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Abstract. Solar flare observations in the deka-keV range are
performed by the WATCH experiment on board the GRANAT
satellite. The WATCH experiment is presented, including the
energy calibration as applied in the present work. The creation
of the solar burst catalogue covering two years of observation is
described and some examples of solar observations are given.
The estimated energy releases in the flares presented here are
found to extend below the range of hard X-ray flares which were
previously studied by ISEE-3 and HXRBS/SMM detectors. The
X-ray emitting component cannot be exclusively explained by
contributions from a thermal plasma around a few keV. Either a
hotter component or a non-thermal population of particles must
also be present to produce the observed deka-keV emission.
The WATCH data furthermore shows that the relative contributions of these components may change during an event or
from event to event and that the injection of energy contained in
suprathermal electrons may occur throughout an event and not
only during the rise phase. For the most energetic WATCH flares
simultaneous observations performed by other experiments at
higher energies further indicate that non-thermal emission can
be observed as low as 10 keV. A statistical study is performed on
the total WATCH solar database and frequency distributions are
built on measured X-ray flare parameters. It is also investigated
how the properties of these frequency distributions behave when
subgroups of events defined by different ranges of parameters
are considered. No correlation is found between the elapsed
time interval between successive flares arising from the same
active region and the peak intensity of the flare.
Key words: Sun: activity – Sun: flares – Sun: X-rays, gamma
rays
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1. Introduction
It is well known that the solar corona is a very dynamic region
which is the seat of many phenomena related to magnetic energy
releases in a large range of sizes and occurring on time scales
going from a few seconds or less to hours. Physical processes
leading to magnetic energy releases have been analyzed in individual solar flares using multi-wavelength observations. Such
single-case studies constrain the number and energy spectrum
of accelerated electrons and ions and the characteristics of magnetic structures at different scales in which energetic particles
are produced, propagate and radiate.
The statistical behaviour of solar flares has been characterized with frequency distributions of hard X-ray parameters
(Datlowe et al. 1974; Lin et al. 1984; Dennis 1985; Schwartz et
al. 1992; Crosby et al. 1993; Lee et al. 1993; Pearce et al. 1993;
Bai 1993; Biesecker 1994; Biesecker et al. 1994; Bromund et al.
1995; Lee et al. 1995; Kucera et al. 1997). It is found that most
of the distributions can be represented by power-laws having
a slope ranging from -2.4 and -1.4 above a threshold (usually
attributed to the sensitivity of the experiment used), (see Crosby
(1996) for a review).
The most recent statistical studies were based on hard Xray data originating from long-term solar flare observations obtained with the Hard X-Ray Burst Spectrometer (HXRBS) on
the Solar Maximum Mission (SMM) spacecraft (Crosby et al.
1993) and by the X-ray spectrometer aboard the International
Cometary Explorer (ICE, formerly known as ISEE 3) spacecraft (Bromund et al. 1995). The measured parameters are the
peak count rate (C), the total duration (D) and the peak photon
flux (F). The peak energy flux (E) and the total energy (W) in
accelerated electrons were also computed using a single powerlaw photon spectrum and a thick-target interaction model. The
slopes of the power-law distributions computed above a threshold are summarized for both studies in Table 1. Power-law distributions are found to extend for several decades. The slopes deduced by Bromund et al. (1995) are found to be slightly steeper
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Table 1. Characteristics of the occurrence distributions of HXR flare parameters

HXRBS/SMM
(Crosby et
al., 1993)
slope
threshold
ISEE-3
(Bromund et
al., 1995)
slope
threshold

C
(c s−1 )

D
(s)

F
(ph cm−2 s−1 )

E
(ergs s−1 )

W
(ergs)

-1.73+/-0.01
30 c s−1

-2.17+/-0.05
200 s

-1.59+/-0.01
1.5 ph cm−2 s−1

-1.67+/-0.04
1027 ergs s−1

-1.53+/-0.02
3×1028 ergs

-

-2.40+/-0.04
100 s

-1.86+/-0.01
4 ph cm−2 s−1

-1.92+/-0.02
2×1027 ergs s−1

-1.67+/-0.02
1029 ergs

than the ones deduced by Crosby et al (1993). This may be
due to differences in instrument sensitivity for the measured parameters or to different methods of estimating electron energy
for computed parameters. It was pointed out by Crosby et al.
(1993) that the distribution in photon flux obtained for the microflares observed by Lin et al. (1984) closely agrees with the
extrapolated distribution of all flares observed near solar maximum. This strengthens the assumption that the deviation from
the power-law observed below the threshold of 1.5 ph cm−2 s−1
with HXRBS/SMM reflects only the effect of the instrumental
sensitivity threshold. On the other hand it has been noticed that
there seems to be a deficiency of stronger/longer events seen in
the frequency distributions of durations and fluxes. It is possible that this may be due to an observational effect (data gaps,
saturation) but as suggested by Lu et al. (1993), it cannot be
excluded that this effect may be real.
Another statistical study was performed on the
HXRBS/SMM data by Pearce et al. (1993) leading to
similar results for the distribution in peak count rates as in
Crosby et al. (1993). They furthermore studied the distribution
of the time intervals between consecutive HXRBS events
(limited to the 60 minute spacecraft day) and found that the
flares did not seem to be randomly distributed in time, but
that the occurrence distribution of time intervals was best
fitted by a power-law distribution. Similar results were also
found using observations from BATSE (Biesecker 1994).
More recently (Kucera et al. 1997) studied if the frequency
distribution of HXRBS/SMM flares varies as a function of the
size of the active region. Basically they find that fewer large
flares are produced by active regions with small total sunspot
area and that large complex regions appear to produce a lower
percentage of low energy flares than smaller, simpler regions.
In the soft X-ray domain, frequency distributions of global
soft X-ray parameters are also found (Hudson et al. 1969; Drake,
1971; Lee et al. 1995; Shimizu 1994, 1995) to be all wellrepresented by power-laws with slopes ranging from -1.4 to -2.5.
Shimizu (1994, 1995) performed frequency distributions on the
estimated energy content of transient brightenings measured by
the soft X-ray telescope aboard YOHKOH in the 0.4-4.0 keV

