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ABSTRACT

Solar active regions (ARs) determine solar polar fields and cause solar cycle variability within the

framework of the Babcock-Leighton (BL) dynamo. The contribution of an AR to the polar field is

measured by its dipole field, which results from flux emergence and subsequent flux transport over the

solar surface. The dipole fields contributed by an AR before and after the flux transport are referred

to as the initial and final dipole fields, respectively. For a better understanding and prediction of

solar cycles, in this paper, we provide a database including AR’s initial and final dipole fields and

the corresponding results of their bipolar magnetic region (BMR) approximation from 1996 onwards.

We also identify the repeated ARs and provide the optimized transport parameters. Based on our

database, we find that although the commonly used BMR approximation performs well for the initial

dipole field, it exhibits a significant deviation for the final dipole field. To accurately assess an AR’s

contribution to the polar field, the final dipole field with its real configuration should be applied.

Despite the notable contributions of a few rogue ARs, approximately the top 500 ARs ordered by their

final dipole fields are necessary to derive the polar field at the cycle minimum. While flux transport

may increase or decrease the dipole field for an individual AR, its collective impact over all ARs in a

cycle is a reduction in their total dipole field.

Keywords: Solar cycle(1487), Solar active regions (1974), Astronomy databases(83)

1. INTRODUCTION

Solar active regions (ARs) are common features on

the solar surface (van Driel-Gesztelyi & Green 2015),

originating from the emergence of flux tubes (Fan 2009;

Cheung et al. 2010). They determine solar polar fields

and cause the solar cycle variability. In the Babcock-

Leighton (BL) dynamo, the emergence of ARs and the

subsequent transport of erupted AR flux on the sur-

face reverse the existing poloidal field, generating a new

poloidal field with the opposite polarity (Babcock 1961;

Leighton 1964). This poloidal field is then stretched

by differential rotation, giving rise to the toroidal field,

which influences the strength of the subsequent solar cy-

cle. Therefore, a correlation between the poloidal field,

or polar field, during solar minimum and the strength of

the subsequent cycle is expected, and observations con-
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firm the linear correlation between them (Schatten et al.

1978; Jiang et al. 2007; Muñoz-Jaramillo et al. 2013). If

the contribution of all ARs in a given cycle is known,

we can predict the polar field in solar minimum, and

the strength of the following cycle. Such predictions are

crucial for forecasting the frequency and intensity of fu-

ture solar activities, as well as for planning future space

missions (Jiang et al. 2018; Petrovay 2020).

The contribution of an AR to the polar field can be

quantified by its axial dipole field, also known as the ax-

ial dipole moment. The axial dipole field of an AR origi-

nates from flux emergence and changes due to flux trans-

port across the solar surface (Wang & Sheeley 1991).

The dipole field of an AR immediately after its emer-

gence is termed the initial dipole field (Di). The initial

dipole field is primarily influenced by the latitude dif-

ference between the two polarities of ARs, described by

the polarity separation and tilt angle when optimized to

a bipolar magnetic region (BMR).

However, Di only describes the contribution of flux

emergence. Subsequent to emergence, AR dipole fields
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increase or decrease during flux transport (Wang &

Sheeley 1991; Jiang et al. 2014a). The dipole field after

flux transport is referred to as the final dipole field (Df ).

During flux transport, a portion of the AR flux dif-

fuses across the equator due to supergranular diffusion

and is then transported to the pole via meridional flow

and supergranular diffusion (Jiang et al. 2014b; Wang

2017; Yeates et al. 2023). Simultaneously, an equivalent

amount of net flux with the opposite polarity to the

cross-equatorial flux is transported to the other pole.

The cross-equatorial flux dictates the final flux distribu-

tion of ARs and, consequently, determinesDf (Cameron

et al. 2013; Petrovay et al. 2020). An AR’s latitude and

transport parameters, which include supergranular dif-

fusivity and meridional flow velocity, influence the cross-

equatorial flux, leading to the variation in Df .

