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Abstract The volume of data anticipated from the Solar Dynamics Observatory/Atmo-
spheric Imaging Assembly (SDO/AIA) highlights the necessity for the development of
automatic-detection methods for various types of solar activity. Initially recognized in the
1970s, it is now well established that coronal dimmings are closely associated with coronal
mass ejections (CMEs), and they are particularly noted as a reliable indicator of front-side
(halo) CMEs, which can be difficult to detect in white-light coronagraph data.

Existing work clearly demonstrates that several properties derived from the analysis of
coronal dimmings can give useful information about the associated CME. The development
and implementation of an automated coronal-dimming region detection and extraction al-
gorithm removes visual observer bias, however unintentional, from the determination of
physical quantities such as spatial location, area, and volume. This allows for reproducible,
quantifiable results to be mined from very large data sets. The information derived may
facilitate more reliable early space-weather detection, as well as offering the potential for
conducting large-sample studies focused on determining the geo-effectiveness of CMEs,
coupled with analysis of their associated coronal dimming signatures.

In this paper we present examples of both simple and complex dimming events extracted
using our algorithm, which will be run as a module for the SDO/Computer Vision Centre.
Contrasting and well-studied events at both the minimum and maximum of solar cycle 23 are
identified in Solar and Heliospheric Observatory/Extreme ultra-violet Imaging Telescope
(SOHO/EIT) data. A more recent example extracted from Solar and Terrestrial Relations
Observatory/Extreme Ultra-Violet Imager (STEREO/EUVI) data is also presented, demon-
strating the potential for the anticipated application to SDO/AIA data. The detection part of
our algorithm is based largely on the principle of operation of the NEMO software, namely
the detection of significant variation in the statistics of the EUV image pixels (Podladchikova
and Berghmans in Solar Phys. 228, 265 – 284, 2005). As well as running on historic data
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sets, the presented algorithm is capable of detecting and extracting coronal dimmings in near
real-time.

Keywords Corona, quiet · Coronal mass ejections, low coronal signatures ·
Instrumentation and data management

1. Introduction

The Atmospheric Imaging Assembly (AIA), onboard NASA’s Solar Dynamics Observa-
tory (SDO), is anticipated to be launched early in 2010. Producing Level 0 data at a rate
of 1.1 Tb day−1, the raw data volume from AIA will be made up of eight (one UV and seven
EUV) 4096×4096 images every ten seconds. To tackle the volume of data expected from
AIA, an international consortium has been selected by NASA to address the requirement
for automated feature recognition in SDO images. The companion paper by Martens et al.
(2009) describes this Computer Vision Center (CVC) for SDO. As specified in Martens et al.
(2009), the output from the CVC will be entered into the Helio Events Knowledgebase. The
Virtual Solar Observatory will provide the interface with which the solar community can
access the metadata returned by the various modules.

This paper focuses on the description of one component module of the CVC, designed
to automatically detect and extract coronal dimmings and associated metadata from AIA
images. Coronal dimming is expected to be observed in the seven EUV AIA bandpasses
(94, 131, 171, 193, 211, 304, and 335 Å). Our automated coronal-dimming region detec-
tion and extraction algorithm performs several useful functions: In addition to processing
the considerable volume of data, the automated technique is desirable as it removes visual
observer bias from both the identification of coronal dimmings and ultimately the determi-
nation of related physical quantities (see, e.g., Wills-Davey, 2006). The metadata returned
by our algorithm includes location coordinates, area, volume, mass, and information on the
dynamics of coronal dimmings, and will allow solar scientists to effectively use the data re-
turned by SDO. Coronal dimmings are of particular interest to the scientific space-weather
community, as they are closely associated with coronal mass ejections (CMEs).

Automated methods return reproducible, quantifiable results which can be mined from
very large data sets. As well as running on historic data sets, the algorithm described in this
paper is capable of detecting and extracting coronal dimmings in near real-time.

1.1. Observations of Coronal Dimmings

Coronal dimmings are usually observed as decreases in intensity in soft X-rays (Hudson,
Acton, and Freeland, 1996; Sterling and Hudson, 1997) and extreme ultra-violet (EUV)
data (Thompson et al., 1998). They appear relatively suddenly, on timescales of minutes.
The cause of coronal dimmings has been much debated in the literature, and there are two
generally accepted possibilities:

i) The dimming may be due to a density depletion caused by an evacuation of plasma
(Hudson, Acton, and Freeland, 1996). Such an effect may be caused by the eruption of
the local magnetic field, leading to considerable expansion of magnetic loops into inter-
planetary space. The expansion creates a larger volume, leading to a region of decreased
plasma density as a result.

ii) Although plasma evacuation is a widely accepted interpretation of the dimming signa-
ture, it should be noted that a decrease in intensity in coronal plasma may be caused by
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Figure 1 Left panel: An example of an original EIT intensity image showing two dimming regions near the
post-eruptive arcade. Right panel: The corresponding base – difference image. The dimming regions are the
black areas. Regions that do not show any significant change in intensity with respect to the pre-event (base)
image appear gray.

a change in temperature as well as by density depletion (e.g., Thompson et al., 1998;
Chertok and Grechnev, 2003). Differences observed between images in different emis-
sion lines suggest that some secondary temperature variations may also be responsible
for the appearance of dimmings. However, Hudson, Acton, and Freeland (1996) showed
that the timescale of the dimming formation observed in Yohkoh/SXT data is much faster
than corresponding conductive and radiative cooling times, which suggests that the dim-
mings are primarily a result of density depletion rather than a temperature effect.

