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Forbush decreases
= short term decreases in GCR count

(Forbush, 1937 and Hess & Demmelmair, 1937;
overviews by Lockwod, 1971; Cane, 2000; Belov, 2009)
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Typical duration  - several days
Typical amplitudes  - several %

Example Forbush decrease detected in ground-based neutron monitor:
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Variability of Forbush decreases
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was applied to the measurements. Solar energetic particle
events were also removed from the data.

The dose rate measured by RAD on the Martian surface is
mainly due to GCRs with energies exceeding the atmospheric
cutoff of ∼150MeV/nuc as well as the secondaries created by
their interaction with the Martian atmosphere and regolith (Guo
et al. 2017). A recent study by Guo et al. (2018), of the
statistics and properties of Fds at Mars, compared MSL RAD
and MAVEN SEP measurements over two years; it showed
that there is a systematic difference between the magnitudes of
Fds within and outside the Martian atmosphere. This difference
may be attributed mainly to (1) the energy-dependent
modulation of GCR particles by the passing-by ICME (e.g.,
Cane 2000; Lingri et al. 2016), and (2) to the Martian
atmosphere. Specifically, an RAD measured Fd on the surface
of Mars in dose rate, approximately corresponds to an Fd of
interplanetary GCRs (energies greater than 100MeV/nuc) with
a slightly larger amplitude (Guo et al. 2018). On average, they
found that a factor of ∼1.33 can be applied to the MSL/RAD
measured Fd size in order to recover the Fd outside the Martian
atmosphere. MAVEN did not reach Mars until 2014 September;
therefore, only Martian surface measurements from MSL are
available for our study.

Similarly to the CRaTER observations, only a one-step Fd is
observed at Mars starting at 3:24 UT on 2014 February 18.
Given the lack of magnetic field data at Mars, we do not have
information about either the changes in the solar wind
turbulence properties behind the ICME shock, or the arrival
times of the ICME substructures. Therefore, we cannot
determine if and/or how the diffusion coefficients of the
GCRs were affected, and what part of the ICME (shock, sheath,
or magnetic ejecta) is coincident with the start of the Fd. The
recovery of the pre-ICME GCR dose rate begins soon after the
maximum depression is reached. However, it is likely that a
second ICME arrived at Mars soon after the one studied here,
as a second Fd is observed beginning on 2014 February 23,

causing a delay in the recovery. Due to this delay, the pre-
ICME GCR dose rate is reached by ∼18:00 UT on 2014
February 26 (in 206.6hr).
We normalized the GCR flux proxy at each spacecraft by the

average count rate/dose rate level over a 3–5 day period prior
to the ICME arrival. The length of time over which the average
was calculated was chosen to exclude large deviations in flux,
so these periods did not have the same duration at all
spacecraft. In keeping with this philosophy, the SEP event
observed by CRaTER between ∼11:50 UT and ∼21:30 UT on
2014 February 14 (not shown here) was removed from the data
before averaging. The normalized GCR proxy at all three
spacecraft are shown in Figure 5.
In order to minimize the effects of outliers, we estimate the

size of the Fd, or the percent drop in the GCR flux proxy, by
calculating the average of the normalized proxy in the region of
high count rate/dose rate before the drop, subtracting the
average of the region of low count rate/dose rate immediately
after the drop, and dividing by the high flux proxy average. The
length of the regions used are ∼0.5–1 day. We found an
average Fd size of ∼15% at Mercury, ∼9% at the Moon, and
∼6% at Mars, where the Mars value includes the correction
factor for the atmosphere. Characteristics of the Fds at the three
locations, including the slopes of the Fds are listed in Table 1.

4. Discussion and Conclusions

From Figure 5 and the estimated Fd sizes, our results
strengthen the assertion of Witasse et al. (2017): the closer to
the Sun, the steeper and larger the depth of the Fd. Figure 6
shows the estimated Fd size both from our study and that of
Witasse et al. (2017) as a function of heliocentric distance on a
logarithmic scale. The linear nature of the points associated
with our study and the near-linear behavior of the points from
Witasse et al. (2017), hint at the fact that the Fd size likely
decreases exponentially with heliocentric distance. Given the
small number of points, however, this inference must be further

Figure 5. Normalized GCR measurements a the three locations: Mercury (black), the Earth/Moon (blue), and Mars (red). The vertical magenta lines indicate the
ICME arrival at the three locations. The short gap in the CRaTER data just before the Fd corresponds to the time of the SEP signal that was removed from the
observations.
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Regarding the two-step FDs caused by ICMEs, the reduced-
diffusion model is thought to be appropriate for the shock-sheath
region, whereas the exclusion of CRs because of the ejection
itself is suspected to be caused by their closed magnetic field
structure (Wibberenz et al. 1998). Two-step FDs are in the focus
of several recent studies, especially those that are associated with
magnetic clouds (e.g. Yu et al. 2010). They are not only the most
prominent events, showing highest depression amplitudes (Cane
2000), they are also found to be useful in unrevealing the internal
structure and geometry of ICMEs (e.g. Kuwabara et al. 2009;
Richardson & Cane 2011).

