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ABSTRACT

Solar flares play an important part in space meteorologyusecthey can eject charged particles which are
the source of the geomagnetic storms on Earth. These stanmisiterfere with the communication satellites
and overload electric transformers. Several models toa@xphe mechanism of solar flares were suggested.
Some authors Lu and Hamilton (1991); Lu et al. (1993); Chaneawu et al. (2001) have proposed the self-
organized criticality (or avalanche) model where an inisitglvelated to the reconnection of the magnetic field
lines is propagated. In this study, we propose to use togeti2® avalanche model with data assimilation.
Data assimilation generates better forecasts by takingradge of both the theoretical/numerical models and
the observations. With the increase in computational pamer the numerous satellites (SOHO, TRACE)
observing the Sun with an improved spatial and temporaluéea, these methods will surely give us a better
understanding of solar flares.

Subject headingdlares, data assimilation, self-organized criticality

1. INTRODUCTION tubes containing plasma recently heated until it emit in the

Solar flares are well studied because of a coupling betweerFYV range can be seen on this figure.

the Sun and the Earth: it's the Sun-Earth connection Lang " Fig: (1(a)), such amagnetic loop is shown. At the surface
(2001). Apart from the photons, a constant flux of charged Of the photosphere, the gas pressure is greater that the mag-
particles such as protons and electrons are escaping frem thnetic prgssurekaT > B?/8r, therefore the qux.tubes an-
Sun to form the solar wind Lang (2001). The solar wind pres- chor points are affected by the random convective movement
sure will be counteracted by the magnetosphere’s magneti' tTe solar grﬁm#es arl;d superl';granglesdlfi;arker (_198?)' Lu
pressure thus creating an equilibrium state where the magne€t @l- (1993). The flux tubes can be twisted by rotational mo-
tosphere is flattened toward the Sun Lang (2001). A solartion @nd/or braided by translational motion (Fig. 1(b)).isTh
flare can disrupt this equilibrium by ejecting extra paeicl ~ Can create tangential discontinuities where magnetis lofe

) L different polarities are compressed against each othen If
thus compressing the magnetosphéfe# 0. An electric field instability threshold is reached, these magnetic linebanit

will be induced (Faraday’s Law)"gl? =-V x E. Electrical cur- nihilate each other to reach a new, less energetic configura-
rents will start flowing in the ionosphere and ground causing tion: this is a magnetic reconnection. The magnetic reconne
intense aurora and affecting telecommunications LangiR00 tions release energy under the form of UV, X-ray and acceler-
The SOHO Solar & Heliospheric Observatojysatellite, ated particles and were named “nanoflares” by Parker Parker
contains a dozen of instruments specializing in helioseism (1983, 1988). Solar flares of all sizes are made from a number
ogy, atmospheric teledetection and solar wind Domingo.et al of nanoflares.
(1995). The EIT telescope, on-board SOHO, is used with the Several characteristics of solar flares behave as power laws
LASCO coronograph to take extreme UV (EUV) images of such as the X-ray flux distribution maximum Lu et al. (1993);
the transition zone and the internal corona. The passband®ennis (1985), the released energy Charbonneau et al. Y2001
are given transitions of the following ions: Fe IX/X (171 A), and the waiting time distribution between flares Boffettalet
Fe XII (195 A), Fe XV (284 A) and He Il (304 A) Delabou-  (1999); Wheatland (2000); Norman et al. (2001). These nu-
diniére et al. (1995). Therefore, the EIT can be used in theMerous power laws indicates a scale invariance where all
study of solar structures like active regions, filaments and flares are governed by the same laws of physics. The energy
protuberances, coronal holes, coronal bright spots arat pol frequency distribution:
plumes. Another instrument, the MDM{chelson Doppler f(E)=fE™, a>0 (1)
Imagel), provides spatial and temporal averages of the full follows a power law in for about 10 decades Aschwanden
disk velocity for the study of helioseismology as well as-sev et al. (2000). The total energy released is:

eral real-time magnetograms per day Domingo et al. (1995). Emax
Etot :/ f(E)EdE
2. FLUX TUBE MODEL e
The observation of the Sun by the TRACE4#nsition Re- =f, (E ) , a#?2 (2)
gion and Coronal Explorer satellite Handy et al. (1999), 2-a/lg,,

clearly shows magnetic loops formed by the solar magneticThe value of« is important in the study of coronal heating:
field. These loops are made of flux tubes formed by the hotif o > 2 the small flares dominate the total energy output as
plasma caught between the magnetic field lines. Only the fluxspeculated by Parker Parker (1988).
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FiG. 2.— Alattice of metastable nodes where a scalar quaAtigydefined.