1.2. Studying Coronal Dimmings

Although coronal dimmings can be detected in calibrated intensity images of the corona,
they are preferentially studied using “base – difference” images. These images have a pre-
event image subtracted from all subsequent frames. Thus increases in intensity (with respect
to the pre-event image, see also Chertok and Grechnev, 2005), appear white and relative
decreases in intensity appear dark (black). Figure 1 shows an example of an original EIT
intensity image and its corresponding base – difference image. Regions that do not show any
significant change in intensity with respect to the pre-event (base) image appear gray. In
this example, it is possible to identify the dimming regions in the original intensity image,
although this is not always the case.

It should be emphasized that base-difference images show real intensity changes with
respect to the pre-event image. Thus the appearance of dimmings can be created by dis-
placement (not necessarily removal) of a bright coronal structure, revealing the quiet-Sun
emission underneath (Rust and Hildner, 1976). In such a case, plasma evacuation would not
be a correct interpretation of the dimming signature. On the other hand, a large-scale loop
may well erupt and become a constituent of a CME. In this case the dimming signature
would be the same as for the displaced loop, although a deeper dimming at the footpoints
of the erupted loop may be expected as the loop is expanded and plasma evacuated from
the region. The point is that the only way to ascertain whether or not the bright structure
has erupted or simply moved, is to study the original intensity data that corresponds to the
dimmed environment identified in the base – differenced data.
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1.3. How Are Coronal Dimmings Related to CMEs?

Although coronal dimming has long been closely associated with CMEs (e.g., Rust and
Hildner, 1976) and dimmings are now widely acknowledged as a reliable indicator of front-
side CMEs (Thompson et al., 2000; Hudson and Cliver, 2001), the CME – dimming asso-
ciation was only confirmed recently using a statistical analysis (Bewsher, Harrison, and
Brown, 2008). In “double dimming” events (e.g., 7 April 1997, 12 May 1997), it was
suggested that the dimmings mark the position of the footpoints of an erupted flux rope
that makes up the core magnetic field of the associated CME (Hudson and Webb, 1997;
Sterling and Hudson, 1997; Webb et al., 2000).

Assuming that the CME is mostly rooted in the dimmings, several properties derived
from the study of dimmings can be used to obtain information about the associated CME:

i) estimates of the volume of dimmings and calculations of the emission measure can give
a proxy for the amount of plasma making up the CME mass (Sterling and Hudson, 1997;
Wang et al., 2002; Zhukov and Auchère, 2004), since the optically-thin EUV emission
is proportional to the density squared. Although large uncertainties are associated with
estimates of coronal mass loss (due to the dependence of calculations on the emis-
sion measure distribution, which is not well known, and uncertainties in estimating the
volume of the dimming regions, due in part to the obscuring effect of the bright post-
eruptive arcade on nearby dimmings; Hudson and Webb, 1997; Attrill et al., 2006; As-
chwanden et al., 2009), the results do suggest that at least part of the CME mass comes
from coronal dimming regions. Harrison and Lyons (2000) conclude that the mass evac-
uated from the dimming regions may account for much of the mass of the outer shell of
the CME;

ii) the spatial extent of coronal dimmings can give information regarding the angular extent
of the associated CME (Thompson et al., 2000; Attrill et al., 2007);

iii) quantitative measurement of the magnetic flux through dimmings can be compared
to the magnetic flux of modeled magnetic clouds (MC) at 1 AU (Webb et al., 2000;
Mandrini et al., 2005; Attrill et al., 2006; Qiu et al., 2007; Démoulin, 2008);

iv) studying the evolution of the dimmings, particularly during their recovery phase, can
give information about the evolution of the CME post-eruption (Attrill et al., 2006);

v) the distribution of the dimmings, their order of formation and measurement of their
magnetic-flux contribution to the associated CME enabled Mandrini et al. (2007) to
derive an understanding of the CME interaction with its surroundings in the low corona
during its formation phase, for the case of the complex 28 October 2003 event.

1.4. Types of Dimming and Focus of Our Algorithm

There are a wide variety of observed dimming signatures: For example, Hudson and Webb
(1997) categorized four different types of dimmings observed in soft X-ray data. Despite
the oft-assumed interpretation that coronal dimmings mark the footpoints of an erupted flux
rope, Mandrini et al. (2007) showed that coronal dimmings are not always a simple signa-
ture of ICME footpoints. This variety presents a challenge to developing robust, automatic
detection and extraction methods.