For ARs emerging near the solar equator, the abso-

lute values of their Di are dramatically increased by flux

transport. Given that these ARs may not strictly obey

Hale’s law and Joy’s law, they can significantly increase

or decrease the polar field and the strength of the follow-

ing cycle. Those ARs are regarded as rogue ARs. Jiang

et al. (2015) demonstrated that the weak cycle 24 is re-

lated to several rogue ARs in cycle 23. Moreover, Nagy

et al. (2017) found that some rogue ARs have the poten-

tial to halt the dynamo, leading to a grand minimum.

The contribution of rogue ARs can only be accurately

assessed through Df .

ARs are usually approximated as symmetric bipolar

magnetic regions (BMRs) in studies concerning their

emergence and evolution. However, the actual config-

uration of an AR is complex and often deviates signif-

icantly from a BMR. Firstly, the two polarities of an

AR are commonly asymmetric in terms of both flux

and area (van Driel-Gesztelyi & Petrovay 1990; Tlatov

et al. 2014). This asymmetry can substantially reduce

or even reverse the dipole field of an AR compared to

a symmetric one (Iijima et al. 2019; Wang et al. 2021).

Secondly, there are many ARs with complex configura-

tions, such as δ-type ARs. The dipole fields of these ARs

sometimes change their sign during flux transport (Jiang

et al. 2019), which can not be described by symmetric

BMRs. Yeates (2020) demonstrated that the BMR ap-

proximation tends to overestimate the solar axial dipole

field during the minimum compared to real ARs. In-

cluding the real configuration of ARs, Wang et al. (2021)

proposed a general method that calculates Df of ARs

more accurately than the method based on BMR ap-

proximation. They both emphasize the significance of

considering the real configuration of ARs in obtaining

their Df .

The initial dipole field, Di, specifically characterizes

the contribution of flux emergence to the polar field,

while Df encompasses both the contributions of flux

emergence and flux transport. When considering the

limitations of BMR approximation, the real contribu-

tion of an AR to the polar field can only be accurately

measured by its Df while taking into account its real

configuration. As flux transport can either increase or

decrease the dipole fields of individual ARs, a key ques-

tion arises: what is the overall impact of flux transport

on all ARs in a solar cycle? Wang & Sheeley (1991)

shows that the overall effect of flux transport over a so-

lar cycle is a decrease in the dipole field originating from

flux emergence. Their study only includes ARs in cycle

21, necessitating further research.

A database providing both Di and Df contributes to

investigating the roles of flux emergence and flux trans-

port in the BL mechanism. Moreover, such a database

can serve as a valuable resource for studying the influ-

ence of ARs, particularly rogue ones, on the polar field

and solar cycle variability, known as dynamo effectivity

(Petrovay et al. 2020), and subsequently aid in predict-

ing solar cycles.

However, most existing AR databases only provide ba-

sic parameters and parameters related to space weather

(Wang & Sheeley 1989; Bobra et al. 2014, 2021; Muñoz-

Jaramillo et al. 2021; Sreedevi et al. 2023). An exception

is the work by Yeates (2020), which provides a database

containing Di and Df for cycle 24 based on SHARPs

data (Bobra et al. 2014). Here, we aim to construct

a live, comprehensive, and homogeneous AR database

covering cycles 23, 24, and 25 in a series of papers. This

database will encompass two sets of parameters: the first

set includes fundamental AR parameters like number,

area, and flux, while the second set includes parameters

directly for solar cycle variability, such as Di, Df , and

their BMR approximations, DB
i and DB

f . In the first

paper of the series (Wang et al. 2023), we develop an

automated AR detection method based on SOHO/MDI

and SDO/HMI synoptic magnetograms (Scherrer et al.

1995, 2012). We then provide the first set of parame-

ters based on these detections. In this paper, we first

address the issue of repeated ARs in the detections and

then present the second set of parameters. Based on a

substantial number of AR observations in our database,

we systematically explore the disparities betweenDi and

Df and show the impact of flux transport and flux emer-

gence on the dipole field. Furthermore, we analyze the

effects of BMR approximation, as well as the influence

of a few rogue ARs and numerous ARs with small Df .

