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Forbush Decrease — Short-term (<~few days duration)
depression in the Galactic Cosmic Ray intensity
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O=COSMIC-RAY INTENSITY AT CHEL TENHAM; @=COSMIC-RAY INTENSITY AT HUANCAYO

e = MEAN MAGNE TIC HORIZONTAL - COM’POME'NT OISTURBANCE, HUANCAYO AND CHELTENH’AM F ro m
AFTER DEDUCTING AVERAGE DIURNAL-VARIATION, APRIL 23-.30, AT EACH STATION .

SC=SUDDEN COMMENCEMENT—RELATIVE MAGNETUDES AT THE TWQO O8SERVATORIES ARE

INDICATED ON AN ARBITRARY SCALE OF [ TO 3 Obitua ry in

Fi1G. 1. Bi-hourly departures expressed in percentage of absolute values for cosmic-ray intensity and for disturbance of horizontal magnetic P hyS|CS TOd ay
component April 23-30, 1937, Huancayo and Cheltenham magnetic observatories.

Simultaneous GCR decreases (~3%) measured by ionization chambers in Maryland and Peru
=> Worldwide Phenomenon

Closely associated with geomagnetic storm sudden commencements => External driver
Forbush, S.E.: 1937, Phys. Rev. 51, 1108.
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Also Hess and Demmelmair, 1937, Nature 140, 316.
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BI-HOURLY MEAN VALUES OF COSMIC RAY INTENSITY AND OF MAGNETIC HORIZONTAL INTENSITY,

Arrin 25 o Mav 1, 1937,

, Cosmie ray intensity, Huancayo. 0, Cosmie rav intensity, Cheltenham.
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Hess et al., Nature 141, 686, 1938 “Cosmic Rays and the Aurora of January 25-26"

B horizontal !
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Coamic ray in

GCR Intensity

16 13 20 : 26 28
Greenwich Mean Time. January, 1938,

Fig. 1.

TWO-HOUR MEAN VALUES OF THE MAGNETIC HORIZONTAL INTENSITY
AND OF THE COSMIC RAY IONIZATION DURING THE MAGNETIC AND
AURORAL DISTURBANCES OF JANUARY 16-28, 1938. AVERAGE COSMIC
RAY INTENSITY, 2356 M.J. AVERAGE HORIZONTAL INTENSITY 20,433 v.
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* Correlation between GCR intensity and B horizontal (ring current)
* Ring current reduces Bhorizontal at the Earth’s surface (Chapman, 1937) but increases

the dipole moment of the Earth => reduces the measured GCR intensity.




Discovery of Solar Energetic Particle (SEP) Events (Forbush, 1946)
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R e SE;;QZMWM bars ' Three Unusual Cosmic-Ray Increases Possibly
P ' Due to Charged Particles from the Sun

/ / ] Scorr E. FORBUSH
[e o
NO79EO04 Department of Terresivial Magnetism,

Carnegie Institution of Washington, Washington, D. C.
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July, 1946 being emitted by the Sun with sufficient energy to reach

lactic the Earth at geomagnetic latitude 48° but not at the equa-

SUODEN COMMMENCEMENT tor. It is recognized that particles of this energy should

A T oM ] not escape from low latitudes on the Sun except in the ab-

sence of the much-disputed permanent solar magnetic
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. 1. Three unusual increases in cosmic-ray intensity at Cheltenham,
Maryland, during solar flares and radio fadeouts.

(Flare locations from Shea and Smart, 1991)




Forbush Decreases are an

Phenomenon

Interplanetary, not a Local,

John Simpson mounted a
small neutron monitor in
the nose of a jet aircraft.