range. He found that the distributions can be represented by
a single power-law with a slope ∼ -1.5, -1.6, which is similar to what has been found for energy distributions in the hard
X-ray range. This may suggest that independently of the form
under which the released energy is converted (plasma heating
or production of non-thermal particles), frequency distributions
of total energy contained in either non-thermal particles or hot
plasmas give good indications on the energy release distribution itself. Lee et al. (1995) have compared the soft X-ray peak
flux and the hard X-ray fluence distribution. Different slopes are
found, leading the authors to conclude that other heating mechanisms than energy deposited by accelerated electrons must act
in flares.
The interpretation of the shape of the frequency distributions
has been investigated in the literature and basically two classes
of models (’stochastic relaxation’ and ’avalanche model’) have
been developed (see Sect. 5.2). Assuming that the total energy
contained in non-thermal electrons or hot plasmas is correlated
to the total energy released during a flare, the observed distributions can be confronted to the predictions of these models.
This has been done for hard X-ray flares with an energy range
between 1028 to 1033 ergs. However, very little information is
known on the distributions of X-ray flare parameters for weaker
events.
In this paper we present a new solar X-ray flare statistical
study based on observations at photon X-ray energies above 10
keV recorded by the Danish Wide Angle Telescope for Cosmic
Hard X-Rays (WATCH) experiment aboard the Russian spacecraft GRANAT. The energy release in these flares is estimated to
lie below the range observed by ISEE-3/ICE or HXRBS/SMM.
Frequency distributions are performed on the different measured
X-ray parameters.
WATCH measures the X-ray flux in the deka-keV range
for which few observations have been performed with scintillators. This experiment allows to make systematic observations in
this intermediate zone between hard X-ray observations above
20 keV and observations in the soft X-ray thermal range (e.g.
with GOES). In Sect. 2 the WATCH unit that observes the Sun
(referred to as WATCH-0) is presented including a description
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of how the energy calibration of the detector was performed.
Thereafter (Sect. 3) the creation of the WATCH solar flare catalogue is explained and some examples of solar observations are
given. For some of the solar events we discuss the possible interpretations of the radiation observed and an estimation of the
energy content of the largest flares observed is given. Sect. 4
presents the different statistical studies that were performed on
the WATCH solar database. In Sect. 5 the results of the statistical
study are discussed in relation with previous studies and in the
context of avalanche models. Sect. 5 furthermore summarizes
the conclusions of the paper and discusses some prospective
studies.
2. The WATCH experiment aboard GRANAT
The GRANAT satellite was launched on 1. Dec. 1989 and the
WATCH experiment is composed of 4 WATCH units mounted
in a tetrahedral geometry, each being designed with a very large
field-of-view (4 steradians). One of the WATCH units has the
Sun in its field-of-view and there exists almost two years of
solar observation, covering the solar data gap between the end
of the HXRBS/SMM observations (December 1989) and the
launch of COMPTON (April 1991). As the GRANAT orbit is
highly eccentric and has a long period (∼96 hours), it allows
long uninterrupted observations between passages through the
radiation belts of the Earth. Telemetry was on an average done
every 24 hours on 3 days out of 4 in each GRANAT orbit.
2.1. Technical description
The WATCH detectors are based on the rotation-modulationcollimator (RMC) principle which allows to get some information on the arrival direction of the photons. The first modulation
collimator was designed by Oda (1965) and consisted of two
plane grids of parallel wires separated by a short distance and
placed in front of a detector. The Oda technique was thereafter
improved by letting the two planes of parallel 50 % transmission
grids rotate synchronously around a fixed axis perpendicular to
the grids. This allows to modulate the X-ray flux received from a
point source. This technique referred to as rotation-modulationcollimator (RMC) was proposed by Mertz (1968) and further developed by Schnopper et al. (1968, 1970) and Willmore (1970).
The WATCH experiment is based on the RMC-principle, but
the second grid of the collimator has been replaced with two interleaved grids of X-ray detectors (NaI(Tl) and CsI(Na)) (Lund
1985). The advantage of this method is that by adding together
the count rates in the two scintillators, the X-ray burst time profile can be measured, unaffected by the modulation pattern. The
ratio between the count rate measured in one scintillator and the
total count rate provides the normalized instrumental modulation pattern which can be extracted independently of the time
variations in the source flux (Lund 1981). The interleaved scintillator grids of the WATCH detector are a circular mosaic of 22
scintillator (NaI and CsI) strips, each having a width of 5 mm
and a thickness of 2 mm. The modulation grid is mounted 5 cm
above the scintillator surface and is made up of rods of tantalum
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with an equal width and a spacing of 5 mm thus providing a
spatial resolution of 5.7 ◦ . To provide a sufficient mechanical
strength of the grid as well as to absorb fluorescent X-rays produced in the tantalum, thin layers of copper and of carbon fiber
epoxy were added to the tantalum grid. The total area of the
detector system is 95.0 cm2 equally divided between the NaI
and CsI scintillators. The two scintillators are viewed by a single photomultiplier tube through a lead glas optical window and
have an X-ray entrance window of 25 micron Aluminium which
prevents optical light from entering the scintillator and allows
the X-rays to pass with little absorption above 6 keV. The signals
from the two types of scintillators can be separated electronically, due to the different decay characteristics of the scintillator
materials (0.23 µs for NaI(Tl) and 0.63 µs for CsI(Na)).
For the study of solar bursts, basically two count rate channels and two modulation channels from the NaI scintillator were
used. The time accumulation for the count rates and modulation patterns is based on the rotation velocity of the modulation grid/scintillator system which is slightly variable with time
but which is recorded. The time accumulation for the normal
count rate data is approximately 6.5 seconds (8 rotations) and
for the modulation patterns approximately 13.9 minutes (1024
rotations). Bursts (triggers) having rise times less than two rotations causes the WATCH instrument to enter burst mode. The
accumulation time for the count rate is of one rotation, approximately 0.8 seconds. For bursts triggers with time scales of 2 to
32 seconds the observing program enters the transient mode. In
this mode modulation patterns with 16 rotation time accumulation are collected (∼ 13 seconds).
2.2. The WATCH modulation pattern
When the modulation and scintillator grid of WATCH rotate
together, the illuminated fraction of the scintillator will vary as
(Brandt 1994):
Eq. (1):4= saw[((πL)/d) tan(θ) cos(x-φ) + δ]
where saw[ ] is the symmetric triangle sawtooth function
normalized between 0 and 1 with period 2π (saw(0)= saw(π)=
saw(2π)=0.5, saw(π/2)= 1 and saw(3π/2)=0.0), L is the
distance between the modulation grid and the scintillator
surface, d is the width of the tantalum rods of the grid, x is
the rotation phase in radians [0,2π], θ is the off-axis angle of
the source in the WATCH field-of-view (the angle between
the rotation axis and the incident radiation), φ is the phase
angle of the source within the field-of-view (the spin axis of
the solar viewing WATCH unit on GRANAT is located in
the symmetry-plane of the satellite’s solar panels and as a
consequence the solar image never deviates much from the
φ=0 line in the field-of-view). δ is the measure of the relative
position of the grid and assembly of the scintillator strips in
units of π/d (δ= 0 corresponds to half of each scintillator strip
being exposed when the instrument is illuminated head-on).
For WATCH on GRANAT δ is approximately equal to 0.
In reality the modulation grid is not infinitely thin and the
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Fig. 1. The time profile of a solar event (top) with corresponding modulation pattern (bottom). The background estimated in the countrate
time profile before and after the burst is indicated as a dotted line in
the modulation pattern.