In EUV data, there is almost always some kind of coronal dimming present on the solar
disk at any given time (D. Bewsher, private communication, 2009). However, the type of
dimming associated with a CME may be specifically distinguished as “eruptive dimmings”.
It is this class of dimming that our algorithm is designed to detect and extract from the EUV
data. The motivation for this mainly originates from the fact that SDO has no coronagraph
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as part of its suite of instruments. Therefore, to be able to detect the launch of a CME, we are
restricted to the analysis of low-coronal data, such as that which will be returned by AIA.

The presented algorithm is designed to extract coronal dimmings in the seven EUV pass-
bands observed with the AIA instrument. Whilst most CMEs are associated with some de-
tectable coronal dimming signature, it should be noted that if a CME is initiated very grad-
ually from high in the corona it may not generate an EUV dimming detectable in passbands
that view the lower corona. In such cases, it is unlikely that a dimming signature related to
the CME can be detected in AIA data. Indeed, recently Robbrecht, Patsourakos, and Vourl-
idas (2009) reported the case of a Solar and Terrestrial Relations Observatory (STEREO)-
observed CME without any obvious low-coronal signatures such as coronal dimming.

We endeavor to obtain as much information as possible concerning each dimming iden-
tified using our algorithm. We hope that this will assist the user in their analysis and inter-
pretation of coronal-dimming signatures.

2. Existing Algorithms

The work reviewed in the following sub-sections constitutes the automatic/semi-automatic
dimming detection and extraction algorithms of which the authors are currently aware.

2.1. NEMO Algorithm, Podladchikova et al. Work

The Novel EIT wave Machine Observing (NEMO) algorithm (Podladchikova and Bergh-
mans, 2005), was developed as an on-disk eruption measuring tool for detecting solar erup-
tions automatically in Solar and Heliospheric Observatory/Extreme ultra-violet Imaging
Telescope (SOHO/EIT) data. The NEMO software is based on analysis of the general sta-
tistical properties and underlying physics of eruptive on-disk events. It successfully detects
the occurrence of coronal waves and dimmings by looking for a significant perturbation to
the statistical distribution of the pixels of running-difference images. Higher-order moments
of the distribution of the running-difference image pixels are calculated to detect coherent
large-scale structure amid the noise. In particular, the variance and kurtosis (peakedness of
the distribution) are used as indicators that an event of interest has occurred.

Coronal waves and expanding coronal dimmings associated with CMEs both alter a sig-
nificant number of pixels. An assumption made by NEMO is that the dimmings are essen-
tially larger than other areas of the Sun with low intensities. The NEMO detection method
is most likely to fail for dimmings without EIT waves and highly corrupted images. This
is because detecting a significant variation in the statistics of the images relies on the dis-
ruption of a large enough number of pixels. With a localized dimming only a small number
of pixels are affected, and these may fail to produce a significant change in the full-Sun
distribution.

After an event has been detected, the extraction of the dimmed pixels uses a method
called “progressive growth” of the intensive dimming region. The extraction is carried out
using base – difference data (where, after compensating for the solar rotation, a pre-event im-
age is subtracted from all subsequent images). Two groups of pixels are collected: i) a max-
imal pixel map which contains all pixels below a relatively high intensity threshold (this
map also contains noise), and ii) a minimal pixel map which contains just the darkest 1% of
the pixels of the base-difference image. Noise is removed using a median filter (5×5), and
the final dimming is formed by starting with the darkest 1% of the pixels and growing the
region within the confines of the filtered maximal pixel map, maintaining the condition of a
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simply-connected region. The right panel of Figure 4 is from Podladchikova and Berghmans
(2005) and shows the main dimming region for the 12 May 1997 event, extracted using this
region-growing method.

2.2. Bewsher et al. Work

The statistical study carried out by Bewsher, Harrison, and Brown (2008), and the algorithm
developed for that work, concentrates on dimmings observed in SOHO/CDS data (Harrison
et al., 1995) that occur near the solar limb. Both the Fe XVI and Mg IX spectral lines are
examined for coronal dimmings, representing temperatures of 1 × 106 and 2 × 106 K, re-
spectively. Base – difference images are produced for each sequence of images studied. If
the base – differenced intensity value of a given pixel is greater than twice the error then
the pixel is noted as dimmed and neighboring pixels in space and time are examined, until
the extent of a given dimming is established. A minimum group size of one hundredth the
dimming mosaic area is used to limit the spatial extent of the dimmings of interest.

2.3. Aschwanden et al. (2009) Work

Aschwanden et al. (2009) describe their algorithm that measures the EUV peak intensity and
coronal background intensity, and determines the geometric width of the dimming region.
Their study (and algorithm) applies to dimmings that occur adjacent to an active region
where the average local density or EUV intensity is enhanced above the surrounding coronal
background. The intensity of the dimming region at times after the onset of dimming is also
measured. From this information their algorithm calculates the volume of the coronal plasma
where EUV dimming is detected, and the total mass of the plasma that has been removed
after a CME launch.