From the observational point of view, the influence of ICMEs
and CIRs on CR modulation was previously investigated through
a number of studies employing the superposed epoch analysis
(e.g. Iucci et al. 1979; Badruddin et al. 1986; Badruddin 1996;
Singh & Badruddin 2007), statistical analysis (e.g. Cane et al.
1996; Richardson et al. 1996; Belov et al. 2001; Čalogović et al.
2009; Chilingarian & Bostanjyan 2010) and case-studies (e.g.
Jämsén et al. 2007). The results were frequently mutually con-
flicting, and consequently did not provide a clear empirical bac-
ground. The correlation between the depression amplitude and
some CIR parameters was found by Richardson et al. (1996)
and Čalogović et al. (2009). Richardson et al. (1996) pointed
out that the SWD speed might be the most important parameter,
favoring a diffusion-convection model for this behavior. On the
other hand, Čalogović et al. (2009) found a statistically signifi-
cant correlation between the depression amplitude and the SWD
magnetic field strength, which is more in favor of the diffusion-
drift model proposed by Kota & Jokipii (1991). Similar incon-
sistencies were found in studies of ICMEs. For example, Cane
et al. (1996) declared speed as a poor predictor of depression
amplitude, whereas Chilingarian & Bostanjyan (2010) found a
strong correlation between the two. Another aspect of CR mod-
ulation, the time profile, was found to be related to the speed for
both CIRs (Iucci et al. 1979) and ICMEs (Badruddin et al. 1986;
Penna & Quillen 2005), but some questions still remain open
(see, e.g. Lockwood et al. 1986; Jämsén et al. 2007).

In our previous study (Dumbović et al. 2011, hereafter
Paper I) we examined the relationship between various SWD pa-
rameters and FD characteristics without distinguishing different
types of SWDs. In this paper the sample of events used in Paper I
is divided into subsamples according to SWD types, and the re-
sults are compared with those obtained in Paper I for the whole
population, i.e. SWDs in general. We also consider in more de-
tail the “branching effect” noticed in Paper I as well as the role
of geomagnetic effects and the phenomenon of over-recovery
(i.e., the return of the CR count to values above the pre-decrease
level).

2. Data and method

A total of 26 periods between 1998 and 2005, each covering
intervals of 20 days, were selected using the list of identified
CME-ICME pairs prepared by Schwenn et al. (2005) and the
case-study list of the European FP7-project SOTERIA (http://
soteria-space.eu/). To eliminate the daily variations, an av-
erage cosmic ray count rate (CR count) of three to four neutron
monitor (NM) stations of similar rigidity located at different lon-
gitudes (see Appendix A of Paper I) was calculated, using hourly
averaged data corrected for atmospheric pressure. The NM
recordings were taken from the Space Physics Interactive Data
Resource (SPIDR; http://spidr.ngdc.noaa.gov/spidr/).
We used in-situ solar wind data from the Advanced Composition
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Fig. 1. ICME that arrived on 24/25 September 1998 (DOY = 268/269).
The simultaneous step-increase in all the parameters is a signature of the
ICME-driven shock, whereas the consecutive low-temperature region is
specific for the ejection itself (e.g., Cane 2000). The CR count returns
to the pre-decrease value, i.e., there is no over-recovery.

Explorer (ACE; Stone et al. 1998) database for SWD parame-
ters. In particular, Level-2 data from the Solar Wind Electron,
Proton, and Alpha Monitor (SWEPAM; McComas et al. 1998)
and the magnetometer instrument (MAG; Smith et al. 1998)
were analyzed. The SWDs were identified as increases in so-
lar wind speed and interplanetary magnetic field (IMF) strength
and fluctuations, and were associated with a decrease in the CR
count (Forbush decrease, FD). The characteristics of the iden-
tified SWDs and the corresponding FDs were then measured as
described in Fig. 1 of Paper I. A list of events, a detailed descrip-
tion of data handling and the measurement procedure as well as
the list of measured parameters are given in Paper I.

The measured quantities involve the amplitude of magnetic
field enhancement (B), amplitude of the magnetic field fluctua-
tions (δB), relative increase in solar wind speed (vrel), maximum
solar wind speed associated with the disturbance (vmax), duration
of the disturbance (measured as the duration of the enhancement
in the magnetic field strength, tB), amplitude of the CR depres-
sion (hereafter, |FD|) and the duration of the depression (tFD)
(see Fig. 1 in Paper I). Using these quantities, several combined
parameters were employed as proxies of physical quantities (for
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Fig. 2. CIR that occurred on 5 February 2000 (DOY = 36). The den-
sity and magnetic field peak at the forehead of the high-speed stream,
whereas the increase in speed and temperature coincides with the de-
crease of density. The CR count in the recovery phase does not exceed
the pre-decrease value, i.e., there is no over-recovery.

details see Paper I): BtB as the proxy for the time integral of the
IMF perturbation (measure of the “strength” of the disturbance),
the Bv product as the proxy for maximum (convective) electric
field (can also be regarded as the unit-width magnetic flux that
passes over the observer in unit time), BvtB as the proxy for the
magnetic flux (per unit-width of the disturbance cross-section),
and |FD|tFD as a measure of the total amount of CRs reduced by
the passage of the disturbance.