finite thickness of the grid must be taken into account when
attempting to model the shadow pattern. For a detailed analysis
of how the real modulation pattern was simulated, see Brandt
(1994).
One rotation is divided into 256 equal angular increments.
Thus the modulation patterns consist of 256 values of count
rates that are integrated over a given accumulation time. They
are used in determining the positions and strengths of the X-ray
sources in the field-of-view. The upper part of Fig. 1 shows the
time profile of a solar event in the 10-30 keV energy range. The
modulation pattern has been accumulated over the time indicated by the two vertical lines. The modulation pattern (bottom)
is centered at phase bin= 128 (φ= ∼0) as expected for the Sun.
Fig. 2 illustrates how the simulated solar modulation pattern
(left side) using Eq. 1 compares with the observed modulation
patterns normalized to the maximum count rate (right side) for
different incident angles θ. It can be noticed that for all incident
angles θ, the modulation pattern for the Sun is always centered

Fig. 2. The simulated solar modulation pattern (left) for different incident angles compared with the measured solar modulation patterns
normalized to the maximum countrate. The background measured in
the countrate time profiles before or after the burst is indicated as a
dotted line.

at phase bin 128 (φ= 0). The other X-ray sources will be identified by their different modulation patterns (as e.g. the Crab
Nebula).
2.3. Energy calibration of the NaI scintillator
Before launch the WATCH experiment was calibrated using
radioactive sources. However a major gain shift after launch
prevents us from using this prelaunch calibration. Furthermore,
the radioactive source (Cd-109) associated with each detector
was found to be too weak compared to the background to be used
for calibration after launch. Therefore the energy calibration of
the WATCH-0 detector was performed in the following way: 1)
Modelling the detector and 2) Using observations of the Crab
Nebula source for the energy calibration. The purpose of the
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energy calibration is not to perform a complete spectral analysis
but to get an estimate of the energy bands in which count rates
were accumulated and of the number of photons corresponding
to a given count rate.
The X-ray detection efficiency depends on the X-ray absorption coefficients of the scintillators and the transparency
of the Aluminium entrance window. The detection efficiency
of the NaI scintillator in WATCH-0 is computed by using an
analytic calculation of the energy loss probabilities in the detector (program developed by R.A. Schwartz, private communication). It takes into account the probability of photoelectric
effect, Compton scattering and fluorescent escape in the scintillator as well as ”broadening” due to the spectral resolution of
the scintillator. The effect of the final thickness of the modulation grid for an incident photon with angle θ is to reduce the
effective area by a factor g(θ) compared to the geometric projected area. Simulations of the mean value of the modulation
patterns as a function of θ give the following correction factor:
g(θ)= 2×(0.5-0.121×tg(θ)) for 2.90 ◦ <θ< 51.80 ◦ . Also included in the computation is the absorption by the Aluminium
window and the thermal blanket located in front of the WATCH
instrument. This blanket reduces the transmission efficiency of
incoming photons. Before launch it was found that the transmission of 5.9 keV X-rays with blanket was about 60 percent
of the transmission without the blanket. An indirect way of taking into account this passive material in front of the instrument
is by multiplying the Aluminium thickness by a factor which
compensates for this decrease in transmission efficiency. It was
found that a value (f) of 1.63 gives a good estimate of the total
transmission efficiency at 5.9 keV.
The simulation of the scintillator is then performed using
the previous description. The electronic chain of the detector
amplifies the output signal of the scintillator with a certain gain
which changed during the 2.5 years of the observations (CastroTirado 1994). This implies that the effective energy ranges of
the count rate channels changed during this period in relation
with the changes of the gain. To determine the effective energy
channels of WATCH-0, a standard X-ray source must be used.
During the 2.5 years of observation the Crab Nebula was at
times in the field-of-view. Its coordinates in relation to the orientation of the experiment are known, so that one can identify
this source in the background by its modulation pattern. The
low- and high-energy count rates can thus be calculated using
the two corresponding modulation patterns. It is found that the
Crab count rates in WATCH-0 changed over the 2.5 years simultaneously to the changes of the voltage of the experiment (from
May 1991 to November 1991). After this period, the voltage returned to its previous value. Three observing periods must then
be defined corresponding to different values of the WATCH-0
energy channels.
For each period the Crab incident photon spectrum given as:
Eq. (2):dN/d(hν)= 2.02·10−2 ×(hν/20)−2.09
ph cm−2 s−1 keV−1 with hν in keV
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Table 2. Effective energy ranges of WATCH-0
Observing Period
Dec. 1989 - March 1991
April - Nov. 1991
Dec. 1991 - July 1992

Low-Energy
(keV)

High-Energy
(keV)