This algorithm selects dimming events from CMEs observed in STEREO/COR2 data.
Our algorithm presented in this paper for application to SDO/AIA data differs significantly
in its purpose (although some of the outputs derived are similar), since our algorithm is
designed to detect coronal dimming events without any prior information regarding a CME
event such as a likely time interval or spatial location.

Aschwanden et al. (2009) parameterize the coronal-dimming volume by assuming a
cylindrical geometry with a vertical extent (approximated by one density scale height) and
a circular footpoint area, based on the observed angular extent of the dimming region. This
method means that this algorithm does not retain information regarding the “ragged dim-
ming profile”. Whist this approximation may provide a robust estimate for the width of
coronal dimmings that form near to an active region, Attrill et al. (2006), Crooker and Webb
(2006), and Attrill et al. (2008) demonstrated that the evolution of the outermost edges of
coronal dimming regions potentially contain valuable information regarding the develop-
ment of the CME post-eruption, as well as data on how coronal dimmings recover.

3. Our Algorithm

3.1. Part 1: Detecting the Occurrence of a Coronal-Dimming Event

The detection part of our algorithm is based largely on the work of Podladchikova and
Berghmans (2005) and the principle of operation behind the NEMO software discussed in
Section 2.1, namely the analysis of statistical properties of the distribution of the pixels.
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It is acknowledged independently by both the authors of this paper and E. Podladchikova
(private communication, 2009), that any expanding dimming observed in the low corona,
is also associated with a coronal wave. For example, even the smallest source region of a
magnetic cloud ever observed (Mandrini et al., 2005) had a coronal wave that occurred with
the development of the associated coronal dimmings (see Figure 7).

Our implementation of the NEMO analysis technique differs in that we calculate the
statistical properties of the original (non-differenced) images. As described in Section 2.1,
NEMO calculates the statistics of running-difference images. The procedure for producing
running-difference images requires compensating for the solar rotation before subtracting
the previous image from the current one. Both of these steps require computing time. With
our ultimate aim of running near real-time detection on AIA data, we investigated the possi-
bility of running the detection algorithm on straightforward original intensity images. As we
show below, using this technique it is indeed possible to detect the occurrence of a coronal-
dimming event.

One of the difficulties noted by Podladchikova and Berghmans (2005) in analyzing the
higher-order moments of the data associated with a dimming event, is that small events that
only disrupt a limited number of pixels get lost in the distribution of the full-Sun images.
In principle, it is possible to circumnavigate this issue by sub-dividing the solar images into
smaller areas (e.g., into quadrants or 16ths). In this way, disruption of a smaller number of
pixels has a relatively larger impact on the distribution from a given region.

To test this principle, the smallest magnetic-cloud source region ever detected (studied
by Mandrini et al., 2005) was used as a test case. The dimming event identified as the
source region of the magnetic cloud occurred on 11 May 1998. Calculating the higher-order
moments based on the distribution of pixels from the full-Sun images, the event was not
flagged. However, dividing the solar images into 16 sectors, the higher-order moments of the
statistics for each sector were calculated, and two eruptions from this tiny source region were
successfully detected at ≈06:34 UT and ≈08:12 UT. The kurtosis from the sector where the
source region was located is shown in Figure 2. Figure 7 shows difference images of the
event as well as the subsequent extraction of the dimming region, following the successful
detection.

Figure 2 Kurtosis of the original EIT intensity data for the 11 May 1998 smallest magnetic cloud event
source eruption. Kurtosis values are plotted for i) the full-disk image (dashed line) and ii) the 1/16th sector at
the location of the dimming source region (solid line).
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By increasing the probability of the detection of small events, in principle we also in-
crease the probability of detecting a spurious event. In addition to the observational test for
the 11 May 1998 event described here, a detailed study of more small events is required
to determine the ratio of “spurious/successful detections”, and resolve this potential source
of error. A characteristic of coronal dimmings associated with eruptive events is that they
persist over an extended period of time (e.g., Rust, 1983; Kahler and Hudson, 2001; Attrill
et al., 2008). For example, the 11 May 1998 dimmings showed a depleted mean intensity for
at least two hours following the eruption at 08:12 UT (see Figure 7). It is this characteristic
that most directly affords discrimination between a spurious event due to noise and a real
dimming associated with an eruptive event.

The detection part of our algorithm was also tested on slow events, such as a slow-rise
near-limb event studied by Goff et al. (2005). The CME still caused significant disruption to
surrounding loop structures, so the event could be identified by a disturbance in the statistical
distribution of the image pixels.

