by band B10 of 

Sentinel-2, which is dedicated to detect thin cirrus clouds (see figure 9). Cirrus clouds can have 

high transparencies and may therefore be hard to detect by the sensor. Sentinel-2’s band B10 

however is very narrow and able to receive signals reflected by cirrus clouds while absorbing 

reflected light from other sources. By correlating the measured reflectance in band B10, which 

comes from cirrus clouds, with other bands like NIR and SWIR the effects of the cirrus clouds 

on the image can be removed. The user manual of Sen2Cor states, that in most applications it 

is advised to activate the cirrus correction option in the tool. Just in large-scale image scenes 
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the results of cirrus correction are not reliable and therefore this process is not applied by default 

in Sen2Cor (ESA, 2019). 

For a Sentinel-2 scene recorded on August 13th, 2015 a cirrus-corrected version of the scene 

was generated. The result calculated by Sen2Cor of an atmospheric correction with activated 

cirrus correction can be seen below in figure 10. 

    

Figure 10: Result of an atmospheric correction and cirrus clouds correction. 

2.4.7. Results of the atmospheric correction 

As mentioned in chapter 2.4.1 the structure of the atmospherically corrected image generated 

in Sen2Cor is strictly based on the SAFE folder structure provided as input. After the execution 

of the Sen2Cor tool in SNAP a subfolder is created and contains the following products of the 

L2A image (ESA, 2019): 

 Images with BOA reflectance in the spatial resolutions 60m, 20m and 10m 

 Aerosol optical thickness and water vapour maps in 60m, 20m and 10m resolution 

 Scene classification, cloud and snow probability maps in 60m and 20m resolution 

On the first sight at the result of an atmospherically corrected image no big changes can be 

detected. However, depending on the atmospheric conditions of the scene a side by side 

comparison with the input image with TOA reflectance values, subtle differences can be 

noticed. 

The result of the atmospheric correction conducted in this project can be seen in figure 11. The 

comparison shows that overall the image looks more saturated and clear because the effects of 

the atmosphere were mostly eliminated. The greatest difference in this example is the removal 

of the hazy areas which were removed by the activated cirrus correction. In many cases the 

differences between images with TOA and BOA reflectance is not as distinct. However, just 

because the human eye cannot see any differences at quick visual inspection does not mean that 

no adjustments were conducted on the image. It is more important that the actual values of the 

pixels got adjusted so that the data can be used for calculations and analyses were the subtle 

differences between TOA and surface reflectance are of vital importance. 
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Figure 11: Result of the atmospheric correction with cirrus correction (before at top, after at the bottom) 

TOA 

BOA 
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2.5. Other atmospheric correction tools 

Sen2Cor has competitive advantage in terms of being a powerful open-source tool that is easy 

to use, however, it is sensor specific and tailored towards the Sentinel-2 imagery. Apart from 

Sen2Cor there is a variety of tools available by different vendors for performing atmospheric 

and topographic corrections. QGIS, GRASSGIS, Google Earth Engine and R with its 

sophisticated packages such as ‘landsat’ and ‘RStoolbx’ are among the prevalent free and open-

source alternatives offering atmospheric correction algorithms. On the contrary software like 

ERDAS IMAGINE, ArcGIS, ENVI and MATLAB provide pre-processing toolboxes with 

proprietary costs. While some of the mentioned software have refined graphical user interfaces, 

others have simple command line interfaces requiring the knowledge of specific programming 

languages. The choice of a certain tool depends largely on factors such as the level of expertise 

of the analyst and the requirements of the analysis and data (Young et al., 2017). 

In the majority of the mentioned software, the atmospheric correction capabilities are offered 

in additional toolboxes or plugins. For instance ENVI has FLAASH (Fast Line-of-sight for 

Atmospheric Analysis of Hypercubes) and ERDAS IMAGINE provides the ATCOR 

(ATmospheric CORrection) extension. One big advantage of ATCOR over free software is the 

support of all major commercially available satellite sensors including the Landsat series, 

SPOT, WorldView and others. 

Just like Sen2Cor, ATCOR uses pre-calculated radiative transfer calculations through look-up-

tables and image base retrievals of the atmospheric properties like water vapor. ATCOR 

however has a more comprehensive database containing parameters for all different sensors.  

