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Solar modulation
Solar cycle: 11/22 years
Solar rotation: 27 days
Earth rotation: diurnal 

Phi: solar modulation parameter         
Phi (MV): Solar modulation 
parameter from  ACE Cosmic Ray 
Isotope Spectrometer (CRIS) 

minimum

maximum



“Recurrent” FD: recur with the solar rotation period and are associated with corotating 
interaction regions （27-day variation)
 “non- recurrent” FD: caused by the passage of transient solar wind structures (CME and 
its driven shock)

Forbush decrease

FD characteristics:
Rapid decrease of the GCR 
flux within a few hours to 1 or 
2 days,
Gradual recovery in the 
coming a few days or 10 days



Two-step Forbush Decrease610 I.G. Richardson, H.V. Cane

Figure1 Schematic of an
interplanetary coronal mass
ejection driving a shock ahead of
it and the associated variations in
the galactic cosmic ray intensity
along trajectories that do (A) or
do not (B) encounter the ICME
(adapted from Cane, 2000 and
Zurbuchen and Richardson,
2006).

melmair (1937) using ionization chambers. They were later shown, using neutron monitors
(NMs), to originate in the interplanetary medium (Simpson, 1954) and to be of two types:
“Recurrent”, which recur with the solar rotation period and are associated with corotating
high-speed streams (for a review see Richardson, 2004 and references therein), and “non-
recurrent”, caused by the passage of transient solar wind structures associated with coronal
mass ejections at the Sun. The focus of this paper is the latter class of events, often termed
“Forbush decreases” (FDs), though this term is also used by some researchers to refer to
recurrent decreases.

The properties and interplanetary drivers of FDs have been reviewed by Cane (2000).
Figure 1 shows a schematic of a fast interplanetary coronal mass ejection (ICME), the man-
ifestation in the solar wind of a coronal mass ejection at the Sun such as may be observed
by coronagraphs, driving a shock ahead of it. Two processes may contribute to the decrease
in GCR intensity (see, e.g., Barnden, 1973a, 1973b; Wibberenz et al., 1998). The first is a
decrease of the GCR radial diffusion coefficient in the turbulent “sheath” between the shock
front and leading edge of the ICME. The resulting intensity-time profile is a linear decline
during sheath passage followed by a recovery (cf., Figure 2 of Wibberenz et al., 1998).

The second process arises from the at least partially closed magnetic configuration of
ICMEs as evidenced for example by the presence of bi-directional suprathermal electron
flows in many ICMEs suggesting that magnetic field lines are rooted at the Sun at both
ends (see, e.g., Gosling et al., 1987; Shodhan et al., 2000). GCRs enter the interior of the
ICME as it moves away from the Sun by, for example, cross-field diffusion and gradient and
curvature drifts (see, e.g., Krittinatham and Ruffolo, 2009; Kubo and Shimazu, 2010) such
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ICME propagation from 1 AU to 1.5AU

Von Forstner et al., 
2017, in prep





Zhao et al.  2016

FD for different CME events



Key parameters of FD : amplitude,recovery time 
as a function of median energy 

2012-Mar-07 event 

Recovery time:

Median energy:

LHAASO: extend the FD study to higher energies
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2012-Mar-07 event
Projections of the propagation of the 3D shock on the 
solar equatorial plane 

Feng et al., 2012, 2013 ab, 
2015ab, 2017



1D Simulation of FD 

1D 
case

Ni et al., 2017, in prep

Diffusion coefficient and its scaleμ

convection diffusion Energy change



1D Simulation of FD  

 

μis inversely 
proportional to V 



FD prediction- shock precursor

Nagashima et al. 1992

Decrease of cosmic ray intensity in front the shock; 
have nearly the same rigidity spectrum as the FD.



Decrease of cosmic ray intensity in front 
the shock- shock precursor
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F IG. 9.È P hase-space distribution ofparticles asa function ofk nearan
oblique shock w ith for q \ 1 (solid lines)and q \ 1.5 (dashedtan h

1
\ 4

lines) at z\ 0.05j (upstream , thick lines) and z\ [ 0.05j (dow nstream ,
thin lines).