Expected: Enhancement in geomagnetic
cut off — no change in intensity at high
geomagnetic latitudes

 Constant Atmospheric Depth
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40° 45% 50° 55° €0° 650 70°
Geomagnetic Latitude-A

Observed: Intensity variations at all
geomagnetic latitudes, no change in cut off
(Meyer and Simpson, 1955; Simpson, 2000)

A August7 {flight 116)
B August 7 (flight 117)
¥ August 9 (flight 118)
& August9 (flight 119)
S August 17 (flight 122)
O August 17 (ﬂ]bh 23)

A =7 August 1951
Flights #116-119 _
B = 1B Auguet 1951 @ August 25 (flight 131)
Flights #122-126 T August 25 (flight 132)
C =25 August 1951
Flights #127-132

45° 50° 55° 60° 65°
Geomagnetic Latitude-L



Lindeman
1919

Beam 8
Frozen-in
Fields

Turbulent
Ciloud

Tongue

Bottle;
Bubble

Early Concepts of Mass Ejections From The Sun

Magnetized Plasma Clouds
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Shock Wave

Blast Wave, no

driver/ICME

(Burlaga, 1991)

Chapman
Ferraro
1929

Alfven
1954

Morrison
1956

Cocconi et al.
1958

Piddington
1958

Pre-Solar Wind

Parker
196!

* Inferred from e.g.:

o Geomagnetic storms several
days after solar flares/
eruptions;

o Galactic cosmic ray (Forbush)
decreases;

o Abrupt geomagnetic storm
onsets => arrival of shocks
Gold, 1955);



L. R. Barnden “The Large-Scale Magnetic Field Configuration
Associated With Forbush Decreases”, Proc. 13™ ICRC, 1973

Studied two step FDs. AUGUST 1966

28 N2IEOS 1s23r28
. . . . J_-L' E—
- First step associated with shock arrival 29 30 3

! ALERT

- Second step associated with entry into “bottle-like”

magnetic field configuration:

* Perpendicular diffusion is slow, so particle movement into
the bottle is restricted;

e Sharp drop in GCR and shock-accelerated particles at
bottle boundary consistent with tangential discontinuity

e Field-aligned bidirectional GCR flows in bottle.
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Schematic of GCR Variations Along Two Trajectories Through a Shock and ICME

Electron Heat Flux

s

Magnetic
Cloud

Shock CME

r J e
Plasma » Counterstreaming

Electrons

Shock Effect
Shock Effect + Enly
ICME Effect

Richardson and Cane, 2011 after Cane, 2000; Zurbuchen and Richardson, 2006
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Solar Wind Observations
Associated with a Two-
Step FD in November 2000

First GCR step is in sheath
between shock and ICME (a
“magnetic cloud” with an
enhanced magnetic field which
rotates slowly in direction
suggestive of a flux rope
structure.

Second GCR step commences on
ICME entry; maximum GCR
depression is in the ICME.

Note also decrease in shock-
accelerated ions at ICME entry.

ICME is also characterized by
enhanced solar wind ion charge
states and bidirectional
suprathermal electron flows




Propagating Diffusive Barrier Model for Shock Effect (Wibberenz et al., 1998)
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“Heat conduction” Model for the Ejecta Effect
(Cane et al., 1995, Vanhoefer, 1996)

Assume:
A cylindrical ejecta that does not change shape or size during
propagation at a constant speed V away from the Sun.

Particles diffuse into the ejecta

Where K., is the perpendicular diffusion coefficient;
r = distance from Sun;
a = ejecta radius;

V= ejecta speed.

If K,erp @ 1/B, then AU/U, ~ Ba®V

=> Larger Fd if B, ejecta size or speed are increased.



Effect of Finite Larmor Radius on Cosmic-ray Penetration into an
Interplanetary Magnetic Flux Rope (Kubo and Shimazu, 2010)

Cosmic rays are
scattered into the
interior of a flux rope
in the presence of
small-scale
irregularities.
Otherwise,
penetration is limited
to ~1 Larmor radius.

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

‘igure 8. Cosmic-ray particle distribution on the r — ¢ plane for the case that
he flux rope is located at 0.1 AU from the Sun and that the cosmic-ray rigidity
s 60 GV. Solid and dashed circles show the flux rope edge and the boundary of
he forbidden region, respectively. Panels (a)—(d) are for the time t = 2.5, 250,
50, and 2500 (e ")




Cosmic Ray Depressions Recurring at the Solar Rotation Period
(e.g., Monk and Compton, 1939)

RECURRENCE PHENOMENA
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. FiG. 3. Primary and following pulses (positive, negative and difference) in cosmic-ray
intensity at Teoloyucan, Mexico. Zero-days of the primary pulses range from February,
1937 through October, 1938. Maximum probable error of any one mean is shown by the
double-headed arrow.