Once a perturbed node (in black) reach the instability tiolkek its excess of
Alis redistributed among its neighbours (in grey) Charbonretal. (2001).

Arandom node is perturbed. If the local curvature of the field

AAi.j = Alnj _%1 Z Anneighbours. (5)

(b) neighbours

FIG. 1.— Flux tube braiding Parker (1983). The anchor point efflax gets too steepAAl; > Ac), there will be a redistribution of

tubes (1(a)) are shuffled by the convective motion of themépitere. There-  the quantityA!'; between the neighbouring nodes:
; !
fore, they become entangled and twisted (1(b)).

4
A T gAY 6)

3. SELF-ORGANIZED CRITICALITY (SOC) and

1

The numerous observed power laws suggest a scale invari- e T AL et EAAﬂj (7)
ance therefore solar flares might be a phenomena of self- o )
organized criticality (SOC) Bak et al. (1987); Jensen ()998 The excess of the quantiywill thus be diffused across the
The concept of self-organization is used in the description domain until stability is reached. Equations (6) and (7)loan
of non-equilibrium systems that produce structures or pat-Written in a continuous form:
terns without any external control Jensen (1998). Thecaliti OA H? 5, 0?A H? 5, 0?A
ity is associated with equilibrium thermodynamics and ghas 5t = 53 (V(AXX)W> Y (V(Ayy)—2> +Fr (8)

; . % oy

change. A local perturbation will only affect the surround-
ing of the perturbed area unless the system is near a phasehere:
change. In this case, the perturbation will propagate tineu V(AL _ [ va if AAZ> A2 ©)
out the whole system Jensen (1998). SOC is found in slow V(AG) 0 else
forcing systems with an interaction dominated thresholte T
slow forcing let the system relax to a metastable state atces
ble through the instability threshold while preventing the

Giving a physical meaning to the scaliis not trivial. If A
is considered as being the magnetic field, therA Z 0. Tak-

namics to be dominated by the external forcing Jensen (1998)!"9 A as the vector potential, solves the non-null divergence
The advantages of the SOC models is that they require no fre@roblem. Howevery; (A7) lose its meaning Charbonneau
parameters and that they are a dynamical attractor Lu et al€tal- (2001). HereA (G-km) will be considered as the vector
(1993). An analogy can be made with a sandpile Bak et al. Potential. The quantityu (knt'/hr) is a viscosity term that
(1987). If the grains are dropped one by one, a conical sandfeégulates the boundary between the flaring and non-flaring re
pile will form. It will have a critical angle which the system ~ 9ions. The forcind= ((G-km)/hr) is equivalent to twisting
will try to maintain. If we keep adding grains, they will, de- the magnetic field locally. The parametarandy are dimen-
pending on the new slope, stay on the sandpile or cause a§ions (km)t is time (hr),A. is the stability threshold and,
avalanche. Thus, the SOC models are characterized by a sloy the numerical value of the viscosity Equation (8) can.
steady energy input and release it in a sudden and intermitte P€ related to a two dimensional hyperdiffusion equatiomwit
manner. variable viscosity. The quantity being diffused is the wvect
To apply SOC (avalanche model) to solar flares, the sand-Potential of the solar magnetic field.
pile is replaced by a 2D lattice of metastable nodes (Fig. 2)

where a scalar quantityy;, is defined Charbonneau et al. 4. DATA ASSIMILATION (4D-VAR)
(2001). The lattice mean field is given by: So far, the separate contribution of the observational-sate
lites and theoretical/numerical models in the comprelomsi
(A) = 1 ZAin' 3) of the complex phenomena of the solar flares were consid-
N2 il ered in order to make forecasts. Four-dimensional variatio
b data assimilation (4D-VAR) is an efficient technique to inco
(N is the lattice size) and the lattice “energy”: porate observations in numerical models Courtier and Tala-
grand (1990); Talagrand and Courtier (1987). The 4D-VAR
E-= Z(A{jj)z. 4) method consists in minimizing the cost function which is a
i

scalar function measuring the deviation between the fateca
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with constraints, a Lagrangian formulation is used:

[}
>
I T
E Lw =g [ [ agy-ewanaea @4)
£ o Ja
8 whereA(Xt) are the Lagrange undetermined multipliers also
2 called adjoint variables Sanders and Katopodes (1999). The
© variational operatof is then applied on the Lagrangian to find
its stationary points:
0 Time T SL=VyL 6T +V,L-ON
F1G. 3.— Overview of variational data assimilation. PdBits an estimate _ oL oL
of the initial condition at time 0. Using this initial conih, a forecast - ﬁ5\11+55/\ (15)

is obtained at timd@. The 4D-VAR method uses the difference between the = bi disol 5T 5\ h . .
forecast and the observatio® to generate a new initial conditid* which or an arbitrary displacement¥,d)), the minimum is
will produce a better forecasE () at timeT Errico (1997). reached only when£ =0 Daley (1991). This indicates that

the derivative of the Lagrangian with respect to each diwact
and the observations. The physical fields produced by datanust be zero: or

assimilation must correspond to the observations while fol — =&(U,Xt)=0 (16)
lowing the known physical laws and/or statistical relaide oA
Dimet and Talagrand (1986). and

Figure 3 shows an overview of the 4D-VAR method specif- 3_5 = Adj(\) + 6_j =0 (17)
ically the evolution of a grid point value, such as the mag- ov ov

netic field at one point, over a time intervel PointBis an ~ where AdjQ\) represents the adjoint equations Schroter et al.
estimate of the initial condition at time 0. Using this ialti ~ (1993). This set of equations (Egs. 16 and 17) are the
condition will result in the forecadt at timeT. As it can Euler-Lagrange equations as noted by Le Dimet et Talagrand
be seen, the forecast is located beyond the observation's ( (1986).

error bar. The 4D-VAR method uses the difference between Forthe 2D avalanche model the direct and adjoint equations
the forecasF and the observatio® to generate a new initial  are:

conditionB*. If B* is used to produce a forecadst at timeT A 92 A 92 92A
which is closer to the observation Errico (1997). Noticet tha — == u(A,z(x)— -— V(A)Z,y)— +FRr (18)
. . C . at axz 8X2 ayz 8y2
a small perturbatioa(At) in the initial conditions can grow
exponentially: N _ D? o OPA\ 0P 2N OPATN Qé 9
e(At) x ehAt (10) or o V(AK) Ox2 a_yg V(Ayy) Y2 ) )

whereA is a Lyapunov exponent Smith et al. (1999); Smith whereA” is the adjoint variabler is an inverse timer(=T —t)
(2001). This is a characteristic of unstable systems LorenzandJ is the cost function (Eq. 12). In regard to the adjoint
(1985); Kalnay (2003). Generally, the Lyapunov exponents equation the initial condition i8*| =0 =0. The boundary con-
of a stable system are all less or equal to zero while unstableditions are:

systems have at least one exponent greater than zero Kalnay A*(0,y,7)=0 A*(Ly,Yy,7)=0
(2003). However, note that will vary depending on the value A (X0,7)=0 A*(xLy,7)=0
of At and it's only whenAt — oo that a positiveA demon- I Y
strate an unstable system Smith et al. (1999); Smith (2001). oA _ 0 OA*| _ 0
. 8x x=0 8y y=0
4.1. The cost function
. - . 0?A* A"
Generally, in variational problems, we want to minimize the - =0 —=| =
cost function7: N o Y |y=o
T OA* _ OA* _
J= /0 /Q F(W,%,t) dX dt (11) b0 By n
; . . . aZA* 82A*
where f(W, X t) is a scalar function defined over a domain - =0 (20)
Q and a time interval [0T] Sanders and Katopodes (2000). M| o Y | =

More precisely, in data assimilation: Starting from initial conditions obtained by current exper

1 /T mental observations or a previous numerical simulatior; a d
J= 5/ (A—AopdW (A—Agpg dX dt, (12) rect simulation generates a traditional (DNS) forecast.(#).
0 Jo After reading the observations taken at the end of the feteca
whereW is a matrix of statistical weights, given the physical period, the initial error between the forecast and the ebser

equations: vations is calculated. This initial error will provide a firs
E(U,Xt)=0 (13) guess to a minimization algorithm, such as the steepest de-
. . ) scent, which will minimize the cost function (Eq. 12) witheth
acting as constraints Talagrand and Courtier (1987). aid of its gradient (Sec. 17). When the minimum has been
. . found, we have a new set of initial conditions. These ini-
4.2. The Lagrangian formulation tial conditions are optimal because a second direct sinoualat