““loss-coneÏÏe†ect (B ieber & E venson 1997)for the case of
G alactic cosm ic-ray (G C R )depletion athigh k upstream of
an interplanetary shock, w hich is due to the paucity of
G C R s com ing from dow nstream (see °3.2).T he sam e e†ect
occurs here because the acceleration of particles com ing
from dow nstream isw eakerthan forparticles reÑected from
upstream . T he greatest acceleration occurs for particles
reÑected w ith the greatestchange in pitch angle (see F ig.2),
i.e., for k slightly below 0.85. Since stronger acceleration
im plies that f is advected from low er m om enta, and the
particle spectrum increases w ith decreasing m om entum in
this case, the strongest acceleration corresponds to the
greatestincrease in f.

In the dow nstream region,particles are redistributed in
pitch angle because of changes in pitch angle as particles
cross the shock ;the average Ñux also increases slightly due
to acceleration.Itis w orth noting that for a highly oblique
shock, m ost particles com ing from upstream are in fact
reÑected,i.e.,w hen or in the case ofaok o\ (1 [ B

1
/B

2
)1@2,

strong,highly oblique shock,forpitch angles m ore than 30¡
from the m agnetic Ðeld direction. A nother feature of
F igures 8 and 9 is the sharp gradient in fat k \ 0 for the
case of q \ 1.5.F or this form of the pitch angle di†usion
coefficient, r (k)\ A ok o0.5(1 [ k2) tends to zero as k ] 0.
Since the k Ñux, is slow ly varying in aS

k
\ [ (r /2)(LF /Lk),

near-equilibrium situation, the vanishing di†usion coeffi-
cient at k \ 0 is able to sustain an inÐnite gradient in F at
thatvalue.

W e believe thatthis behavior offas a function ofz and k
is notan artifactofthe assum ption ofa pow er-law m om en-
tum dependence because w hen an extra anisotropy w as
artiÐcially added, the k and z dependence (including the
jum p at z\ 0)w as not signiÐcantly a†ected ;this w as also
the case for parallelshocks.O n the other hand,com puted
values ofc are strongly a†ected by the pow er-law assum p-
tion, so that this code in its present form is essentially
unable to determ ine c.T he error in c w as m uch w eaker for
v/c\ 0.5 than forv/c\ 0.1 (because ofthe low er ratio).u

1
/v

A s an exam ple,for q \ 1 the c values required for a steady
state w ith v\ 0.5c w ere 1.965 and 1.952 for andtan h

1
\ 1

4,respectively,w hereas w ith v\ 0.1c they w ere 1.985 and
1.787,respectively.O therw ise,the results regarding f(k,z)

for v/c\ 0.1 w ere qualitatively sim ilar to those show n in
F igures 7 to 9 for v/c\ 0.5, w ith m uch stronger aniso-
tropiesand jum psin atthe shock.S fT

k

3.2. P recursorsofF orbush D ecreases

T o dem onstrate the versatility ofthism ethod,w e apply it
to m odelF orbush decreasesofG alactic cosm ic rays(G C R s)
as an interplanetary shock passes the E arth (F orbush 1938;
B erry & H ess 1942;F orbush & L ange 1942), w hich rep-
resent a transient phenom enon instead of a steady state.
G round-based neutron m onitors m easure secondary neu-
trons from the im pact ofrelativistic,prim ary charged par-
ticles,m ainly protons,on the upper atm osphere.O w ing to
selective deÑection by the E arthÏs m agnetic Ðeld, neutron
m onitor observations are sensitive to prim ary cosm ic rays
from speciÐc directions in space, and the w orldw ide
netw ork ofneutron m onitors provides detailed inform ation
on their pitch angle distribution,sensitive to variations on
the order of0.1% .P recursors to F orbush decreases are of
practical interest as possible predictors of space w eather
e†ects on the E arth, such as satellite failures, radio fade-
outs,pow er outages,etc.,severalhours or even days before
the passage of a m ajor interplanetary shock. Several
analyses of neutron m onitor observations have indicated
tw o types of precursors to F orbush decreases: (1) an
enhanced diurnal anisotropy of G C R s, w ith an excess of
particles traveling tow ard the Sun along the interplanetary
m agnetic Ðeld,and (2)a deÐcit ofG C R s in a ““loss cone,ÏÏ
i.e., along a narrow range of pitch angles directed nearly
along the interplanetary m agnetic Ðeld aw ay from the Sun
(N agashim a etal.1992;N agashim a,F ujim oto,& M orishita
1994; Sakakibara et al. 1995; B elov et al. 1995; C ane,
R ichardson, & von R osenvinge 1996; B ieber & E venson
1997).