The tools vary in terms of how the correction is performed such as the radiative transfer models 

that are used to calculate the look-up tables. ATCOR for instance uses MODTRAN (Moderate 

Resolution Atmospheric Radiance and Transmittance), others use a physics model called 6S 

(Second Simulation of the Satellite Signal in the Solar Spectrum) as an example (Richter & 

Schläpfer, 2019). 

The tools also differ with regards to the amount and types of pre-calculated atmospheric regions 

which influence the end results. The look-up-tables for Sen2Cor are generated by using the 

radiative transfer model libRadtran and includes two atmospheric models; mid-latitude winter 

and summer, as well as two aerosol types i.e. maritime and rural and six water vapor values. 

(Louis et al., 2017). The look-up-tables for ATCOR on the other hand have four atmospheric 

models, namely urban, rural, maritime and desert (Richter & Schläpfer, 2019). 

The remote sensing literature has a vast collection of papers that evaluate which processor 

works better for what application field. Figure 12 is from a study that shows a comparison of 

five different tools that were tested for arctic ice imagery. While all of them use radiative 

transfer models to generate look up tables, the approach to determine aerosol thickness and 

water vapor is different. The end results were also different, for instance the study concluded 

that the Sen2Cor atmospheric correction tool does not deliver satisfying results for artic ice. 

However for other use cases containing land surfaces, Sen2cor was shown to deliver good 

results (König et al., 2019) 
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The choice of the atmospheric correction tool eventually also depends on the features in 

imagery to be corrected. Some are specialized for certain areas of application, others are better 

suited for other domains. 

 

Figure 12: Comparison of atmospheric correction tools for arctic ice imagery (König et. al, 2019) 

3. Topographic Correction 

3.1. The principle of atmospheric correction 

The accuracy of satellite images can be affected by many factors. As described in chapter 1, 

image pre-processing includes several methods for removing effects caused by the presence of 

clouds, haze, atmospheric effects and also topographic effects. 

Topographic effects cause surfaces of the same type to get measured with different reflectance 

values. Slopes oriented in different angles to the sun appear brighter or darker because of 

topographic shadows and resulting change of reflectance of the according land surfaces. 

Furthermore, surfaces with different slope values can appear in a different shade if compared 

to other slopes or horizontal geometries of the same land cover type. This can cause problems 

when performing image analyses like scene classifications because in reality surfaces with 

normally identical spectral properties can get classified as different land cover types just 

because of the surrounding topographic conditions. As an example, forests located in 

mountainous areas can be measured in many different reflectance values because slopes receive 

different amount of sunlight depending on their aspect. Consequently similar forest types in 

shaded and sunlit areas show variations in reflectance because they appear brighter or darker 

(Torralba, 2015). 

Apart from the direct solar irradiance of the sun two other indirect illuminations can influence 

the measured energy of a pixel. In rugged terrain light can be reflected from adjacent slopes 

and add to the measured energy of a terrain point. Additionally, radiation of neighboring pixels 

can scatter and contribute the illumination value (Baraldi et al., 2010). 

The need for topographic correction (TOC) is especially high in mountainous areas or rugged 

terrain where the topography has a high potential influence in the recorded signals. TOC, which 

is also achievable using Sen2Cor, aims at removing the influence of topography with the 

ultimate goal to simulate a perfectly flat surface. A flat surface assumes that the influence of all 

topographic features is removed and the reflectance values that the sensor should have received 

can be obtained for further analysis.  
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A well-made result of topographic correction can be seen in figure 12, created by I. Torralba in 

2015. Areas which were covered by shadows and therefore showing significantly darker land 

covers in the show the strong influence of the topography on the spectral measurements. In the 

output image of the topographic correction the effect of the topography is removed and the 

impression of a flat surface emerges, with an overall more homogeneous land cover, suited for 

further analysis. 

       

Figure 13: The result of a topographic correction compared with its original image (Torralba, 2015) 

The field of topographic correction is being research for more than 20 years but has not yet 

been solved satisfactorily or addressed globally. Therefore, a high number of TOC approaches 

are available which are all fairly sophisticated but no agreement on the best approach has been 

established. Users are advised to carefully ponder whether a specific TOC approach is necessary 

or worth applying for a project. In some cases, especially in topographically complex regions, 

the step of topographic correction can be more important than other pre-processing methods 

such as topographic correction, but it is not required in every project (Baraldi et al., 2010). 