Not associated with solar activity, e.g. active regions. More closely
related to “M (mystery)” regions lacking sunspots that correlated
with recurrent geomagnetic activity.



Simpson, Babcock and Babcock (1955): Association of a “Unipolar”
Magnetic Region on the Sun With Changes of Primary Cosmic Ray Intensity

7-rotation average
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« .
May have been when UMR is near central |
the first evidence meridian, and declines when ” 5 y 5
f r n I h I ” DAYS DEPARTURE FROM DAY ZERO
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— . in worldwide geomagnetic disturbances is shown for 7 consecutive
Slmpson (2000) Western hemISphere rotatic thc auia.rngIl\. egurm with the times of central meridian

passage clr-lun'1{ed as day “0.”

Geomagnetic activity
peaks when the UMR is on
the western hemisphere
and the GCR intensity is
declining



Association of Recurrent FDs with Corotating Interaction Regions/High-speed Streams

Forward Shock

Corotating
Interaction
Region (CIR)

V(km/s) n(ice) Ty(K)

aa(nT)

Magnetic Field
Intensity

Kp*10

Flow Angle

]

Richardson, 2004 after Belcher and Davis, 1971
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Why Use Spacecraft Observations to Study FDs?

e Multi-point observations of FDs , including far from Earth;

* Intensity variations can be related directly to solar wind structures
observed by the same spacecraft;

* No diurnal variation.

Disadvantages:

e Limited instrument/detector size and weight => restricted energy
range, limited counting statistics;

 Telemetry may be limited;

e Relatively expensive;

 Limited mission duration;

* Not many locations, but > 1



McCracken, Rao and Bukata, Phys. Rev., 17, 928, 1966. Pioneer 6

Recurrent FDs (>7.5 MeV) at Pioneer 6
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GCRs detected by 38cm?x2.2cm Csl scintillator; ~56000 counts/7.5 minutes,
~0.4% statistical error




McCracken, Rao and Bukata (1966) (cont.)
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FIG. 4. The model of the standing shock wave gener-




Zhang and Burlaga, 1988: Superposed Epoch Analysis of Deep River NM Data
During the Passage of Magnetic Clouds With or Without Preceding Shocks

MAGNETIC CLOUDS

WITH SHOCK WITHOUT SHOCK

15 Events 4 Events

AN

DAYS FROM CLOUD'S START

Concluded that FDs are predominantly generated by the
shock/sheath; MCs make only a minor contribution.
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“the role of magnetic
clouds in producing
ey Forbush decreases is

3 relatively unimportant”.

January 1968

MW NM tcts/hr)

“The major portion of
the decrease is produced
by reduced particle
diffusion in [the
turbulent region behind
the shock]”.
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IMP 8 Goddard Medium Energy Helios 1/2 E6 Instrument (U. of Kiel)
Detector Telescope

Anti-

coincidence ' Plastic

Anti-
guard coincidence

(Plastic ) —- Nickel Foil
Scintillator)
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Why use anticoincidence guards?

e Large detection volume - orders of magnitude higher counting rates
than particle telescopes;
* Lower rigidity range than NMs => greater % modulation.

However,

* Not intended for science!

* Energy response and viewing geometry are poorly/un-defined;

e Calibration is not checked and long-term drifts in response may occur -
provide a qualitative view of GCRs;

* Count rates well below those of NMs.

* Detect (and often dominated by) solar particles above ~60 MeV

* Receive distain from Frank McDonald!