W e m odel the F orbush decrease in a rather idealized
m anner, assum ing the conÐguration of F igure 1 and
neglecting particle drifts (N ishida 1983; K adokura &
N ishida 1986), spatial dependence of the scattering m ean
free path,shock curvature, the Ðnite spatial extent of the
interplanetary shock, adiabatic focusing, and adiabatic
deceleration.N evertheless,w e can explain the basic features
ofthe observed precursors,verifying their interpretation in
term s of particle transport in the vicinity of an oblique
shock.

T he sim ulation conditions w ere inspired by the dram atic
C M E event of 1997 A pril 7,w hich arrived near E arth on
A pril 10È11,and for w hich a possible loss-cone feature is
identiÐed by B ieber & E venson (1997). In this case, the
traveltim e of3 days indicates a shock speed ofB 600 km
s~ 1 or only 200 km s~ 1 faster than the (typical)solar w ind
speed.A ssum ing that the shock norm al is radial,w e take
the upstream shock-Ðeld angle to be the typical““garden-
hoseÏÏangle of 45¡ and as before w e assum e(tan h

1
\ 1),

km s~ 1. T hus w e Ðnd km s~ 1,u
s1
\ u

A1
\ 50 * u

n
\ 133

and w hich in turn im plies thattan h
2
\ 3.20, B

2
/B

1
\ 2.37,

particles crossing the shock from dow nstream have pitch
angles aligned w ith the m agnetic Ðeld to w ithin 40¡
(k [ 0.76). W e used q \ 1.5, w hich adequately describes
interplanetary scattering (B ieber et al. 1986). F or the
upstream boundary condition,w e specify a constant (seeF

u
°2.5),and the initialcondition setsF to thatconstantin the
upstream region and to zero in the dow nstream region.W e
used * k \ 2/45 (45 k-grid points) and * z/j \ 0.05,w here
j \ 0.3 A U .W e considered v\ 0.75c,corresponding to a
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F IG. 7.È Spatial dependence of the pitch angleÈaveraged phase-space
distribution function, for steady state particle acceleration near aS fT

k
,

shock (at z\ 0) for various values of the tangent of the angletan h
1
,

betw een the m agnetic Ðeld and the shock norm al,forq \ 1 (solid lines)and
1.5 (dotted lines),and forv\ 0.5c.F artherfrom the shock, isconstantS fT

k
dow nstream and exponentially decaystow ard zero upstream .T he ordinate
isnorm alized to the value fardow nstream .

m ultiply F upon acceleration by a k-dependent factor to
accountfor the higher anisotropy ofF atthe low erm om en-
tum from w hich a particle w as accelerated, yielding a
sim ilar F (k,z)and c\ 2.041.W e conclude that this expla-
nation can in factaccountfor a system atic error in c ofthe
observed m agnitude and that c is m ore sensitive to the
assum ption ofa pow er-law dependence than isthe distribu-
tion ofparticlesin space orpitch angle.

T urning to oblique shocks, F igure 7 show s the spatial
dependence of for and 4 and forq \ 1 andS fT

k
tan h

1
\ 1

1.5.In all cases,the distribution function farther from the
shock is consistent w ith the di†usion approxim ation,w ith

constant dow nstream and exponentially decayingSF T
k

upstream w ith k \ u/D .A conspicuousfeature ofF igure 7 is
the jum p (discontinuity) in at an oblique shock (theS fT

k
Ðnite slope isdue to the Ðnite grid spacing in z).T hisfeature
w as also found in sim ulations by O strow ski(1991),G ieseler
et al.(1999),and T .N aito (1998,private com m unication).
G ieseler etal.(1999)presenta detailed theoreticaland com -
putationalanalysis ofthis feature,as w ellas possible obser-
vational signatures.W e Ðnd that the jum p is stronger for
m ore oblique shocks and w eaker for q \ 1.5 than for q \ 1.
T he am plitude ofthe jum p is on the order ofa few percent
for such fast particles (v\ 0.5c),and our sim ulations indi-
cate thatthe jum p is stronger for slow er particles (v\ 0.1c),
i.e.,a higheru/v.