3.2. Topographic correction strategies 

Among the numerous strategies for topographic corrections the simplest of them use no 

additional auxiliary data other than the image data itself. Rather, these empirical approaches 

assume spectral correlations between bands and other empirical factors to determine the needed 

corrections. For instance, some of these methods are based on theories that the same image 

object types are more or less linearly scaled versions of one another when being illuminated in 

different ways. However, since in these methods no data from DEMs are included in their 

calculations, no effects of indirect radiation can be taken into account for the calculations. All 

in all, these strategies follow easily implemented, relatively simple methodologies and are 

therefore not considered very precise (Baraldi et al. 2010). 

Other, more sophisticated methods use information of digital elevation data to model the 

variations caused by topography on the reflectance values of pixels. DEMs are used to derive 
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the incidence angle of the light which can be used to calculate the illumination of a pixel as if 

it had not been affected by topographic effects. 

Figure 13 shows a graphical representation of all the necessary terrain and slope angles needed 

to calculate the corrected reflectance values of a pixel in the named advanced TOC methods 

The cosine of this incidence angle (𝒄𝒐𝒔𝒊) is a key factor which is required as input for further 

calculations of many advanced topographic correction methods (Torralba, 2015). 

𝒄𝒐𝒔𝒊 = 𝒄𝒐𝒔(𝒔) ∗ 𝒄𝒐𝒔(𝒛) + 𝒔𝒊𝒏(𝒔) ∗ 𝒔𝒊𝒏(𝒛) ∗ 𝒄𝒐𝒔(𝒂 − 𝒐) 

The values required to calculate 𝒄𝒐𝒔𝒊 can be derived from the metadata of the satellite sensor 

or calculated height models. The solar zenith angle and the solar azimuth angle are specified in 

the metadata of the image, the terrain slope angle and the terrain aspect angle can be computed 

from the input DEM (GRASS GIS, 2020). 

 

Figure 14: Parameters necessary to calculate the solar incidence angle (GRASS GIS, 2020) 

Semi-empirical TOC strategies can be subdivided into two groups. Lambertian topographic 

corrections (LTOC), such as the Cosine method, are isotropic models which assume that the 

view and incidence angle is independent to the reflectance of an object. This used assumption 

is very simple but unrealistic because most natural land cover types have uneven structures and 

non-Lambertian behaviour (Torralba, 2015).  

NLTOC, non-Lambertian approaches, consider a change in the brightness of a pixel depending 

of the observers view. These anisotropic methods, with consideration of diffuse irradiance and 

terrain reflected irradiance, already enable a more precise and realistic calculation of the 

illumination at certain points. 

The most complex methods go one step further and also include the existing land cover data in 

their calculations. This is necessary because the corrections of reflectance depend on the 

lambertianity of the surfaces. Different surface types have different spectral behaviours 
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depending on their roughness and structure. Therefore, it makes sense to choose different 

parameters for the application of the topographical correction for different land cover types. 

Such methods are called stratified topographic correction (SNLTOC), where the selected 

methods for a land cover type are applied separately by dividing the land cover types into strata. 

SNLTOC approaches are limited by the need of land cover maps to account for the different 

surface roughness of the classes. This methods adds additional value to the calibration and can 

achieve better reduction in the topographical effect (Baraldi et al., 2010 & Torralba, 2015). 

4. Conclusion 

The findings of this paper show that image pre-processing and image calibration in particular 

can add significant value to satellite images. Albeit not mandatory, atmospheric correction and 

topographic correction methods are highly encouraged calibrations for certain calculations and 

analyses. The variety of developed methods is broad, and the right choice of tool can lead to 

significant differences in results and analysis. 

The conducted calibrations in Sen2Cor demonstrated the potential impact a topographic 

correction can have on image data. Sen2Cor for Sentinel-2 imagery and other free or open-

source tools provide easy to use and sophisticated ways to widen the potential areas of 

application for analyses through calibration. While often it only takes minor changes in the 

setting to run a successful and effective image calibration, the knowledge of understanding how 

the tools works in detail can enable better decision making when choosing the proper correction 

algorithm. 
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