It is expected that the dimming-event detection part of the algorithm will run on full-
disk data from the AIA 193 Å passband. This choice is influenced by the communities’
experience in analyzing coronal dimmings using the 195 Å data provided by SOHO/EIT.
During the commissioning phase, if it is found that coronal dimmings are better observed in
the new AIA EUV passbands, then we will additionally use them to flag the occurrence of a
coronal dimming event. Indeed, it may be the case that a complimentary pair of passbands
returns a superior coverage of coronal dimming events. For example, Bewsher, Harrison, and
Brown (2008) conclude that simultaneous monitoring across a broad range of lines in the
range from 1 to several million K would perhaps be the best approach. To start with however,
we will use data from the AIA 193 Å passband since its temperature response function
peak spans this temperature range. Although the full-resolution AIA data will comprise
4096×4096 pixels, testing shows that the dimming detection works successfully on binned
EIT and Extreme Ultra-Violet Imager (EUVI) 512×512 full-disk data. A cadence of ten
minutes is sufficient for detecting the onset of an eruptive CME-associated dimming, as EIT
195 Å data testify.

3.2. Defining and Quantifying Coronal Dimming

The first step in considering how to extract coronal dimmings automatically after the occur-
rence of an event has been flagged, is to develop a working understanding of how a coronal
dimming may be defined/quantified. Reinard and Biesecker (2008) present a semi-automatic
method for describing coronal dimming. They define dim pixels as those that are more than
1σ below the mean value of an entire pre-event differenced image. We adopt this threshold
and use base – difference images to identify regions of dimming.

As discussed in Section 1, a coronal dimming can be caused by:

i) A real “opening” of the corona, plasma is evacuated. Intensity level depleted.
ii) Removal of a bright feature (e.g., sigmoid elbow, overlying loop, disappearance of scat-

tered light). The first two elements can potentially contribute to the mass of a CME.
iii) A heating or cooling of the coronal plasma out of the passband used for observations.

In certain cases, it is possible to pick out i) in raw intensity data and identify a dim-
ming (e.g., see Figure 1). However, it is much more difficult to identify dimmings caused
by ii) in this manner. Our experience (and indeed that recorded in the literature, e.g., De-
lannée and Aulanier, 1999; Podladchikova and Berghmans, 2005; Chertok and Grechnev,
2005) strongly suggests that base – difference data are required for confident identification
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of a coronal dimming. We emphasize that running-difference data do not provide a true
representation of real brightenings and dimmings.

This detection technique, employing a threshold of 1σ below the mean value of the en-
tire pre-event differenced image, is actually very sensitive – it picks out even non-eruptive
dimmings.

After using base – difference images to extract a dimming region, our algorithm then
returns to the original intensity data in order to properly quantify the identified change. From
the original data, outputs such as light curves showing the intensity evolution within the
region that undergoes dimming can be used to establish which regions dim significantly and
abruptly. It is these that are most likely indicative of eruption source regions. Information
on the evolution of the dimmings also shows whether the dimming is long lived, or if it
recovers in intensity fairly rapidly. This information also allows the algorithm to account for
bad pixels, which tend to only appear in single frames, and as such have a minimal “lifetime”
(see, e.g., Figure 7).

3.3. Part 2: Extracting Coronal Dimming Regions

Having identified the onset of an eruptive dimming event using the dimming detection
method described in Section 3.1, the dimming-extraction module will be triggered. The
dimming extraction module will select an image before the dimming detection to act as a
pre-event (base, reference) image. The images in the hours following this base image are
then de-rotated to the time of the base image. Base – difference images (where the pre-event
base reference image is subtracted from all subsequent images) are then created using binned
512×512 data from each of the seven EUV passbands onboard AIA. The mean value of the
pre-event base – difference reference image in each passband is then calculated and the 1σ

threshold suggested by Reinard and Biesecker (2008) (described in Section 3.2) is applied
to identify the dimmed pixels.

Following identification of the dimmed pixels, median-filter smoothing is employed
which replaces each point with the median of the two-dimensional neighborhood of a given
number of pixels (we use a 3×3 filter). It is similar to smoothing with a boxcar or average
filter but does not blur edges larger than the neighborhood. In addition the median filtering
effectively removes noise in the form of isolated high or low values.

For each base – difference image in the de-rotated set, a mask of all dimmed pixels is
created for each time frame. Dimming regions are then defined to be those pixels that are
clustered in a neighborhood (using IDL’s label_region). We discard regions that have
an area less than 1 arc min2. This is a somewhat arbitrary level, but this filter removes noise
and still identifies the smallest source-region of a magnetic cloud known to date (Mandrini
et al., 2005, and see Figure 7).