A nother di†erence from the case of a parallel shock is
that for oblique shocks, additional eigenfunctions are
excited in f(k,z) near the shock.(If one is not sufficiently

careful in treating the boundary conditions, as I w as not
during the initial stages of this w ork, additional eigen-
functions are also excited near the boundaries; dis-
cretization errors also yield spurious eigenfunctions near
the shock,w hich becom e negligible for 95 k-grid points as
used here.)F or allsteady state sim ulations,f(k,z)w as con-
sistentw ith a sum ofseparable solutionsofequation (3).F or

F igure 8 show s the dependence offtan h
1
\ 4 (h

1
\ 75¡),

on k and z w ithin ^ 0.8j ofthe shock,and F igure 9 show s f
as a function ofk for z\ ^ 0.05j.(R ecallthatw e use k and
p to refer to quantities in the local Ñuid fram e;thus these
plots are for a constant value of the local p.A C om pton-
G etting transform ation to the shock fram e w ould have no
noticeable e†ecton our distribution plots.)F or tan h

1
\ 1,

the resultsw ere qualitatively sim ilar butw ith w eakeraniso-
tropies.
In F igure 9, w e see that upstream distributions (thick

lines)increase w ith k up to k B 0.7 (w ith a slightly stronger
anisotropy than in the far upstream region),and for greater
k values,fdrops sharply.T he reason for the sharp drop is
that given our assum ption ofconservation ofthe m agnetic
m om ent,particles w ith or 0.85 in thisk [ (1 [ B

1
/B

2
)1@2,

case,have com e from dow nstream .A sim ilar drop in fhas
been called a ““deÐcit coneÏÏ (N agashim a et al. 1992) or

F IG. 8.È P hase-space distribution ofparticles as a function ofk and z
(in units ofj)near an oblique shock w ith for (a)q \ 1 and (b)tan h

1
\ 4

q \ 1.5.N ote the changes in the pitch angle distribution nearthe shock (at
z\ 0).

upstream

downstream

Z=0: oblique shock front position
Z>0:  shock upstream
Z<0:  shock downstream (region of FD)

Particle distribution as a function of 
distance to shock front and pitch angle

Loss cone or deficit cone: 
particles comes from the 
shock downstream

Ruffolo 1999



Shock Propagation Model
Model the shock propagation 
after the shock has accelerated to 
a maximum value using a blast 
wave scenario. 

Shock prediction

Venus
Earth

VENUS

1AU

6Rs

Feng et al. 2017, in prep



More work to be done …

Earth
Mars

MS
L

main 
propagation 
direction 

Messeng
er

Venus

STA

STB

1. Simulations along 
the CME/shock flank

2. Compare the 
simulations with the 
cosmic ray flux at 
Earth, Mars, etc.



More work to be done …

ARGO-SPT experiment:
FD in different energy 
ranges

Jia et al., 2005

1. More events 
study

1.  Simulations of 
FD in different 
energy ranges 



Sun shadow and CME shadow

Flux deficit

Amenomori et al., 2013



Coronal magnetic field model
Extrapolation from line of sight magnetic field

Zhao et al. 1995
Feng et al. 2013c

Linear force free field extrapolation

CSSS model



Coronal magnetic field model
Extrapolation from vector magnetic field

A&A 562, A105 (2014)

Fig.3. Field lines of a) the potential field model and b) the NLFFF model around ARs 11429 and 11 430 overlaid on the AIA 171 Å image. Green
and red lines represent open and closed magnetic field lines, respectively.

(a) (b)

Fig.4. Magnetic field line skeletons a) of the entire solar globe from the NLFFF model and b) image of the sun observed by SOHO/LASCO
C2 coronagraph at 16:33UT.

used to the standard correlation coefficient for scalar functions.
The correlation was calculated (Schrijver et al. 2006) from

Cvec =
i ui ·ui

i |ui|2 i |ui|2
1/2 , (5)

where ui and ui are the vectors at each grid point i. If the vector
fields are identical, then Cvec = 1; if ui ⊥ui , then Cvec = 0. The
degree of convergence towards a force-free and divergence-free
model solution can be quantified by the integral measures of the
Lorentz force and the divergence terms in the minimization func-
tional in Eq. (4), which are computed over the entire solar globe.
The Lf and Ld of Eq. (4) measure how well the force-free and
divergence-free conditions are fulfilled, respectively. In Table 1,
we provide some quantitative measures to rate the quality of
our reconstruction. Column 1 names the corresponding models.
Columns 2–3 show how well the force-balance and solenoidal

Table1. Evaluation of the reconstruction quality for the potential field
and NLFFF models.