10 - 30
14 - 40
10 - 30

> 30
> 40
> 30

is introduced into the response of the detector. The count rates
produced in the low- and high-energy channels are computed for
different limits of the output energy bands and compared with
the observed count rates. The effective energy ranges found
from this procedure are indicated in Table 2.
The knowledge of the effective energy ranges of the channels allows to estimate the number of counts that will be registered in each given channel. The right side of Fig. 3 illustrates
for periods 1 and 3 the expected count rates for a non-thermal
photon spectrum I(hν)= A×(hν/10)−γ with A=1 and hν is the
energy of the incoming photons in keV. The harder the spectrum
(the lower the spectral index γ) the more counts are expected
in the high-energy channel and the lower the ratio between the
two channels. The left side of Fig. 3 shows for periods 1 and 3
the expected count rate as a function of temperature (T) for a
given thermal photon spectrum I(hν) defined by the temperature
T of the emitting plasma and its emission measure (EM) with
EM= 1047 cm−3 . For low temperatures, count rates are recorded
mainly in the low energy channel. With increase in temperature
the expected number of counts will increase much faster in the
high-energy channel compared with the low-energy one.
3. Observations
The WATCH solar burst catalogue (Astronomy and Astrophysics Supplement Series) was created by systematically
going through the WATCH-0 database with the following
selection criteria:
1) The modulation pattern must correspond to the solar
one (i.e. it must be centered at φ∼0, see Sect.2.2.2).
2) There must be a signature in the GOES data (a classified GOES flare or a significant flux enhancement). The
corresponding WATCH peak is not necessarily at the same
time as that of the GOES event. Note that in general this second
criterium is redundant with the first one.
3) The peak count rate of the WATCH event must be
above the three sigma background level.
4) The event must not be significantly contaminated by
particles.
A total of 1551 events were found, where approximately 45 percent of the events are associated with GOES
X-ray flare classification (607 C-flares, 84 M-flares and 2
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Fig. 3. Right side: The expected count rates in the low and high energy
channels and the ratio for a non-thermal spectrum as function of the
spectral indices. Left side: The expected count rates in the low and
high energy channels and their ratio for an incident thermal photon
spectrum as a function of temperature (see text for details).

X-flares). 27 of these events were observed to have signals
above background in both the low- and high-energy channels.
Furthermore, each WATCH solar burst was tentatively associated with an active region with the following selection criteria:
- the WATCH event is associated with a reported GOES
flare associated with an active region in Solar Geophysical Data
(comprehensive reports).
- the WATCH event is not associated with a reported GOES
flare, but is simultaneously detected with an optical flare. The
X-ray burst may begin a few minutes before the optical flare
ending either during or after it, or it may begin during the optical flare and end before it. Only one optical flare must occur
at the same time as the WATCH event for the association to be
considered as valid.
A more detailed description of all the parameters accompanies the catalogue.
The top pannel of Fig. 4 shows the flaring rate as deduced
from the WATCH-0 observations, where the on-time (total du-

Fig. 4. Top pannel: The monthly flaring rate recorded by WATCH-0.
Bottom pannel: The corresponding monthly flaring rate recorded by
GOES.

ration of WATCH observations for the month) is computed in
days. The bottom pannel is the flaring rate as deduced from
GOES. The flaring rate recorded by WATCH in the second observing period (month 16 to 23) decreases as expected from the
shift of the energy channels described in Sect. 2.3.
3.1. Solar X-ray bursts observed by WATCH
The bottom of Fig. 5 shows the time profile recorded in the lowenergy channel of WATCH on the 19 June 1990 between 15:00
and 16:20 UT (the dotted line represents the background). The
two upper pannels of the figure show complementary GOES
observations in two energy channels (the dotted line also represents the background - see below in Sect. 3.2). No signal above
background is observed in the high-energy channel of WATCH.
The first burst (a) observed at peaktime 15:23:24 UT is associated with an optical flare and some significant GOES emission,
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Fig. 5. Time profiles of the three WATCH bursts (bottom) observed
between 15:00 and 16:20 UT on 1990 June 19 with the corresponding
GOES time profiles (see text for details).
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Fig. 6. Time profiles of a burst (1991 August 17) observed simultaneously by WATCH and BATSE in the rising phase of a GOES flare.

3.2. Nature of the Deka-keV emission observed by WATCH

which is however not reported as a GOES flare in ’Solar Geophysical Data’. The two bursts that follow (peaktimes: 15:57:16
UT (b) and 16:14:26 UT (c)) are both associated with a C1.6
GOES flare and a common optical flare. The first two peaks
(1 and 2) in the burst (b) are seen as bumps in the GOES time
profile, whereas the third peak (3) is close to the peak of the
event observed at lower energies by GOES. Note that for this
burst as for others the peak count rate as well as the peak time
indicated in the WATCH catalogue corresponds to the largest
peak detected in the low-energy channel of WATCH (here
peak 2).
For some events, complementary observations at energies
above 25 keV have been found originating e.g. from the Burst
and Transient Source Experiment (BATSE) aboard the GammaRay Observatory (GRO) (Fishman et al. 1989). The WATCH
event presented in fig. 6 corresponds to an impulsive nonthermal weak and short duration burst also observed with
BATSE in the rising phase of the GOES flare. However no signal
in the high-energy channel of WATCH was observed, probably
because of the smaller detector area of WATCH compared to
BATSE.

As a first investigation of the nature of the emission observed
by WATCH above 10 keV, it is checked whether the emission
results only from the contribution of the thermal plasma measured by GOES. Fig. 7 is a schematic representation of how this
was done.
Assuming that the emission measured in the two GOES soft
X-ray ranges (1.5-12.4 keV and 3.1-24.8 keV) is produced by
a homogeneous isothermal plasma, those observations are used
to determine the parameters (temperature and emission measure) of this soft X-ray emitting plasma. Formulae relevant for
the GOES-1 satellite data have been derived by Thomas et al.
(1985). However a significant difference in detector efficiencies
between the experiments aboard the different GOES satellites
has been found by Sylwester et al. (1995), who have derived
conversion factors between the different experiments. Following the suggestion by Garcia (1994), the GOES wavelengthaveraged efficiencies given by Sylwester et al. (1995) are used
to convert the GOES-7 fluxes into GOES-1 fluxes before they
are used in the formulae of Thomas et al. (1985).
Two methods are used to determine the pre-event background of the GOES flux observations. 1) A rough estimation of
the pre-event flux level which represents an upper limit of the
background level. 2) The technique developed by Bornmann
(1990) which determines the background by stating that the
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Fig. 7. A schematic representation of the simulation of the combined
WATCH and GOES observations.