If the user wishes to study dimming regions with a spatial extent smaller than this thresh-
old of 1 arc min2, then the pre-threshold dimmings identified by the algorithm remain avail-
able as an output. For example, the 11 April 2006 eruption, which was observed as a mag-
netic cloud at 1 AU (Steed et al., 2008), had barely any source-region signatures such as
coronal dimming discernable from a visual inspection of the data. However, on running our
algorithm on this data set from EIT, coronal dimmings associated with the source region of
this event are successfully identified. The area of the coronal dimming does not exceed the
1 arc min2 threshold set in our algorithm, so the region is not automatically extracted from
the identified dimmings. The application of our algorithm to this event illustrates the impor-
tance of automated identification of coronal dimmings. The results provide further support
for the tiny region that Steed et al. (2008) identified as the source region of the magnetic
cloud which arrived at 1 AU just 59 hours after the development of the coronal dimmings.
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3.4. Metadata Outputs

Once the dimming regions have been identified, various metadata are extracted for each
region, including:

– Area. The area of each dimming region is recorded, and the time at which the dimmings
occupy a maximum area is automatically identified.

– Light curves. The mask that corresponds to the time of maximum dimming area is used
to construct light curves (using original de-rotated intensity data). The light curves show
the intensity evolution of the pixels of each region identified with the maximum dimming
area mask. Figure 7 shows an example of this output.

– Location of dimming (the center of each dimming region is calculated). It is important to
have information concerning the location of each dimming region because outputs such
as lifetime will be artificially shortened the further the source region is located to the
West, because they will disappear around the west limb faster. Additionally, due to their
location near to the west limb, these regions will be subject to artificial brightening which
is an artefact of de-rotation.

– Volume (from information on the depth of the dimming). It is important when calculating
the volume to look at changes in the real intensity, not just the base – differenced data (this
will be discussed further in Section 4). Quantities such as i) the relative dimming percent-
age, ii) the pre-event intensity of a region which subsequently is identified as a coronal
dimming, and iii) the evolution of the intensity of a dimming with time, are important to
enable confident identification of real dimming, rather than just a fluctuation in intensity
(e.g., of an active region). This information also allows identification of bad pixels (be-
cause the “dimmings” in this case would be short-lived on timescales of just one frame,
see, e.g., Figure 7).
The volumes of the dimmings can be calculated by considering the intensity change in
the original data for the dimmed regions. In contrast to observations of coronal dim-
mings with Yohkoh/SXT data (Kahler and Hudson, 2001), we note that in EUV data coro-
nal dimmings are observed to have a non-uniform intensity (Attrill et al., 2008). Rather,
the dimmings are highly structured and exhibit a complex recovery – they recover from
shrinking from the external boundary as well as brightening internally. Therefore, if one
wishes to study the recovery phase of coronal dimmings, it is important that the extracted
region is not over-smoothed, but that information is retained concerning the fragmentary
outer boundary of the actual dimming region, as well as internal structure. Our algorithm
preserves this information (see, e.g., Figures 5 and 9).

– Mass. Ultimately, the total mass from the coronal dimming regions will need to be syn-
thesized from multiple temperature filters (Aschwanden et al., 2009). When calculating
the density of the plasma in each of the different passbands observed by AIA, we will
need to ascertain the corresponding altitude and density scale height of the source of the
plasmas seen in the different passbands. This is because the bulk of the coronal plasma
is distributed over a thermal scale height, and a reasonable estimate of the altitude of
the centroid of the dimming plasma is a half density scale height, which is temperature
dependent (Aschwanden et al., 2009).

4. Test Cases

We present examples of both simple and complex dimming events extracted using our al-
gorithm. Contrasting events at both the minimum and maximum of solar cycle 23 are iden-
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tified in SOHO/EIT data. A more recent event extracted from STEREO/EUVI data is also
presented, demonstrating the potential for the anticipated application to SDO/AIA data.

4.1. Extracting Dimmings from SOHO/EIT Data

4.1.1. Solar Minimum Simple Event – 12 May 1997

Dimming onset is identified at 04:50 UT by the detection method described in Section 3.1.
The dimmings are extracted using the main algorithm (Sections 3.2 and 3.3). Both the base –
difference data and resulting dimming masks are shown in Figure 3. The 12 May 1997 event
was selected as a simple test case because there is considerable existing work regarding
the dimmings of this event, both observational and based on existing automatic detection
methods. A comparison of the region extracted by our algorithm with the regions defined by
existing options is shown in Figure 4. Comparison with the observationally-defined contour
method described in Attrill et al. (2006) and the NEMO extraction from Podladchikova and
Berghmans (2005) are shown. The similar results between our algorithm and these existing
methods is encouraging.

Figure 3 The top and third rows show base – difference images of the early phases of the 12 May 1997 dim-
ming and coronal-wave event. The second and bottom rows show the corresponding dimmed pixels extracted
by our algorithm.
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Figure 3 (Continued.)

Making the assumption that the quiet coronal height of 100 Mm (one pressure scale
height) is analogous to the intensity of the majority of the pixels in the pre-event data, the
corresponding column depth for each pixel is normalized with respect to this value.

The mass contained in a volume V is m = mpnV , where mp is the proton mass (the
corona is assumed to be fully ionized hydrogen plasma), and n is the number density. Con-
sidering densities in the range 5×108 cm−3 – 1×109 cm−3, for the dimmings at their maxi-
mum spatial extent (05:41 UT on 12 May 1997), our algorithm returns a mass ranging from
6×1015 – 1×1016 g. The result returned by the mass calculation depends heavily on the den-
sity selected (e.g., Aschwanden et al., 2009) find a coronal background density of 2.7 ± 0.3
×108 cm−3 for the STEREO/EUVI 195 Å wavelength. Using this density, the mass estimate
would be revised to 3 ×1015 g).