Model Lf Ld Lphoto Cvec

Potential 0.000 0.000 0.001 1
NLFFF 0.391 0.697 0.302 0.893

Notes. We have used spherical grids of 300×450×900.

conditions are fulfilled for both models. Figure 5 shows how
well the functional L converge to zero during iteration process.
In the last column, the vector correlation shows that there is dis-
agreement between the two model field solutions.

The energy stored in the magnetic field as a result of a field
line stressing into a nonpotential configuration has been identi-
fied as the source of flare energy. Therefore, to understand the

A105, page 6 of 8
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Fig.3. Field lines of a) the potential field model and b) the NLFFF model around ARs 11429 and 11 430 overlaid on the AIA 171 Å image. Green
and red lines represent open and closed magnetic field lines, respectively.

(a) (b)

Fig.4. Magnetic field line skeletons a) of the entire solar globe from the NLFFF model and b) image of the sun observed by SOHO/LASCO
C2 coronagraph at 16:33UT.

used to the standard correlation coefficient for scalar functions.
The correlation was calculated (Schrijver et al. 2006) from

Cvec =
i ui ·ui

i |ui|2 i |ui|2
1/2 , (5)

where ui and ui are the vectors at each grid point i. If the vector
fields are identical, then Cvec = 1; if ui ⊥ui , then Cvec = 0. The
degree of convergence towards a force-free and divergence-free
model solution can be quantified by the integral measures of the
Lorentz force and the divergence terms in the minimization func-
tional in Eq. (4), which are computed over the entire solar globe.
The Lf and Ld of Eq. (4) measure how well the force-free and
divergence-free conditions are fulfilled, respectively. In Table 1,
we provide some quantitative measures to rate the quality of
our reconstruction. Column 1 names the corresponding models.
Columns 2–3 show how well the force-balance and solenoidal

Table1. Evaluation of the reconstruction quality for the potential field
and NLFFF models.

Model Lf Ld Lphoto Cvec

Potential 0.000 0.000 0.001 1
NLFFF 0.391 0.697 0.302 0.893

Notes. We have used spherical grids of 300×450×900.

conditions are fulfilled for both models. Figure 5 shows how
well the functional L converge to zero during iteration process.
In the last column, the vector correlation shows that there is dis-
agreement between the two model field solutions.

The energy stored in the magnetic field as a result of a field
line stressing into a nonpotential configuration has been identi-
fied as the source of flare energy. Therefore, to understand the

A105, page 6 of 8

Tadesse et al. 2014



MHD simulations of 
interplanetary magnetic field

NSSC COIN-TVD model : 
Shen et al., 2013
Feng et al., 2017, in prep



CME shadow

LHAASO science document



MHD simulations of CME propagation

Shen et al., 2013, 2014



宇宙线传输

• Heliospheric transport of GCR is described by Parker’s 
theory (Parker, 1965; Toptygin, 1985)

Four basic processes： 
• the diffusion of particles due to their scattering on 

magnetic inhomogeneities, 
• the convection of particles by out-blowing solar wind,
•  adiabatic energy losses in expanding solar wind, 
• drifts of particles in the magnetic field, including the 

gradient-curvature drift in the regular heliospheric 
magnetic field, and the drift along the heliospheric 
current sheet, which is a thin magnetic interface 
between the two heliomagnetic hemispheres.



宇宙线的调制

Usoskin et al., LRSP

11 year cycle: solar activity
22 year cycle: 
Sharp and flat maxima.

the increase of CR flux in 
2009, when it was the 
highest ever recorded by 
NMs as caused by the 
favorable heliospheric 
conditions (unusually weak 
heliospheric magnetic field 
and the flat heliospheric 
current sheet) (McDonald 
et al., 2010).