First, the data set was sorted by the type of SWD, i.e., a dis-
tinction was made between interplanetary coronal mass ejections
(ICME), corotating interaction regions (CIR), and mixed ICME-
CIR disturbances (mixed). The distinction between ICMEs and
CIRs was made following Burlaga et al. (1984), Richardson
et al. (1996), Cane (2000) and Richardson (2004), whereas the
events that showed characteristics of both were denoted as mixed
events. Examples of ICME-, CIR-, and mixed-events are pre-
sented in Figs. 1–3, respectively.

In the next step, the events were separated from those with
and without a shock. The disturbances that propagate with su-
personic speed produce a magnetohydrodynamic shock at their
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Fig. 3. ICME followed by CIR. The ICME-driven shock arrived on
06 April 2000 (DOY = 97). About two days later a new increase in
speed and temperature occurred, associated with the decrease of den-
sity, which is a signature of CIR. The CR count in the recovery phase
of the FD exceeds the pre-decrease level, i.e., an over-recovery is ob-
served.

front, where the shock-sheath region is characterized by high
density, temperature and magnetic field, and by the enhanced
level of the magnetic field fluctuations (see, e.g. Burlaga et al.
1984; Cane 2000). Differences between the shock-associated
and no-shock events were studied by Badruddin et al. (1986) and
Badruddin (1996). However, they applied only the superposed
epoch analysis, lacking quantitative statistical results. Figures 1
and 3 illustrate events associated with a shock. In both cases
the discontinuities are associated with a two-step fall of CR
count, which is typical for shock-related disturbances (see, e.g.,
Wibberenz et al. 1998; Cane 2000). The discontinuity is absent
in Fig. 2, which illustrates a typical no-shock event.

Finally, the events were divided into those showing the
over-recovery and those without it. The phenomenon of over-
recovery, i.e., the situation where the CR count in the recovery
phase exceeds the pre-decrease value, was noticed by Jämsén
et al. (2007) in high-energy data measured by a muon detec-
tor. Though here we inspect only the low-energy NM data,
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Fig. 2. CIR that occurred on 5 February 2000 (DOY = 36). The den-
sity and magnetic field peak at the forehead of the high-speed stream,
whereas the increase in speed and temperature coincides with the de-
crease of density. The CR count in the recovery phase does not exceed
the pre-decrease value, i.e., there is no over-recovery.

details see Paper I): BtB as the proxy for the time integral of the
IMF perturbation (measure of the “strength” of the disturbance),
the Bv product as the proxy for maximum (convective) electric
field (can also be regarded as the unit-width magnetic flux that
passes over the observer in unit time), BvtB as the proxy for the
magnetic flux (per unit-width of the disturbance cross-section),
and |FD|tFD as a measure of the total amount of CRs reduced by
the passage of the disturbance.

First, the data set was sorted by the type of SWD, i.e., a dis-
tinction was made between interplanetary coronal mass ejections
(ICME), corotating interaction regions (CIR), and mixed ICME-
CIR disturbances (mixed). The distinction between ICMEs and
CIRs was made following Burlaga et al. (1984), Richardson
et al. (1996), Cane (2000) and Richardson (2004), whereas the
events that showed characteristics of both were denoted as mixed
events. Examples of ICME-, CIR-, and mixed-events are pre-
sented in Figs. 1–3, respectively.

In the next step, the events were separated from those with
and without a shock. The disturbances that propagate with su-
personic speed produce a magnetohydrodynamic shock at their
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Fig. 3. ICME followed by CIR. The ICME-driven shock arrived on
06 April 2000 (DOY = 97). About two days later a new increase in
speed and temperature occurred, associated with the decrease of den-
sity, which is a signature of CIR. The CR count in the recovery phase
of the FD exceeds the pre-decrease level, i.e., an over-recovery is ob-
served.

front, where the shock-sheath region is characterized by high
density, temperature and magnetic field, and by the enhanced
level of the magnetic field fluctuations (see, e.g. Burlaga et al.
1984; Cane 2000). Differences between the shock-associated
and no-shock events were studied by Badruddin et al. (1986) and
Badruddin (1996). However, they applied only the superposed
epoch analysis, lacking quantitative statistical results. Figures 1
and 3 illustrate events associated with a shock. In both cases
the discontinuities are associated with a two-step fall of CR
count, which is typical for shock-related disturbances (see, e.g.,
Wibberenz et al. 1998; Cane 2000). The discontinuity is absent
in Fig. 2, which illustrates a typical no-shock event.