Helios Spacecraft Orbit (0.3-1 AU)

Helios 1 Launch: 10 December, 1974
Helios 2 Launch: 15 January, 1976
Fastest spacecraft (~70 km/s at perihelion), until Juno, Solar Probe Plus

Helios 1 orbit relative to the Earth-Sun
‘ line in 1979-1982

Earth




Examples of
Anticoincidence
Guard Count Rates
in 1972-2002

NM(~2 GV)
H(D" M *‘?“ m‘*

IMP 7 GME

— Tl Long-term solar cycle
W}J‘WMHMWNWMWM modulation of GCRs is
IMP 8 GME ) . :
evident, with brief FDs.

18 ¢/s

H1 cfs

M' | Upward spikes are solar
%4 Helios 2 E6 i particle events

! din IMP 8 121-
SOHO EPHIN W“WMMM& (zrgegwlsl\;ev i:jcensity)

IMP 8 GME 121-230 MeV _
A/

L L B B Richardson, 2004

1975 1980 1985 1990 1995 2000

121-230 MeV SOHOc/s H2c/s




Long-term Stability of the IMP 8 GME Guard Counting Rate Over 25
Years of Observations (1973-1998; 2 day averages)
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121-230 MeV Intensity

3.0e-04

The 121-230 MeV IMP 8
channel was carefully re-
calibrated during the mission
to provide a baseline for
Voyager in the outer
heliosphere.

The consistency of the guard
rate vs. 121-230 MeV track
indicates the remarkable
stability of the guard rate
even though no corrections
were made and long-term
changes e.g. in
photomultiplier tube
efficiency would have been
expected.

Richardson, 2004



Cane, 1993: “Cosmic Ray
Decreases and
Magnetic Clouds”

Intensity

Mt. W. (%)

Do magnetic clouds contribute to
FDs?

IMP 8 (%)

 Sheath only : Badruddin et al.
1985, 1991; Zhang and Burlaga
1988; Lockwood, Webber, and
Debrunner 1991.

B (nT}

e MC contributes (cf. two step
FDs): Barnden, 1973; Barouch
and Burlaga, 1975; Sanderson et
al., 1990.

g
3
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V (km/sec)

1200 0000 1200 OO0DO 1200 0000 1200 OOCDOD 1200
82 Feb 10 11

 |MP 8 guard rate clearly shows
GCR decreases on entry to the
magnetic clouds of Zhang and
Burlaga 1988.

MW NM (cts /hr)

February 1982



Example of a brief GCR
decrease during
passage of a small
magnetic cloud in
November 1978
observed by the IMP 8
GME guard.

B(nT)

300
355
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33 S |
5197832? 328 329 330 331

Nov 23 24 25 26 27
Richardson, 1997
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Observations of the Same Shock and ICME at Helios 1, 2 and IMP 8
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3-6 MEV Count RATE

il s ol el ol

Largest FD, strongest shock and most extended ICME interval seen at S/C closest to
solar event location.

Location of the GCR second step moves relative to the shock and is consistent with
entry into the ICME. (Cane, Richardson, von Rosenvinge, Wibberenz, JGR, 1994)




1979 112

Apr 22

Richardson, 1997

Shock
accelerated

116
26

E ions

118
28

An FD Observed at 0.4 AU by
Helios 2 and by IMP 8 at 1 AU
When Separated by 5° in
Longitude

The total GCR (guard rate) decrease
is 14% at 0.4 AU and 11% at IMP 8§,
consistent with GCRs filling in the
intensity depression further from
the Sun.

On entry to the ICME, there is a
~90% drop in the ~5 MeV shock-
accelerated particle population in
each case.



An ICME-Associated Forbush Decrease Observed by
Ulysses at 33°S, 4.6 AU (Bothmer et al., 1997)
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Forbush Decreases at Voyagers 1 (100 AU) and 2 (79 AU)
(Webber et al., 2007)
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Recurrent Decreases: Anti-correlation between GCR Intensity and Solar Wind Speed

3 streams corotating past Helios 1, 2 and IMP 8 3 individual streams at Helios
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Corotating GCR Decreases Typically Commence at the
Stream Interface Inside the CIR (Helios 2)

HELIOS-2 Interface

B SB | v |

] .
| “Wm
0 Sector W A
2 Boundary

Guard {(c/s)

Richardson, 2004

Stream interface - separates
slow (denser, cooler) and fast
stream (less dense, hotter)
plasma within the CIR.