Fig. 8. Measured (full line) and simulated (dotted line) WATCH count
rates for four different events (see text for details).

temperature, emission measure and flux should all increase at
the start of the soft X-ray brightenings and that the flaring X-ray
sources is hotter than the average of all background sources. It
is found that the background levels and thus the temperatures
and emission measures determined with the above two methods
are consistent.
The temperature and emission measure inferred from GOES
give an estimate of the thermal spectrum impinging on the
WATCH detector as a function of time. Using the detector response that was described in the previous section, it is then

possible to simulate the time evolution of the WATCH count
rate produced by the thermal plasma. For all cases that were
analyzed, the simulated count rate was always smaller than the
observed one indicating that, as expected, the emission cannot
be represented by an isothermal plasma alone. The simulated
time profile is then subtracted from the measured WATCH count
rate and what is left over is called the ’residual’ (Fig. 7). Fig. 8
shows the measured count rate in the low-energy channel (fullline) compared with the simulated one (dotted line) for four
events. In Fig. 8a-c the simulated count rates represent respectively 50 %, 20 %, ∼0 % of the detected count rate. The ratio
between the detected and simulated count rates thus vary from
one event to the other. It may also vary a lot in the course of
a burst (as for the 21-03-1992 burst in Fig. 8d) and is found
to be generally higher at the rise phase of a burst. This confirms either the usual multithermal nature of the flaring plasma
or shows the frequent production of suprathermal electrons. It
also confirms the variation from one burst to the other or even in
the course of a burst of the relative contribution of hot plasmas
or of suprathermal electrons.
In some cases (see Fig. 8a) up to 50 % of the low-energy
count-rate of WATCH can be produced by the contribution of
the thermal plasma measured by GOES and no signature is
detected in the WATCH high energy channel. In those cases,
two models have been used to analyse the combined GOES
and WATCH data (see Crosby et al. 1996 and Crosby 1996 for
details and examples to reproduce the combined observations
of WATCH and GOES). The first of this model is based on
the assumption that the flaring plasma can be represented
by two thermal components and the two sets of temperature
and emission measure are determined using the following
guidelines:
- the high temperature component must not give a significant signal in the high-energy WATCH channel.
- the low temperature component accounts for the low-energy
GOES channel.
- both components account for the 3.1-24.8 keV GOES channel
and the low-energy channel of WATCH.
This analysis has been performed for the two events discussed
in Crosby et al. (1996) (see Table 3a) and it was found that the
hot plasma could be represented by a temperature in the range
of 1.1-1.4×107 K with an emission measure of 3-12×1047
cm−3 , while the ”cold” plasma had a temperature ranging
between 5 and 7×106 K with an emission measure roughly ten
times larger than the hot plasma. The temperatures of the hot
plasma are found to be in the same range as those deduced by
combined YOHKOH HXT and SXT observations (Hudson et
al. 1994) for impulsive footpoint brightenings.
In some cases (e.g. the first peak of the 1992-03-21 event
shown on Fig. 8d), the combined observations of GOES and
WATCH cannot be reproduced by this above model (see also
Crosby et al., 1996). The ’residual’ in the low-energy WATCH
channel must then be interpreted with the alternative model
in terms of a non-thermal photon spectrum. In the following,
this second model is used to analyse in a systematic way the
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WATCH observations. The non-thermal spectrum is determined
using the following constraints:
- the residual in the low-energy WATCH channel must
be reproduced as well as the observations in the high-energy
channel.
- if no significant emission is detected in the WATCH highenergy channel, only a limit of the photon spectral index is
provided (see Table 3b) unless simultaneous observations
of the event by other experiments are used to bring further
constraints.
Table 3b summarize the results of the above analysis for
the events studied in Crosby et al (1996) where no emission
in the WATCH high-energy channel was observed and where
simultaneous detection of the first peak of the 1992-03-21 event
by BATSE was used as a further constraint. The results of the
spectral analysis of all the WATCH events with significant flux
in the high energy channels are similarly summarized in Table 4.
Several peaks can be analyzed in these events, but we restrict
ourselves to those for which no instrumental effects such as
overflow, dead-time, or pulse pile-up are present. The slope of
the non-thermal photon spectrum is found to be between -5.5 and
-3.5 in agreement with values previously found in the literature
in this energy range (Kane & Anderson 1970, Pan et al. 1984) as
well as above 20 keV (Crosby et al. 1993; Bromund et al. 1995).
The peak hard X-ray flux lies between 1 to 10 photons/(cm2
s keV) at 20 keV for these events and is about one order of
magnitude lower for the events studied in Crosby et al (1996)
(Table 3b). These values lie towards the lower end of what was
observed for HXRBS (Crosby et al. 1993). The peak energy
flux in electrons above 25 keV is also computed assuming a
thick-target model for the X-ray production. The values above
25 keV are found to lie around 1026 - 1027 ergs/s. Compared
to the values found for the HXRBS observations (Crosby et al.
1993), the hardest bursts detected by WATCH correspond to an
energy content at the lower limit or below the range detected
by HXRBS. This suggests that the smallest and/or softest of the
events detected by WATCH may belong to the same scale of
events as the microflares detected by Lin et al. (1981).
Comparable time profiles sometimes observed around 10
keV with WATCH and at higher energy also suggest that the
emission may be attributed to non-thermal origin even down to
10 keV. The Neupert effect generalized as the relationship between the time derivative of the soft X-ray time profile with the
hard X-ray light curve (Dennis & Zarro 1993) is also observed
in some cases between WATCH time profiles and the GOES
ones around a few keV (Vollmer 1995). Fig. 9 illustrates such
an example for an event where significant emission is observed
in both channels of WATCH and a purely non-thermal photon spectrum has been derived (see Table 4). The correlation
coefficient between the derivative of the two GOES channels
with the low-energy channel of WATCH is found to be around
0.9, while it is around 0.76 with the high-energy channel of
WATCH. This shows an apparent causal relationship between
the soft X-ray emission observed by GOES and the deka-keV
emission observed by WATCH. Such a causal relationship has

Fig. 9a–d. The derivative of the two GOES time profiles compared
with the WATCH count rates for the 1992 January 29 event. The top
two figures (a and b) represent the low-energy time profile of WATCH
(full line) and the bottom two figures (c and d) the high-energy time
profiles of WATCH (full line). The dotted lines are the derivatives of
respectively the low-energy channel of GOES (right-side) and of the
high-energy one (left-side).