Finally, the events were divided into those showing the
over-recovery and those without it. The phenomenon of over-
recovery, i.e., the situation where the CR count in the recovery
phase exceeds the pre-decrease value, was noticed by Jämsén
et al. (2007) in high-energy data measured by a muon detec-
tor. Though here we inspect only the low-energy NM data,
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Interplanetary transients: ICMEs vs CIRs
(Zurbuchen & Richardson, 2006)

(Kilpua+2017) Belcher & Davies (1971); Richardson (2018)
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Regarding the two-step FDs caused by ICMEs, the reduced-
diffusion model is thought to be appropriate for the shock-sheath
region, whereas the exclusion of CRs because of the ejection
itself is suspected to be caused by their closed magnetic field
structure (Wibberenz et al. 1998). Two-step FDs are in the focus
of several recent studies, especially those that are associated with
magnetic clouds (e.g. Yu et al. 2010). They are not only the most
prominent events, showing highest depression amplitudes (Cane
2000), they are also found to be useful in unrevealing the internal
structure and geometry of ICMEs (e.g. Kuwabara et al. 2009;
Richardson & Cane 2011).

From the observational point of view, the influence of ICMEs
and CIRs on CR modulation was previously investigated through
a number of studies employing the superposed epoch analysis
(e.g. Iucci et al. 1979; Badruddin et al. 1986; Badruddin 1996;
Singh & Badruddin 2007), statistical analysis (e.g. Cane et al.
1996; Richardson et al. 1996; Belov et al. 2001; Čalogović et al.
2009; Chilingarian & Bostanjyan 2010) and case-studies (e.g.
Jämsén et al. 2007). The results were frequently mutually con-
flicting, and consequently did not provide a clear empirical bac-
ground. The correlation between the depression amplitude and
some CIR parameters was found by Richardson et al. (1996)
and Čalogović et al. (2009). Richardson et al. (1996) pointed
out that the SWD speed might be the most important parameter,
favoring a diffusion-convection model for this behavior. On the
other hand, Čalogović et al. (2009) found a statistically signifi-
cant correlation between the depression amplitude and the SWD
magnetic field strength, which is more in favor of the diffusion-
drift model proposed by Kota & Jokipii (1991). Similar incon-
sistencies were found in studies of ICMEs. For example, Cane
et al. (1996) declared speed as a poor predictor of depression
amplitude, whereas Chilingarian & Bostanjyan (2010) found a
strong correlation between the two. Another aspect of CR mod-
ulation, the time profile, was found to be related to the speed for
both CIRs (Iucci et al. 1979) and ICMEs (Badruddin et al. 1986;
Penna & Quillen 2005), but some questions still remain open
(see, e.g. Lockwood et al. 1986; Jämsén et al. 2007).

In our previous study (Dumbović et al. 2011, hereafter
Paper I) we examined the relationship between various SWD pa-
rameters and FD characteristics without distinguishing different
types of SWDs. In this paper the sample of events used in Paper I
is divided into subsamples according to SWD types, and the re-
sults are compared with those obtained in Paper I for the whole
population, i.e. SWDs in general. We also consider in more de-
tail the “branching effect” noticed in Paper I as well as the role
of geomagnetic effects and the phenomenon of over-recovery
(i.e., the return of the CR count to values above the pre-decrease
level).

2. Data and method

A total of 26 periods between 1998 and 2005, each covering
intervals of 20 days, were selected using the list of identified
CME-ICME pairs prepared by Schwenn et al. (2005) and the
case-study list of the European FP7-project SOTERIA (http://
soteria-space.eu/). To eliminate the daily variations, an av-
erage cosmic ray count rate (CR count) of three to four neutron
monitor (NM) stations of similar rigidity located at different lon-
gitudes (see Appendix A of Paper I) was calculated, using hourly
averaged data corrected for atmospheric pressure. The NM
recordings were taken from the Space Physics Interactive Data
Resource (SPIDR; http://spidr.ngdc.noaa.gov/spidr/).
We used in-situ solar wind data from the Advanced Composition
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Fig. 1. ICME that arrived on 24/25 September 1998 (DOY = 268/269).
The simultaneous step-increase in all the parameters is a signature of the
ICME-driven shock, whereas the consecutive low-temperature region is
specific for the ejection itself (e.g., Cane 2000). The CR count returns
to the pre-decrease value, i.e., there is no over-recovery.

Explorer (ACE; Stone et al. 1998) database for SWD parame-
ters. In particular, Level-2 data from the Solar Wind Electron,
Proton, and Alpha Monitor (SWEPAM; McComas et al. 1998)
and the magnetometer instrument (MAG; Smith et al. 1998)
were analyzed. The SWDs were identified as increases in so-
lar wind speed and interplanetary magnetic field (IMF) strength
and fluctuations, and were associated with a decrease in the CR
count (Forbush decrease, FD). The characteristics of the iden-
tified SWDs and the corresponding FDs were then measured as
described in Fig. 1 of Paper I. A list of events, a detailed descrip-
tion of data handling and the measurement procedure as well as
the list of measured parameters are given in Paper I.