This paper is organized as follows. In Section 2, we

identify and remove repeat ARs. In Section 3, we opti-



Toward a live homogeneous database of solar active regions 3

mize the transport parameters and calculate theDi, Df ,

and their BMR approximations. In Section 4, we com-

pare Di and Df of real ARs, show the impact of BMR

approximation on Di and Df , and analyze the impact of

many ARs with small Df on the cumulative final dipole

field. In Section 5, we summarize and discuss the above

results.

2. IDENTIFICATION AND REMOVAL OF REPEAT

ACTIVE REGIONS

Some ARs with strong fluxes can live for many Car-

rington rotations (CRs) (Harvey 1993; Li & Welsch

2008). Their impacts on the end-of-cycle polar field are

usually significant. The removal of these repeated ob-

servations is crucial for an accurate reconstruction of

the polar field. In the first paper of the series, Wang

et al. (2023), we have developed an AR automatic de-

tection method, which consists of five modules. The

first module employs adaptive intensity threshold seg-

mentation, while the second module incorporates mor-

phological closing and opening operations. These mod-

ules jointly eliminate background magnetic fields and

decayed ARs and extract kernel pixels of ARs. The

third module, region growing, utilizes these kernel pixels

as seeds to recover all pixels associated with each AR.

Modules 4 and 5 work together to eliminate decayed

ARs that persist even after the region-growing process.

The fourth module involves a morphological closing op-

eration and a small-region removal operation. The fifth

module consists of a morphological dilation operation

for merging neighboring regions and a unipolar region

removal operation based on their flux imbalance.

The aforementioned detection method processes each

synoptic magnetogram independently and thus can not

identify repeated ARs. To address this limitation, we

introduce a repeat-AR-removal module positioned be-

tween Module 4 and Module 5. Adding this module

before Module 5 aims to avoid the potential impact of

merging neighbor regions in Module 5, enhancing the

method’s ability to identify and remove repeated ARs.

The step-by-step procedures of the repeat-AR-removal

module are visually presented in Figure 1, with the CR

1968 map serving as an example.

In the process of removing repeat ARs in the CR 1968

map, we also utilize the synoptic magnetogram from the

last CR, 1967. After Module 4, the AR detection algo-

rithm has identified all potential ARs and eliminated

small, decayed AR segments. Subsequently, we derotate

the detected ARs to the last CR to compensate for the

effects of differential rotation. Then we obtain masks.

Each mask of an AR, depicted by orange lines in panel

(b), labels the region where the flux of the AR in CR

(a)

(b)

(c)

0 90 180 270 360
Longitude (degree)

sin(-60 )

0

sin(60 )

(d)
1

2

Figure 1. Illustration of the repeat-AR-removal module,
using the synoptic magnetogram of CR 1968 as an example.
Panel (a) is the map of CR 1967, with the AR detection
result outlined in orange lines. Panel (b) is the map of CR
1967, overplotted with the masks of ARs detected in CR
1968. Panel (c) is the AR detection result of CR 1968 after
the repeat-AR-removal module, and panel (d) is the final
detection result after module 5. In panels (c) and (d), the
repeat ARs are labeled with orange lines, and new ARs are
labeled with green lines. In panel (d), two detected repeat
ARs are labeled with No. 1 and 2. The black square labels
the corresponding result, estimated by the naked eye, of the
repeat AR No.1.

1968 comes. We apply the differential rotation profile

ω(λ) = ωa + ωbsin
2(λ) + ωcsin

4(λ), (1)

where λ is the latitude. ωa = 0.362◦day−1, ωb =

−2.040◦day−1, and ωc = −1.487◦day−1. These values

are provided by the header file of the MDI and HMI

synoptic magnetograms.