been extensively studied at higher X-ray energies (e.g. Dennis &
Zarro, 1993). A commonly proposed interpretation of this effect
suggests that the non-thermal energetic electrons radiating hard
X-ray emission are also at the origin of the heating and subsequent thermal bremsstrahlung observed in soft X-rays (e.g.
Dennis & Zarro, 1993). It must however be pointed out that the
relationship between the time profiles is not sufficient to support
the causal relationship which must be further demonstrated by
a comparison of the energy contained in the non-thermal electrons and radiated by the hot plasma. The present observations
of a Neupert effect between the deka-keV and the lower energy time profiles may simply suggest that in some events the
observations in the deka-keV range are a good indicator of the
primary energy release in the flare and not of the thermal response of the medium. Thus the deka-keV X-ray energy range
can be potentially used as a diagnostic of the flare energy release
process.
3.3. Conclusions
The present section shows some examples of solar bursts observed by WATCH around 10 keV. Depending on the event or
on parts of the event, the light curves resemble either those of
the soft X-ray emission observed by GOES or those of the nonthermal hard X-ray emissions observed e.g. by BATSE. Several deka-keV WATCH events may be observed during a single
GOES soft X-ray flare. The injection of energy above 10 keV
occurs thus throughout a soft X-ray flare and not only at the
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Table 3. Spectral analysis of the two WATCH events described in Crosby et al. (1996)
a) Thermal plasma with two components (peak values) (deduced from GOES and WATCH observations)
date

1990 Oct. 7
(12:47:45)

1992 March 21
(part II)
(11:51:41)

plasma

cold

hot

cold

hot

T
(106 K)

5-7

12-13

5-6

11-14

29-24

12-7

133-97

16-3.1

EM
(1047 cm−3 )

b) Non-thermal electron spectrum (WATCH residual-peak values)
date

photon
spectral index
γ

A

peak hard X-ray
flux at 20 keV
(ph cm−2 s−1 keV−1 )

peak energy flux
>25 keV
(ergs s−1 )

1990 Oct. 7
(12:47:45)

≥4.5

1.2×105

0.16

≤5.7×1025

1992 March 21
(part I)
(11:36:44)

∼5.0

8.2×105

∼0.26

∼9.5×1025

1992 March 21
(part II)
(11:51:41)

≥4.5

1.4×105

0.20

≤6.8×1025

Table 4. Spectral analysis of purely non-thermal events (observed in both energy channels of WATCH.
date

UT

photon
spectral index
γ

A

peak hard X-ray
flux at 20 keV
(ph cm−2 s−1 keV−1 )

peak energy flux
>25 keV
(ergs s−1 )

90/03/27

22:36:36

5.5

2.6×107

1.82

7.0×1026

90/03/27

22:40:31

3.5

1.2×105

3.35

9.4×1026

90/05/21

15:30:55

4.5

2.6×106

3.63

1.3×1027

90/05/21

15:31:02

5.0

1.2×107

3.75

1.4×1027

90/07/04

11:09:45

4.0

1.7×106

10.62

3.4×1027

90/07/04

11:10:25

4.5

3.6×106

5.03

1.7×1027

91/08/25

09:36:21

5.5

5.2×107

3.63

1.4×1027

92/01/29

22:33:51

5.5

2.4×107

1.68

6.5×1026

92/04/24

19:18:59

5.0

8.8×106

2.75

1.0×1027
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rise phase of the flare. This was sometimes observed at higher
X-ray energies by HXRBS/SMM, but less systematically. A lot
of small soft X-ray enhancements not classified as GOES flares
are associated with small bursts observed by WATCH around
10 keV. The production of suprathermal populations or of hot
components in the corona is thus not limited to the “usual”
GOES soft X-ray flares classified in ‘Solar Geophysical Data’.
The spectral analysis performed on some events clearly shows
that the emission around 10 keV does not only result from the
plasma detected around a few keV by GOES. A hotter component or a non-thermal population is required in the solar corona
to produce this emission. As already suggested from the previous analysis of a few flares (Hernandez et al. 1986, Kane et al.
1992), the non-thermal electron population thus extends down
to 10 keV in many events.

4. Statistical analysis of solar X-ray flare parameters
4.1. Frequency distributions of X-ray flare parameters
Using the WATCH solar burst catalogue, frequency distributions
are derived for the following parameters: peak count rate, total
duration, rise time and decay time. Events where start, end/or
peak time are not observed are not included (14 events) in the
analysis, thus giving a total of 1537 events for the study.
4.1.1. Flare peak count rate frequency distribution
It is first investigated whether the shape of the frequency distribution of the flare peak count rate above background is sensitive
to the shift in the energy bands of WATCH discussed in Sect. 2.3.
It is found that the frequency distributions obtained for the different observing periods are all well-represented by power-laws
above a turn-over with a slope which does not change significantly during the three observing periods.
The analysis can thus be performed on the total database and
Fig. 10 (top) illustrates the frequency distribution of the peak
count rate for the total database. It can be represented, above
the turn-over at 50 c/s and for almost three orders of magnitude,
by a power-law with a slope α, where α= -1.58 +/- 0.02.
We furthermore divided the events into five subgroups as
function of their total duration (D): 6.5 s < D < 200 s, 200
s < D < 400 s, 400 s < D < 700 s, 700 s < D < 1000 s,
D > 1000 s. The frequency distributions are performed on the
five subgroups and the two extremes are illustrated in Fig. 10
(bottom). All five frequency distributions can be represented by
power-laws above a turn-over, but it is found that the slope of the
power-law systematically varies with the range of durations of
the events (see Table 5). The slope is steepest for the sub-group
with the shortest duration and as the duration increases for each
sub-group the slope of the power-law decreases. It must be noted
that this effect is systematically observed independently of the
values of the durations used for the limits of the sub-groups.

Fig. 10. The frequency distribution of the WATCH flare peak count
rate for the total observing period (top) well-represented by a powerlaw above the turn-over at 50 c/s (1251 events) with a slope α= -1.58
+/- 0.02. The frequency distribution of the WATCH peak count rate for
different sub-groups of events (bottom). The steeper slope (α= -2.17+/0.07) refers to events with duration less that 200 seconds (full line) and
the flatter slope (α= -1.15+/-0.05) to events that have durations greater
than 1000 seconds (dashed curve)

4.1.2. Total duration, rise and decay time frequency
distributions
Fig. 11 represents the frequency distribution of the burst total duration for the whole database. A single power-law above
a turn-over does not fit the distribution very well. This effect
was already suggested in other databases (Crosby et al. 1993;
Bromund et al. 1995), but is much more pronounced in the
present study probably because of the longer day-time orbit of
the spacecraft which allows to observe longer duration events.
Double power-law representation or a power-law with an exponential roll-over as suggested by Lu et al. (1993) have been
used to fit the distributions and the results are summarized in
Tables 6 and 7. The events are then divided into subgroups defined by the range of peak count rates (P<100 c/s, P>100 c/s)
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Table 6. Characteristics of the frequency distributions in total durations
for subgroups of events (see text for details) (2 power-law fits).
Total Duration