The measured quantities involve the amplitude of magnetic
field enhancement (B), amplitude of the magnetic field fluctua-
tions (δB), relative increase in solar wind speed (vrel), maximum
solar wind speed associated with the disturbance (vmax), duration
of the disturbance (measured as the duration of the enhancement
in the magnetic field strength, tB), amplitude of the CR depres-
sion (hereafter, |FD|) and the duration of the depression (tFD)
(see Fig. 1 in Paper I). Using these quantities, several combined
parameters were employed as proxies of physical quantities (for
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Fig. 2. CIR that occurred on 5 February 2000 (DOY = 36). The den-
sity and magnetic field peak at the forehead of the high-speed stream,
whereas the increase in speed and temperature coincides with the de-
crease of density. The CR count in the recovery phase does not exceed
the pre-decrease value, i.e., there is no over-recovery.

details see Paper I): BtB as the proxy for the time integral of the
IMF perturbation (measure of the “strength” of the disturbance),
the Bv product as the proxy for maximum (convective) electric
field (can also be regarded as the unit-width magnetic flux that
passes over the observer in unit time), BvtB as the proxy for the
magnetic flux (per unit-width of the disturbance cross-section),
and |FD|tFD as a measure of the total amount of CRs reduced by
the passage of the disturbance.

First, the data set was sorted by the type of SWD, i.e., a dis-
tinction was made between interplanetary coronal mass ejections
(ICME), corotating interaction regions (CIR), and mixed ICME-
CIR disturbances (mixed). The distinction between ICMEs and
CIRs was made following Burlaga et al. (1984), Richardson
et al. (1996), Cane (2000) and Richardson (2004), whereas the
events that showed characteristics of both were denoted as mixed
events. Examples of ICME-, CIR-, and mixed-events are pre-
sented in Figs. 1–3, respectively.

In the next step, the events were separated from those with
and without a shock. The disturbances that propagate with su-
personic speed produce a magnetohydrodynamic shock at their
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Fig. 3. ICME followed by CIR. The ICME-driven shock arrived on
06 April 2000 (DOY = 97). About two days later a new increase in
speed and temperature occurred, associated with the decrease of den-
sity, which is a signature of CIR. The CR count in the recovery phase
of the FD exceeds the pre-decrease level, i.e., an over-recovery is ob-
served.

front, where the shock-sheath region is characterized by high
density, temperature and magnetic field, and by the enhanced
level of the magnetic field fluctuations (see, e.g. Burlaga et al.
1984; Cane 2000). Differences between the shock-associated
and no-shock events were studied by Badruddin et al. (1986) and
Badruddin (1996). However, they applied only the superposed
epoch analysis, lacking quantitative statistical results. Figures 1
and 3 illustrate events associated with a shock. In both cases
the discontinuities are associated with a two-step fall of CR
count, which is typical for shock-related disturbances (see, e.g.,
Wibberenz et al. 1998; Cane 2000). The discontinuity is absent
in Fig. 2, which illustrates a typical no-shock event.

Finally, the events were divided into those showing the
over-recovery and those without it. The phenomenon of over-
recovery, i.e., the situation where the CR count in the recovery
phase exceeds the pre-decrease value, was noticed by Jämsén
et al. (2007) in high-energy data measured by a muon detec-
tor. Though here we inspect only the low-energy NM data,
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Fig. 4. Comparison of the model results and observations: SEA, based on the study in Paper 1, shown in Fig. 2a (left) and the
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line. The red rectangles mark the period of the rising solar wind speed.

that is, c0 ≈ 0. The correlation coefficients range from
cc = 0.78 to 0.94, with a mean value of 0.85± 0.06.

6. Discussion

First of all, we emphasize that our results for the overall
generic data, as well as for the two specific examples that
were analyzed in more detail, are related to only one long-
lasting CIR. Thus, the results we obtained should not be
a priori generalized to all CIR events. This can be seen al-
ready from the fact that the scaling factor k is quite differ-
ent in the case of rot-2 and rot-11, as well as in comparison
with the SEA and schematic generic profiles. Still, the value
of k for the b-options is approximately the value of k ≈ 1
on average (from the four inferred values of k, see Table 1,
the mean value is kb = 0.96± 0.37). The values of k for the
δb-option seem to be somewhat lower (kδb = 0.30, 0.75, and
0.85 for rot-2, rot-11, and SEA, respectively), with a mean
value of k = 0.63± 0.29, but they are still within the same
order of magnitude.
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Forbush decrease modelling: evolution
AASTEX Forbush Decrease Model (ForbMod) 5

(a) (b) (c)

Figure 1. a) A sketch of the initial FR for both di↵usion-only and di↵usion-expansion model: FR is a closed magnetic structure
locally of the cylindrical form, rooted at the Sun and initially empty of GCRs; b) A sketch of the di↵usion-only model after time
t: FR does not vary in shape or size; c) A sketch of the di↵usion-expansion model after time t: FR expands self-similarly. In both
cases particles enter the FR by perpendicular di↵usion. Image of the Sun is adapted from the remote EUV and coronagraphic
observations by SOHO.