For comparison, Zhukov and Auchère (2004) performed a DEM analysis of a similar re-
gion for this event and found that 1.4×1015 g erupts from the whole dimming region. Con-
sidering that both of these calculations provide only rough order-of-magnitude estimates,
as well as the substantially different approaches adopted, there is a fair agreement between
these values. We were unable to find estimates for the mass of the associated CME for this
event, though Howard et al. (1985) studied 998 white-light CMEs and report masses ranging
between 2×1014 g – 4×1016 g.
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Figure 4 Left panel shows the extracted output from our algorithm at 05:24 UT, overlaid with green contours
using the method described in the observational study by Attrill et al. (2006). Right panel shows the dimming
region extracted using the automatic region-growing method described by Podladchikova and Berghmans
(2005).

Figure 5 3D surface plots showing the main dimming region extracted by the algorithm for the 12 May 1997
event. Left panel shows the pre-event intensity of the pixels that later dim. Right panel shows the intensity of
the pixels during the dimming at 05:41 UT.

4.1.2. Solar Maximum Complex Event – 28 October 2008

The dimming onset in this event is identified at 10:14 UT. The main flare with this event
occurs at ≈11:11 UT (Mandrini et al., 2007), although significant activity was already un-
derway prior to this X17 flare (e.g., see Mandrini et al., 2006). Consistent with this, on
completion of running the main extraction algorithm, it becomes clear that dimmings also
occurred just prior to the main flare event and global dimmings.

Figure 6 shows base-difference data and the extracted dimming regions that are associ-
ated with activity both at 10:14 UT, prior to the X17 flare, as well as the global dimmings
that developed during the main eruption.

A difference between the NEMO algorithm and our extraction method is that our algo-
rithm can be run on EUV data that contain information about the corona above the limb.
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Figure 6 The complex 28 October 2003 coronal dimmings. This event was part of a series of exceptionally
powerful eruptions known as the “Halloween events”. Top panels show base – difference images at 10:14 UT
pre-flare (left panel) and 12:11 UT, at the maximum area of the dimmings. Bottom panels show the dimmings
extracted by our algorithm.

To our knowledge, NEMO concentrates on extracting on-disk dimming regions only. Re-
cent work with this particular 28 October 2003 event (Mandrini et al., 2007), highlights the
importance of off-limb dimmings in developing an understanding of this event. Mandrini
et al. (2007) measure the magnetic flux through the on-disk dimmings present on 28 Octo-
ber 2003. They find a significant imbalance in the net magnetic flux, which they conclude
can only be resolved by considering the contribution from a large coronal dimming that
develops over the east limb during the event.

Using a density range of 5×108 – 1×109 cm−3, our algorithm determines an erupted
mass of 1.4 – 2.3×1016 g from the extracted dimming regions shown in Figure 6 at 12:11
UT. Jackson et al. (2007) report a total mass of 8.3×1016 g for this CME, from analysis
of Solar Mass Ejection Imager (SMEI) data. The authors of that work note that the SMEI
reconstructed data returns a mass a factor of two to three larger than that determined from
LASCO/C3 observations.
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Our algorithm identifies dimming regions that have myriad shapes. It is particularly ev-
ident when analyzing this event that the assumption of a circular geometry for the coronal
dimmings would deviate significantly from the observations. Another feature of this event is
that coronal dimmings associated with the eruption develop right across the solar disk (and
off-limb), at locations remote from the active region where the associated flare is observed
to occur (white region at ≈[−100,−400] in the top right panel of Figure 6). We note that
the inclusion of these extended secondary dimming regions in the extraction differs from the
approach described by Aschwanden et al. (2009) who use the full width of the active region
as a measure of the width of the EUV dimming region.

4.1.3. Very Small Event – 11 May 1998

In searching for extreme events, as well as more typical ones with which to test our al-
gorithm, we chose the 11 May 1998 eruption studied by Mandrini et al. (2005) which is
known as the smallest magnetic cloud source region identified (with the exception of the re-
cent study by Steed et al. (2008) already discussed in Section 3.3). The 11 May 1998 event is
an excellent test case for our algorithm to see if it successfully identifies the smallest coronal
dimmings associated with a known magnetic-cloud event.