Fig. 11. The frequency distribution of the bursts total duration for the
whole observing period, and the fitting by either a single power-law
with a slope (γ= -1.08+/-0.03) with an exponential roll-over at Tmax =
2100 +/- 100 s (dotted line) or by two power-laws with slopes: β 1 =
-1.09+/-0.05 and β 2 = -2.28 +/- 0.08 (full lines).
Table 5. Characteristics of the frequency distributions in peak count
rates for sub-groups of events.
Nf it : number of events in the fit
Ntot : total number of events in the distribution.
duration interval
(seconds)

slope
(α)

Nf it

Ntot

t>6.5

-1.58+/-0.02

1251

1537

6.5<t<200

-2.17+/-0.07

437

653

200<t<400

-1.82+/-0.08

236

309

400<t<700

-1.46+/-0.06

190

229

700<t<1000

-1.34+/-0.03

108

124

t>1000

-1.15+/-0.05

206

222

to investigate if the parameters of the frequency distributions
vary from one sub-group to the other (see Tables 6 and 7). It is
found that the distribution is always steepest in the long time
range. When the frequency distributions are fitted by a single
power-law with an exponential roll-over, the power-law is flatter for the sub-group with the largest peak count rates, while the
value of Tmax (s) defining the exponential roll-over systematically increases (see Table 7). A similar behaviour is obtained
for frequency distributions of rise and decay times (see Crosby,
1996 for more details).
4.2. Correlation between the different X-ray flare parameters
Fig. 12 illustrates the correlation scatter plots between the different characteristic times (total duration, rise and decay time)
as function of peak count rates. The slopes of the different correlation plots are similar (∼0.5). The correlation coefficients
range between 0.5 and 0.6, the coefficient between the peak

α1

α2

All events

-1.09+/-0.05

-2.28+/-0.08

P < 100 c/s

-1.59+/-0.08

-3.15+/-0.35

P > 100 c/s

-1.09+/-0.07

-2.67+/-0.17

Table 7. Characteristics of the frequency distributions in total durations
for subgroups of events (see text for details) (power-law slope α with
an exponential roll-over Tmax ).
Total Duration
α

Tmax (s)

All events

-1.08+/-0.03

2100+/-100

P < 100 c/s

-1.28+/-0.06

800+/- 80

P > 100 c/s

-0.90+/-0.11

2200 +/-150

count rate and the rise time being the lowest one (0.5). This is
consistent with what was previously observed at higher X-ray
energies with HXRBS/SMM (Crosby et al., 1993) where a loose
correlation was also observed between the flare duration and the
peak count rate.
4.3. Is there a relation between successive flares in the same
active region?
A large percentage of the solar bursts recorded by WATCH could
be associated with an active region. We define as 4T the elapsed
time between two events in the same active region as the difference between the peaktimes of an event and of the preceding
one. Bursts that are selected to define 4T must originate from
the same telemetry dump or from adjacent dumps forming an
uninterrupted sequence and be associated with the same active
region. The study performed below on several active regions
is based only on the dumps in which a lot of bursts arise from
the same active region. (see Crosby (1996) for details). The frequency distribution of the elapsed time 4T is found to be wellrepresented by a power-law distribution with a slope (γ= -0.78
+/- 0.13) and an exponential roll-over (T= 19000 s +/- 5600).
The slope is similar to what Pearce et al. (1993) found using
the HXRBS/SMM database. The reason why the exponential
roll-over was not observed in the HXRBS/SMM database may
still be related to the fact that the SMM spacecraft had 60 minutes observation windows due to the low orbit. It is investigated
whether the magnitude of bursts associated with the same active
region is dependent or not on the time elapsed between successive bursts. The results are plotted in Fig. 13. No correlation is
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Fig. 13. Scatter plot between the elapsed time 4T since previous burst
and the burst peak count rate for bursts associated with the same active
region. This plot is obtained by the accumulation of 19 plots performed
on several active regions. The triangles indicate that the preceding event
had a large peak count rate ( 1000 c/s).

Fig. 12. Scatter plots between the (1) total duration, (2) rise time and
(3) decay time with the peak count rate with the following slopes (s)
and correlation coefficients (cc): (1) s= 0.52+/-0.07 and cc= 0.61, (2)
s= 0.46+/-0.06 and cc= 0.50, (3) s= 0.57 +/- 0.06 and cc= 0.62.

found between the elapsed time 4T and the size of the event.
It is also checked whether 4T is dependent on the size of the
preceding event. The triangles on Fig. 13 correspond to bursts
for which the preceding event was larger than 1000 c/s. As can
be noticed, there is no evidence of the need of a sufficient time
interval for a burst (even a big one) to occur after a large burst
in the same active region.
5. Discussion and conclusion

et al. 1991; Kane et al. 1992). In some events, there is an indication of a “Neupert effect” between the WATCH time profiles at
10 keV and the derivatives of GOES time profiles around a few
keV. This suggests that X-ray emission around 10 keV contains
indeed a non-thermal component, and thus is a good indicator
of the primary energy release in a flare.
Assuming non-thermal emission for the most energetic
deka-keV bursts observed by WATCH, it is found that the peak
energy flux extrapolated to the HXRBS/SMM range is that of the
small hard X-ray flares (less than 1027 ergs/s above 25 keV).
This suggests that the complete WATCH solar database discussed in this paper deals with smaller energy releases than
those observed by HXRBS/SMM.
The observations of solar bursts by WATCH also revealed
that several bursts at 10 keV may occur during a single GOES
soft X-ray flare. This suggests that the injection of energy contained in suprathermal electrons occurs throughout a flare and
not only at the rise phase of this flare. A lot of small soft Xray enhancements detected by GOES are associated with small
bursts observed by WATCH around 10 keV. The production of a
hot (T∼107 K) plasma in the corona or of a suprathermal population of electrons is thus a relatively common process, which is
not only limited to GOES soft X-ray flares of class C or greater.