We want to minimize the cost functiaff given the con-  using them will make an optimal forecast. The final error be-
straint€ (¥, X t) = 0. Since this is a problem of minimization tween this forecast and the observations will be minimal.
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J
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Read observations 20 30—5 Positiony
Position x 50 &g
. - . . -
Cost function (J) Adjoint equations{ J
\l/ \l/ FIG. 5.— 3D contour plot of the domain.
Minimization (steepest descent)
\l/ [ Run | Mean DNS error (1GG - km) | Mean 4D-VAR error (107G - km) |
1 10.0 9.69
New initial conditions 2 10.6 8.41
\L 3 10.5 9.92
4 9.63 9.27
Direct simulation
TABLE 1
Second forecast DNSVERSUS4D-VAR: MEAN ERROR IN FORECAST OF VECTOR
\L POTENTIALA. THE 4D-VAR FORECAST IS AN IMPROVEMENT OVER THE

TRADITIONAL DNSFORECAST
Output: optimal forecast

Fic. 4.— Algorithm of 4D-VAR data assimilation. From initial nditions, 4D-VAR forecast is an improvement over the traditional DNS
a traditional (DNS) forecast is made. By the use of a costfanand its  {grecast. Furthermore, the advantage of the 4D-VAR method
gradient, the error between the forecast and the obsemgataninimized. A . ’ . .
new set of initial conditions is produced. These initial ditions are optimal ~ Over DNS is also seen when the evolution over time of the
because a second direct simulation using them will make timapforecast. total energy of the system is considered (Fig. 10). The DNS
forecast (long dash) and the 4D-VAR forecast (short dagh) ar
compared to the observation run. At the final time of 500
5. EXPERIMENTS hourz, the 4D-VAR forecast has a better correspondence to
We will start from a system witlh=0 everywhere and bring  the observations than the DNS forecast. The only exception
it to the SOC state. From the SOC state, we will do DNS and is for Run #2 where they are more or less the same. Ini-
4D-VAR forecast runs and compare them with the observa-tially, both the DNS and 4D-VAR methods matches the ob-
tions. This study will use synthetic observations generate servations. The DNS forecast is even better than the one ob-
from the avalanche code. The results for four runs will be tained by the 4D-VAR method. However, as time goes by the
presented. 4D-VAR forecast does a much better job at following the ob-
Figures 6(a) and 6(b) are cross-sections along the y-axisservations compared to the DNS forecast. The error increase
and x-axis, respectively. They represent the evolutiotheft betweenthe DNS forecast and the observations can be likened
system from a null initial state (no vector potential) to the to Lyapunov exponents. With the help of the cost functioa, th
SOC regime seen as an inverse parabola. Each curve repretD-VAR method is able to undermine the error growth.
sents the vector potential at different times. Once in th€SO  Starting from initial conditions obtained by current exper
regime, there is no more net growth: the energy accumulatedmental observations or a previous numerical simulations; a d
in the system is released during the avalanches. There is aect simulation generates a traditional (DNS) forecast.(#).
clear symmetry between the x and y axis. Figure 5 shows aAfter reading the observations taken at the end of the fateca
3D contour plot of the domain when SOC was reached. Fig- period, the initial error between the forecast and the ebser
ure 7 represents the increase of enefgyA?) with time. Ini- vations is calculated. This initial error will provide a firs
tially, the energy gained by the system from the perturlpatio guess to a minimization algorithm, such as the steepest de-
exceeds the energy released in avalanches. Thus, theretis a nscent, which will minimize the cost function (Eq. 12) witreth
increase of the system’s energy. Howevet, at3.5 x 107, a aid of its gradient (Sec. 17). When the minimum has been
plateau is reached. The totality of the energy inputis seda  found, we have a new set of initial conditions. These ini-
trough avalanches: the system in in the SOC state. tial conditions are optimal because a second direct sinoulat
Once the system has reached the SOC state, we can stausing them will make an optimal forecast. The final error be-
making forecasts. For all runs, the cost function was mini- tween this forecast and the observations will be minimal. An
mized (Fig. 8). The non-monotonic behavior of the curves is error map for both the DNS and 4D-VAR forecasts is shown
due to the random behaviour of the avalanche model. Con-in Fig. (9). These error maps,obtained with Run #2, repitesen
vergence was obtained after a few iterations. Table 1 showshe error at each grid point for the entire domain. The egor i
the mean error in the DNS and 4D-VAR forecast of the vec- highest in avalanching (flaring) regions (cf. Fig. 11) beszau
tor potential. The 4D-VAR method has effectively reduced itis there that all the dynamic is taking place. Some regafns
the mean error compared to the DNS forecasts. Hence, thénigh error in the DNS error map (Fig. 9(a)) were completely
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(@) Cross-section along the y-axis Fic. 8.— Minimization of the cost function for 4 different runsThe
non-monotonic behavior is due to the randomness of thepbations. Con-
5000 vergence was reached after a few iterations.
T 4000 o B . . .
= // ‘\\ region was improved (best seen on Fig. 9) by the 4D-VAR
o y \ method. It has also removed, from the DNS forecast, two
F 3000 ~ ~ small flaring regions in the upper right corner as well as an-
= other one to the right of the large flaring region. However,
S 2000 | 1 the 4D-VAR method was unable to remove a flaring region
5] in the upper right corner. Also, the small flaring region near
§ 1000 | e , the right boundary (in Observations) is not present in th 4D-
VAR forecast although the DNS forecast has a flaring region
0 : : in the same vicinity. From Figure 9, itis seen that the 4D-VAR