Characterized by increases in
solar wind speed, proton
temperature, decrease in
density, west to east solar wind
flow inflection.

The GCR intensity typically
drops abruptly in the vicinity of
the interface, as in this
example.

GCR decreases are not
associated consistently with
the CIR-associated B increase
or sector boundary/current
sheet crossing.



A GCR decrease associated with a CIR observed at 1 AU (IMP 8), 3.8
AU (Pioneer 11) and 5.2 AU(Pioneer 10)

Pioneer 11, 3.8 AU
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GCR observations of FDs From Polar HIST Anti-coincidence guard
and INTEGRAL SPI (Jordan et al., 2009)
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GCR access to the Moon as measured by the
CRaTER instrument on LRO (Case et al., 2010)
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“Revisiting Two-step Forbush Decreases” (Jordan et al., 2011)

“We test the traditional model (sic)
describing the formation of FDs in GCR
intensity.

The model states that if an ICME and its shock
encounter a GCR detector, that detector will
record a two-step FD.

If only a shock or only an ICME encounter the
detector, it will record a one-step FD.”

Conclusion:
“The traditional one- or two-step classification
of FDs is inadequate to explain our study.

12:00 Ocezd 12:00
Year 2000

Each FD must be studied as a unique event in
the detailed context of its driving
interplanetary conditions.

Not a constant decline after shock =>
not consistent with diffusion in
sheath as in the “traditional model”;

also flux rope present in sheath. Only this method will lead to a truly causal

classification scheme.”



GCR Response During the Passage of >300 ICMEs
(Richardson and Cane, 2011)

Used data from

* IMP 8 GME Guard.

* Thule NM

80% of ICMEs showed a decrease in GCR intensity
10% - no decrease

10% - increase



Contributions of the First Step (Shock Effect) and Second Step
(ICME) to the Total GCR Decrease are Variable
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Richardson and Cane, 2011



Poor Correlations Between FD Size and Magnetic Cloud Diameter(a)
or Axial Magnetic Field(B) (from Lepping Magnetic Cloud Fits)
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Right hand figure: FD size vs. BVa?, the parameterization suggested from
a simple model of GCR transport into a MC based on the heat
conduction equation developed by Wibberenz and Vanhoeffer (Cane et
al., 1995; Vanhoeffer, Master’s thesis, 1996).

Note results do not take trajectory through the cloud into consideration.



Distributions of ICME types Associated with Thule
FDs of Different Size Ranges

Thule -1% to -5% (163 Events) Thule -5% to -10% (32 Events) Thule < -10% (6 Events)
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Magnetic Clouds are more likely to be present as the FD
Size increases.



Energy-Dependence of FD Recovery Time (Usoskin et al., 2008)
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Type 1: No energy-dependence of recovery time
Type Il: Energy-dependent recovery time.

“Recovery phase is determined by the effect of dissipation of the shock modulation” —
“Radial” departure — no energy dependence

“Longitudinal departure — energy dependence



AMS Observations (1-day Averages) of an SEP Event (March
7, 2012) and Forbush Decrease (Consolandi et al., 2015)
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Clear rigidity-dependence of FD size
Why is the FD so extended?
Why are there additional depressions within the recovery?
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Extended FD is due to a
sequence of shocks and
ICMEs.

Depressions within FD are
subsidiary FDs associated
with these structures, seen
clearly by the Thule NM.

AMS data with << 1 day
resolution are required to
study Fds in detail.

Associated geomagnetic
storms are also evident.



Summary

Spacecraft observations of GCRs during Forbush decreases
complement those made by ground based observatories.

Features in the GCR intensity can be closely related to structures in
the local solar wind observed by the same spacecraft.

Give a more global view of Fds.
AMS has the potential to contribute to Fd studies (e.g., study the

rigidity dependence), but time resolutions << 1 day would be
useful.