3. THE DIFFUSION–EXPANSION MODEL

Now we introduce the expansion of the FR by allowing that the radius changes with time (Figure 1c). We note that
we do not take into account the energy-loss e↵ect (adiabatic cooling) due to FR expansion. In general,
the energy-loss is expected to introduce additional modulation e↵ects (see e.g. Lockwood 1971, and
references therein), but the quantitative contribution is not trivial to estimate. The energy-loss term
is proportional to @U/@lnP and to some extent balances out the inward di↵usion of particles (Munakata
et al. 2006). Therefore, it is reasonable to expect that neglecting the GCR energy loss could result in
a somewhat underestimated FD amplitudes.
Furthermore, we allow the di↵usion coe�cient to change with time as well, since it presumably depends on the mag-

netic field strength (Potgieter 2013), which in general also changes in time (e.g. Démoulin et al. 2008). Consequently,
the dependence on the radial distance and time are not independent and the method of separation of variables is no
longer applicable to Equation 1. However, with the substitution r(t) ! r̂(t)/a(t) Equation 1 can be rewritten in a
form:

@U

@t
=

D(t)

a(t)2
1

r̂

 
@

@r̂

⇣
r̂
@

@r̂
U
⌘!

, (9)

where r̂ is the normalized radial distance, scaled to the radius of the flux rope (r̂ = r(t)/a(t)), whereas D(t) and
a(t) are time-dependent di↵usion coe�cient and flux rope radius, respectively. With the assumption that the ratio
r(t)/a(t) does not change with time (which is discussed below), the method of separation of variables can be applied
to Equation 9. The form of the radial solution remains the same, whereas the time-dependent solution can be written
in the form:

T (t) = e
��2 R D(t)

a(t)2
dt
. (10)

Note that the initial and boundary conditions need to be rewritten accordingly:

U(r̂, t) =

8
<

:
0, 0 < r̂ < 1, t = 0

U0, r̂ = 1, t � 0
(11)

Flux rope Forbush decrease model (ForbMod)
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Figure 7. a) ForbMod results (black line) for the “best fit” value of the di↵usion coe�cient near Earth (DE = 1.22, 0.55, 0.68,
and 0.45 in 1019 cm2 s�1 for x = 0, 0.5, -0.5, and -1, respectively) against FD observation with SOHO/EPHIN (blue crosses)
for the event 2014 May 30. FD profile is converted from radial dependence into time dependence based on the ICME speed.
The start and end of ForbMod FD (black line) correspond to the shaded area in Figure 5a.
b) ForbMod time evolution of the FD magnitude for the event 2014 May 30 for di↵erent types of expansion vs. observation
(data points presented by vertical lines are taken from Figure 8 in Blanco et al. 2013, for explanation see main text).

R0 = 18.2 R� and the corresponding transit time from R0 to Earth (i.e. di↵usion time) is t = 111.3 h. We treat the
di↵usion coe�cient at Earth as a free parameter and search for the “best fit”, where the depression in the center of
the FR (i.e. the FD magnitude) is equal to the measured FD magnitude A = (3.3 ± 0.1)%. Since all expansion cases
show qualitatively the same results (Figure 3a), the best fit curve to the observed FD magnitude is identical for all
expansion cases, however, with di↵erent corresponding values of the di↵usion coe�cient near Earth, DE (Figure 7a).
It can be seen in Figure 7a that the observed FD profile is generally described well by ForbMod, however there is a
slight deviation at the rear of the FR, which could indicate deviation from the circular cross section. Considering the
fact that the in situ measurements show an asymmetric magnetic field profile with a declining magnetic field strength
(first two panels in Figure 5a), one could imagine a slightly deformed FR which should be in such a case somewhat
squeezed at the frontal side of the disturbance.
The calculated temporal variation of the FD magnitude depends on the expansion case (Figure 7b), due to di↵erent

DE , as is expected from the analysis presented in Figure 3. To check whether the time evolution of the FD magnitude
for the 2014 May 30 CME is quantitatively realistic, we compare it to the results of the statistical study by Blanco
et al. (2013). In their statistical study, Blanco et al. (2013) used spacecraft measurements from a Saphire Cherenkov
detector onboard Helios 1 and Helios 2, that is mainly sensitive to ⇠ 1 GV particles, comparable to the response of
the SOHO/EPHIN (Kühl et al. 2015). Blanco et al. (2013) related the decrease in the C-detector (FD magnitude)
versus the time of flight of the CME for a sample of ICMEs detected at Helios 1 and Helios 2. We can use this
statistical study to estimate whether the expected time evolution is quantitatively realistic. It should be noted that
Blanco et al. (2013) did not measure the FR part of the FD amplitude separately from the shock/sheath part, but
present only the total FD amplitude. Therefore, in Figure 7 we represent their measurements with error bars, where
the value zero corresponds to no contribution from the FR part to the total FD amplitude, whereas the highest value
corresponds to cases where the total FD amplitude is caused solely by the FR. It can be seen in Figure 7b that the
time-evolution curve goes through at least some part of those presented Blanco et al. (2013) measurements. However,
a more detailed statistical analysis is needed for a more conclusive quantitative analysis, using only the FR part of
the total FD amplitude. Nevertheless, we would still expect a significant scatter due to di↵erent events with di↵erent

Dumbovic+2018



HVAR OBSERVATORY, FACULTY OF GEODESY, UNIVERSITY OF ZAGREB

Forbush decrease modelling: evolution
AASTEX Forbush Decrease Model (ForbMod) 5

(a) (b) (c)

Figure 1. a) A sketch of the initial FR for both di↵usion-only and di↵usion-expansion model: FR is a closed magnetic structure
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observations by SOHO.