Figure 7 shows the output of our algorithm at 08:46 UT. The source region coronal
dimmings are successfully identified (highlighted by the red box in the middle panel of
Figure 7). Also shown in this image are corrupted pixels (indicated by the “dimming” sur-
rounded by a blue dashed box in the middle right panel of Figure 7). The bottom panel of
Figure 7 shows the light curves from both these dimming regions. The corrupted pixels show
up only in one frame, and hence are easily identified as not being a real coronal dimming.
On the other hand, the source-region coronal dimming (red curve) is substantial and exhibits
a gradual recovery consistent with existing analysis of other coronal dimmings (e.g., Attrill
et al., 2008). The mass returned by our algorithm for this tiny event is 2.4 – 4.8×1015 g.
Since CMEs typically have masses of ≈1015 g, this estimate of the mass removed from the
coronal dimming regions is consistent with an event toward the lower end of the spectrum.

4.2. Extracting Dimmings from STEREO/EUVI Data – 26 April 2008

To illustrate the algorithm when applied to STEREO/EUVI data, we select an event on
26 April 2008, a global-scale coronal-wave – CME – dimming event. We analyze the data
from STEREO Behind. Figure 8 shows the 195 Å base-difference image at 14:26 UT, along
with the output from our algorithm showing the extracted dimming regions. The extracted
dimming area seems to be larger than the main dimmings visible near to the post-eruptive
arcade in the base-difference image. Our algorithm extracts all pixels that show a decrease
in intensity of more than 1σ below the mean intensity level of the pre-event base-difference
image. As noted earlier, this threshold is very sensitive and identifies even relatively shallow
dimmings. It is for this reason that it is important to calculate the magnitude of the intensity
change (and subsequently the volume and mass) using non-differenced EUVI data. Also
visible in the base – difference data is a remnant part of the coronal-wave bright front that
occurred in association with this dimming event. The patchy, white brightenings can be seen
near to the central meridian in the left panel of Figure 8.

Figures 9(a) and (b) show 3D surface plots of the non-differenced pre-event and during-
dimming (at 14:26 UT) EUVI data, for the pixels extracted by the algorithm. Figure 9(b)
reveals that the deepest dimming does not occupy all of the extracted pixels. Rather the
deepest dimmings (red regions) are located to the East of the post-eruptive arcade, with a



476 G.D.R. Attrill, M.J. Wills-Davey

Figure 7 Top panels shows running-difference images of the 11 May 1998 eruption. White arrows indicate
the coronal wave associated with this event. Middle left panel is a base – difference image showing the coronal
dimmings identified (in the black box) as the smallest source region of a magnetic cloud ever observed by
Mandrini et al. (2005). Middle right panel shows the coronal dimmings extracted by our algorithm. The
dimmings in the red box (solid line) correspond to the source region of the event. The “dimming” in the blue
dashed box are corrupted pixels. The bottom panel shows the light curves derived from the average intensity
of the pixels in the source dimming (red, solid) and corrupt pixels (blue, dashed).
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Figure 8 Left panel shows a STEREO/EUVI 195 Å base – difference image from spacecraft B at 14:26 UT
on 26 April 2008. A remnant part of the bright coronal-wave front (white patches near central meridian) are
visible, as well as the coronal dimmings (black regions). Right panel shows the dimmed pixels extracted by
our algorithm.

Figure 9 3D surface plots showing the dimming regions extracted by our algorithm for the 26 April 2008
event, observed by STEREO/EUVI B. Left panel shows the pre-event intensity of the pixels that later dim.
Right panel shows the intensity of the pixels during the early stages of the dimming event at 14:26 UT.

smaller region to the West. The rest of the extracted region consists of a less pronounced
dimming, indicated by the yellow and green regions.

The mass calculated from the dimmings extracted at 14:26 UT is 2.7 – 6.0×1015 g. The
eruption on 26 April 2008 was a global-scale event, and the mass calculated when the dim-
mings reached their maximum spatial extent at 15:56 UT, (after the coronal-wave had ex-
panded across the disk) is 4.0×1015 – 1.0×1016 g.
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5. Summary

The coronal dimming detection and extraction algorithm described in this paper is part of
the SDO/Computer Vision Center effort hosted at SAO (Martens et al., 2009), to assist with
organizing the vast amount of data anticipated from SDO/AIA.

Our algorithm has been designed by building on existing pioneering works concerning
the automatic detection of coronal dimmings in EUV imager data. The resulting product
differs significantly from existing tools, specifically our algorithm is capable of analyzing:
both disk and limb dimmings, myriad shapes and sizes of dimming, as well as secondary
dimmings that develop remote from an initial source region. The next required step is to
examine more events in order to determine the ratio of “spurious/successful detections”.
This is particularly important for confident identification of small dimming events.

We have demonstrated that the detection part of the code can run on non-differenced
data, ensuring that it can run in near real-time, as soon as the calibrated data products are
available. The whole spectrum of known events, from solar minimum to maximum, can be
successfully detected.

We have also demonstrated the proof-of-concept for the anticipated application to AIA
data, using examples from both EIT and EUVI datasets. The main extraction algorithm is
anticipated to be run on all seven EUV passbands of AIA data, in order to refine estimates
of the mass of coronal dimmings.

We hope that this algorithm and metadata output will greatly assist efforts to assemble
large-scale statistical studies of coronal dimming regions.
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