5.1. Energy contained in the WATCH flares
The analysis of the WATCH observations shows that in agreement with previous works, the X-ray emitting component
around 10 keV does not only result from the plasma detected
around a few keV by e.g. GOES. Either a hotter component or
a non-thermal electron population must produce this emission.
The similar time profiles observed around 10 keV and at higher
energies suggest that non-thermal emission is produced in some
events down to ∼10 keV. This has previously been suggested
from the analysis of other flares in both soft and hard X-ray domains (e.g. Gabriel et al. 1984; Hernandez et al. 1986; Gabriel

5.2. Frequency distributions and their interpretations
The earliest attempt to account for the flare size distribution
was proposed by Rosner & Vaiana (1978) in the context of
the ’stochastic relaxation model’. It is based on the following
three assumptions: 1) flaring is a stochastic relaxation process,
2) the energy build-up is exponential between flares, 3) all the
free energy built-up between flares is released by the following
flare and the system returns to its unperturbed or ground state
via flaring. In the case where the built-up energy exceeds the
ground-state energy, these assumptions lead to a power-law fre-
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quency distribution of released energies. In the simplest form of
this model, some relationship is expected between the energy
released in a flare and the time elapsed since the previous flare
produced in the same flaring volume. This has been tested with
WATCH observations with the result that no such relationship
exists.
The more recent type of model to account for frequency
distributions is based on the concept of self-organized criticality (SOC) also known as ’avalanche concept’ introduced by
Bak et al. (1988, 1989) and Bak & Chen (1991). This concept
characterizes the behaviour of dissipative systems containing a
large number of elements interacting over a short range, that
evolve to a critical state in which a minor event starts a chain
reaction that can affect any number of elements in the system.
Frequency distributions of the output (size) parameters from the
chain reaction taken over a period of time can be represented
by power-laws. Lu & Hamilton (1991) proposed a model based
on SOC, in which a solar flare is considered as avalanches of
many small reconnection events. The frequency distributions of
peak flux and total energy released are found to be well-fitted by
power-laws with respective slopes -1.8 and -1.4 (Lu & Hamilton 1991). More recently Lu et al. (1993) further developed their
model and found that a power-law with an exponential roll-over
is a better representation for the frequency distributions. They
have compared the predictions of the ’avalanche’ models with
the ISEE-3/ICE observations and have found a general good
agreement between the predicted distributions of flare parameters and the observed ones. Their simulations also predict that
there is no correlation between the size of an avalanche and the
time interval since the previous one (Lu et al.,1993). This is
confirmed in this paper with WATCH observations. All these
observations are thus consistent with the ’avalanche’ models of
flares.
Further developments of the ’avalanche model’ were done
by Galsgaard (1995), Vlahos et al. (1995), and Georgoulis &
Vlahos (1996) who either investigated the conditions of the system under which the energy release distributions are expected
to be power-laws or the effects of the driving mechanism and of
the instability and relaxation criteria on the slopes of the flare
parameters occurence distributions.
Although, the energy range probed by WATCH may contain
several emitting components, the statistical study performed
on the WATCH database leads to results generally similar
to those obtained on other databases at higher photon energies dealing with non-thermal emission. As was observed with
HXRBS/SMM, there is a loose correlation between the total
duration and the peak count rate of an event. The slope of the
correlation line between the total duration and the peak count
rate is found to be 0.52+/-0.07, in relatively good agreement
with what was found with the HXRBS/SMM data (0.45+/-0.03)
(Crosby et al. 1993).
The frequency distribution of the peak count rate above
background can be represented by a power-law distribution for
almost three orders of magnitude with a slope -1.58 +/- 0.02. The
value of the slope differs slightly from the ones deduced from
other experiments. This is probably due to the fact that the peak

count rates are detector and energy dependent. Investigating the
frequency distribution of the peak count rate for subgroups of
events with different durations, we find that they are still wellrepresented by power-law distributions over several decades,
while the slope systematically decreases with increasing duration. Such a behaviour is being currently modelled in the context
of the “avalanche models” (Georgoulis et al., in preparation).
The total duration frequency distribution cannot be well represented by a single power-law. Although such an effect was
already noticed in the HXRBS/SMM distributions (Crosby et
al. 1993) and the ISEE-3 distributions Bromund et al. (1995), it
is clearly seen in the WATCH observations, probably because
of the larger detection of events with longer duration. The frequency distribution can be represented by two power-laws or
by a single power-law (γ= -1.08 +/- 0.03) with an exponential
roll-over (Tmax =2100 +/- 100 s). The value of Tmax is found
to be close to what Lu et al. (1993) found comparing numerical simulations of avalanches and ISEE-3 observations of X-ray
emission above 20 keV. This indicates a maximum duration of
flares above which the single power-law behavior of the occurence distribution breaks down. This may indicate a limit in
duration of a flare above which the dynamic evolution of the
system is no longer governed by a self-organized behaviour. As
suggested by Lu et al. (1993) the exponential roll-over value
may also be related to the size of the flaring volume. It may
suggest that small flares need smaller flaring volumes while the
largest and longest flares originate from larger flaring regions
(up to the size of an active region). If the events are divided
into sub-groups as function of peak count rate, the power-law
is flatter for the sub-groups with the largest peak count rates.
This behaviour is currently being investigated by Georgoulis et
al. (in preparation).
Even though the peak count rate around 10 keV is not an absolute measurement of the amount of energy released in a flare,
it does offer some idea of the magnitude of the flare. Therefore
the fact that there is no correlation between the strength of a
X-ray flare and the elapsed time since the previous X-ray flare
in the same active region questions the energy storage model of
Rosner & Vaiana (1978) which assumes that energy is stored
exponentially and is entirely released during the following flare.
The observation that there is no strong link between the strengths
of successive X-ray flares (associated with the same active region) is more consistent with the “statistical flare” models.
5.3. Conclusion and perspectives
The deka-keV energy range is one of the least studied energy
ranges for solar purposes. The work presented here however
indicates that non-thermal electrons are observed as low as 10
keV. Therefore it is of particular interest to study this energy
range (∼10 keV) in future, especially with higher spectral resolution. It should indeed provide clues to better estimate the
energy released in the corona by the weak and numerous bursts
which seems to be frequently observed in this photon range.
Furthermore the statistical results presented here show that
the ‘avalanche models’ may provide a good context to under-
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stand the frequency distributions of solar flare parameters. However some new observational results in this paper such as the
deviations from single power-law distributions and the variation
of slopes in subgroups of events must now also be explained in
this context. No correlation is found between the elapsed time
interval between successive flares arising from the same active
region and the peak intensity of the flare. This raises questions
on the energy storage model of Rosner & Vaiana (1978) and
provides some support to the statistical flare models.
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