3. THE DIFFUSION–EXPANSION MODEL

Now we introduce the expansion of the FR by allowing that the radius changes with time (Figure 1c). We note that
we do not take into account the energy-loss e↵ect (adiabatic cooling) due to FR expansion. In general,
the energy-loss is expected to introduce additional modulation e↵ects (see e.g. Lockwood 1971, and
references therein), but the quantitative contribution is not trivial to estimate. The energy-loss term
is proportional to @U/@lnP and to some extent balances out the inward di↵usion of particles (Munakata
et al. 2006). Therefore, it is reasonable to expect that neglecting the GCR energy loss could result in
a somewhat underestimated FD amplitudes.
Furthermore, we allow the di↵usion coe�cient to change with time as well, since it presumably depends on the mag-

netic field strength (Potgieter 2013), which in general also changes in time (e.g. Démoulin et al. 2008). Consequently,
the dependence on the radial distance and time are not independent and the method of separation of variables is no
longer applicable to Equation 1. However, with the substitution r(t) ! r̂(t)/a(t) Equation 1 can be rewritten in a
form:
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where r̂ is the normalized radial distance, scaled to the radius of the flux rope (r̂ = r(t)/a(t)), whereas D(t) and
a(t) are time-dependent di↵usion coe�cient and flux rope radius, respectively. With the assumption that the ratio
r(t)/a(t) does not change with time (which is discussed below), the method of separation of variables can be applied
to Equation 9. The form of the radial solution remains the same, whereas the time-dependent solution can be written
in the form:
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Figure 7. a) ForbMod results (black line) for the “best fit” value of the di↵usion coe�cient near Earth (DE = 1.22, 0.55, 0.68,
and 0.45 in 1019 cm2 s�1 for x = 0, 0.5, -0.5, and -1, respectively) against FD observation with SOHO/EPHIN (blue crosses)
for the event 2014 May 30. FD profile is converted from radial dependence into time dependence based on the ICME speed.
The start and end of ForbMod FD (black line) correspond to the shaded area in Figure 5a.
b) ForbMod time evolution of the FD magnitude for the event 2014 May 30 for di↵erent types of expansion vs. observation
(data points presented by vertical lines are taken from Figure 8 in Blanco et al. 2013, for explanation see main text).

R0 = 18.2 R� and the corresponding transit time from R0 to Earth (i.e. di↵usion time) is t = 111.3 h. We treat the
di↵usion coe�cient at Earth as a free parameter and search for the “best fit”, where the depression in the center of
the FR (i.e. the FD magnitude) is equal to the measured FD magnitude A = (3.3 ± 0.1)%. Since all expansion cases
show qualitatively the same results (Figure 3a), the best fit curve to the observed FD magnitude is identical for all
expansion cases, however, with di↵erent corresponding values of the di↵usion coe�cient near Earth, DE (Figure 7a).
It can be seen in Figure 7a that the observed FD profile is generally described well by ForbMod, however there is a
slight deviation at the rear of the FR, which could indicate deviation from the circular cross section. Considering the
fact that the in situ measurements show an asymmetric magnetic field profile with a declining magnetic field strength
(first two panels in Figure 5a), one could imagine a slightly deformed FR which should be in such a case somewhat
squeezed at the frontal side of the disturbance.
The calculated temporal variation of the FD magnitude depends on the expansion case (Figure 7b), due to di↵erent

DE , as is expected from the analysis presented in Figure 3. To check whether the time evolution of the FD magnitude
for the 2014 May 30 CME is quantitatively realistic, we compare it to the results of the statistical study by Blanco
et al. (2013). In their statistical study, Blanco et al. (2013) used spacecraft measurements from a Saphire Cherenkov
detector onboard Helios 1 and Helios 2, that is mainly sensitive to ⇠ 1 GV particles, comparable to the response of
the SOHO/EPHIN (Kühl et al. 2015). Blanco et al. (2013) related the decrease in the C-detector (FD magnitude)
versus the time of flight of the CME for a sample of ICMEs detected at Helios 1 and Helios 2. We can use this
statistical study to estimate whether the expected time evolution is quantitatively realistic. It should be noted that
Blanco et al. (2013) did not measure the FR part of the FD amplitude separately from the shock/sheath part, but
present only the total FD amplitude. Therefore, in Figure 7 we represent their measurements with error bars, where
the value zero corresponds to no contribution from the FR part to the total FD amplitude, whereas the highest value
corresponds to cases where the total FD amplitude is caused solely by the FR. It can be seen in Figure 7b that the
time-evolution curve goes through at least some part of those presented Blanco et al. (2013) measurements. However,
a more detailed statistical analysis is needed for a more conclusive quantitative analysis, using only the FR part of
the total FD amplitude. Nevertheless, we would still expect a significant scatter due to di↵erent events with di↵erent
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Forbush decrease modelling: energy dependence