0 16 32 48 64 method has noticed the position offset in the DNS flaring re-
Distance along y-axis gion and has made the correction but didn’t reproduced the
(b) Cross-section along the x-axis flaring region.

FIG. 6.— Cross-section showing the evolution of the vector qtdéfrom
a null value to the SOC state (the parabolic curve). Eachectgpresents the
vector potential at different times. The vector potentiabymmetric along
both axis.
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/ (a) DNS error map
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(b) 4D-VAR error map
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FiG. 9.— The error for each grid point over the whole domain fothbo
/ the DNS (fig. 9(a)) and 4D-VAR (fig. 9(b)) forecasts. The ernhighest
0 0 1 5 3 4 5 in avalanching (flaring) regions (fig. 11). Some regions ghhéerror were

completely eliminated by the 4D-VAR method. These resultsenobtained
Time (10 hours) with Run #2.

FIG. 7.— Toward the SOC state. The energy input by the perturbsti
is greater than the energy released in avalanches. Therefare is a net

increase of the system’s energy. After 3.5 x 10’ hours, the SOC state is 6. ONGOING WORK
reached: the energy put in the system is released by avalgnhknce the o ) .
plateau. Future work will involve using real observations from satel

lites (TRACE, SOHO) instead of the synthetic observations
eliminated with the use of the 4D-VAR method (Fig. 9(b)). used in this study. Other work is under progress to replaze th
The small localized errors spread out through the domain areavalanche model with the full 3D MHD equations in order to
an effect of the random perturbation which will increase the compare the efficiency of data assimilation in both cases. Th
potential vector at different random places. The actua-for STEREO satellite, scheduled to launch in February 2006, wil
casts are presented in Fig. 11. The DNS forecast (Fig. 11(a)be a useful source of 3D observations. The ongoing advance
and the 4D-VAR forecast (Fig. 11(c)) are compared to the in both the theoretical and observational fields will centiai
observations (Fig. 11(b)). These results were also oldaine provide the scientific community with a better insight about
with Run #2. The forecast in the center of the large flaring the phenomena occuring on the Sun.
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FIG. 10.— DNS & 4D-VAR: energy forecasts. At the time of 500 hquhe 4D-VAR forecast (short dash) is closer to the obsematisolid) than the DNS
forecast (long dash) except for Run #2 where they are moresearthe same.
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FIG. 11.— Comparison of the DNS and 4D-VAR forecasts with theeoletions. The 4D-VAR has slightly improved the forecasthie center of the large
flaring region (barely visible on figure). It has also remotle@e small flaring regions (two in upper right corner and aneght of the big region). However, a

circular region in upper right corner still remains and thea#i region near the boundary in the observation is not pteSethese results were obtained with Run
#2.