CME evolution & FD
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Figure 3. a) GCR spectral intensity obtained using the force–field approximation (SPEC-
TRUM) and the GCR fractional contribution, ⇠, calculated based on Equation 9 for a ”perfect
detector“ (PERFECT) and SOHO/EPHIN (EPHIN); b) ForbMod FD amplitude rigidity
dependence; c) ForbMod FD profiles for several selected rigidities; d) ForbMod total FD
integrated over all possible energies for a ”perfect detector“ (PERFECT) and SOHO/EPHIN
(EPHIN). The exemplary event is based on in situ measurements presented in Figure 2 with
an assumed magnetic field expansion factor of nB = 1.8 (for details see main text).

direct space. For a specific detector, the GCR count rate will depend on the
particle intensity, i.e. the GCR spectrum and the yield function of the detector,
C =

R
J(E) ·Y (E)dE (see e.g. Sullivan, 1971; Clem and Dorman, 2000), where

J(E) is the GCR spectral intensity and Y (E) is the function describing the
detection response of the detector, as well as any other influence (e.g. from the
planetary atmosphere). Note that due to simplicity, in the analytical models
presented in Section 2 and thus also here, we regard only one particle species,
i.e. protons. Since energy-dependent intensity spectra are the same as rigidity-
dependent density spectra (up to a normalisation factor, see Moraal, 2013)
Equation 8 can be rewritten as:

A(r̂, t) =

Z

E>ECUT

⇠(E) ·A(E)dE , ⇠(E) =
J(E) · Y (E)R

E>ECUT

J(E) · Y (E)dE
(9)

where ⇠(E) represents the fractional contribution of di↵erent energy particles to
the total FD.

The GCR spectral intensity can be obtained using the so–called “force–
field” approximation (e.g. Gleeson and Axford, 1968; Caballero-Lopez and
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Figure 3. a) GCR spectral intensity obtained using the force–field approximation (SPEC-
TRUM) and the GCR fractional contribution, ⇠, calculated based on Equation 9 for a ”perfect
detector“ (PERFECT) and SOHO/EPHIN (EPHIN); b) ForbMod FD amplitude rigidity
dependence; c) ForbMod FD profiles for several selected rigidities; d) ForbMod total FD
integrated over all possible energies for a ”perfect detector“ (PERFECT) and SOHO/EPHIN
(EPHIN). The exemplary event is based on in situ measurements presented in Figure 2 with
an assumed magnetic field expansion factor of nB = 1.8 (for details see main text).

direct space. For a specific detector, the GCR count rate will depend on the
particle intensity, i.e. the GCR spectrum and the yield function of the detector,
C =

R
J(E) ·Y (E)dE (see e.g. Sullivan, 1971; Clem and Dorman, 2000), where

J(E) is the GCR spectral intensity and Y (E) is the function describing the
detection response of the detector, as well as any other influence (e.g. from the
planetary atmosphere). Note that due to simplicity, in the analytical models
presented in Section 2 and thus also here, we regard only one particle species,
i.e. protons. Since energy-dependent intensity spectra are the same as rigidity-
dependent density spectra (up to a normalisation factor, see Moraal, 2013)
Equation 8 can be rewritten as:

A(r̂, t) =

Z

E>ECUT

⇠(E) ·A(E)dE , ⇠(E) =
J(E) · Y (E)R

E>ECUT

J(E) · Y (E)dE
(9)

where ⇠(E) represents the fractional contribution of di↵erent energy particles to
the total FD.

The GCR spectral intensity can be obtained using the so–called “force–
field” approximation (e.g. Gleeson and Axford, 1968; Caballero-Lopez and
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Par:cles of different energies diffuse differently –> energy response of 
the detector also governs the FD amplitude
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Figure 6: Synthetic data and the best-fit results for several selected examples. Di↵erent rows correspond to di↵erent com-

binations of data imperfection e↵ects: 1) top: Y-noise=30%, X-noise=30%, asym=0.15%, gap position=3, gap size=30%,

data resolution=20pts; 2) middle: Y-noise=20%, X-noise=20%, asym=0.10%, gap position=2, gap size=20%, data resolu-

tion=20pts; 3) bottom: Y-noise=5%, X-noise=5%, asym=0.05%, gap position=2, gap size=10%, data resolution=20pts. The

right-most plot in each row shows the scatter of di↵erent dA/A and MSE values obtained through 1000 runs with the same

data imperfection e↵ect levels, with the best-fit result marked in the color corresponding to the synthetic data shown in the

left plots of the same row. The left plots of each row show synthetic data (green, yellow, red), data points corresponding to

the original theoretical curve (blue), and the best-fit function (black).
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Future perspective: FD best-fit procedure: in development
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