Then we conduct a comparison between the unsigned

flux in CR 1968 (Fus
n , where n denotes the n-th map,

i.e., CR 1968 map) and the unsigned flux of the CR

1967 map within the mask (Fus
n−1, where n-1 denotes

the n-1-th map, i.e., CR 1967 map) for each detected

AR in CR 1968. If the ratio Fus
n−1/F

us
n exceeds a de-

fined threshold (Tfr) and the AR satisfies the polarity

condition, we regard the AR as a repeat observation of

an AR in CR 1967. Considering the impact of other

flows on the solar surface, such as the meridional flow

and supergranulation, the mask obtained by derotating
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an AR to the last CR may not precisely represent the

true area where the flux of the AR originates. There-

fore, the threshold doesn’t necessarily have to be set to

1, and after experiments, we set Tfr = 0.7 for optimal

results. The polarity condition is∣∣∣∣ Fn

Fus
n

Fn−1

Fus
n−1

∣∣∣∣ sign( Fn

Fn−1
) > −0.5, (2)

where Fn, Fn−1 are the net flux of AR in CR 1968 and

the net flux of CR 1967 map within the mask, respec-

tively. The term sign( Fn

Fn−1
) is utilized to determine

whether the sign of the AR net flux in two maps is the

same. The ratios Fn

Fus
n

and Fn−1

Fus
n−1

are employed to assess

the flux imbalance of AR in CR 1968 map and AR in

CR 1967 map, respectively. This condition prevents the

unipolar regions, which differ in polarity from the unipo-

lar regions in the last map, from being wrongly identified

as repeat regions. The result is shown in panel (c), where

the region labeled in the orange line represents repeat

ARs that have been successfully detected and removed.

Finally, we apply Module 5 to merge neighbor regions

and remove unipolar regions. The final detection result

of CR 1968 is shown in panel (d).

The repeat-AR-removal module successfully removes

two repeat ARs in the MDI map of CR 1968, labeled

with No. 1 and 2. A visual comparison between panels

(d) and (a) reveals that AR No. 2 is a clear repeat ob-

servation of a former AR. However, the situation for AR

No. 1 is more complex. It constitutes only a portion of

the entire AR, where a new AR emerges near the for-

mer one. Such ARs are commonly referred to as activity

complexes (ACs) (Harvey 1993; Gaizauskas et al. 1983;

Wang et al. 2020). Comparing the two maps in CRs

1967 and 1968 with the naked eye, we can find that the

repeat regions in the AC should be regions within the

black square. While the actual repeat region might be

slightly larger than the region we detected, the module

still identifies the repeat AR within the AC. The results

of the CR 1968 map demonstrate that our repeat-AR-

removal module is not only capable of removing obvious

repeat ARs but can also address cases of repeat decayed

ARs within ACs. It’s worth noting that, at times, the

module may face challenges in accurately detecting re-

peat regions due to the segmentation of single ARs in

modules 1-4 of Wang et al. (2023).

After removing repeat ARs, the total number of de-

tected ARs decreases from 2579 to 2495 over two solar

cycles. Specifically, the number of ARs in cycles 23 and

24 reduces from 1481 to 1436 and from 1098 to 1059,

respectively. Yeates (2020) detects 143 repeat ARs dur-

ing cycle 24, a higher count compared to our detection

result of 39 repeat ARs. Discrepancies in the number of

repeat ARs could be attributed to the use of a smaller

threshold, Tfr = 0.7, in our detection in contrast to the

threshold Tfr = 1 employed by Yeates (2020). Addi-

tionally, discrepancies may also arise from the fact that

some repeat ARs in our results are just part of the whole

AC and do not affect the AR number.

3. CALCULATION OF DIPOLE FIELDS

3.1. Calculation methods of dipole fields

195 200 205 210 215 220
Longitude

-20

-15

-10

-5
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tit
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e
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Longitude

Figure 2. Illustration of an AR (left panel) and its corre-
sponding BMR approximation (right panel). The AR is de-
tected in the MDI synoptic magnetogram of CR 1961, with
label No. 6 in our database. Its NOAA number is 08936.

After removing repeat ARs in our database, we calcu-

late the axial dipole fields of ARs, including the initial

dipole field (Di) and final dipole field (Df ). Each pa-

rameter is determined using two distinct methods: one

based on the actual configuration of ARs, termed the

AR method, and the other based on the BMR approxi-

mation, referred to as the BMR method. For the BMR

approximation, we approximate each polarity of AR as a

finite-sized Gaussian-like polarity patch (van Ballegooi-

jen et al. 1998; Jiang et al. 2014b). Figure 2 shows an

example of an AR and its BMR approximation.

The axial dipole field of an AR is the coefficient of

the Y 0
1 term in the spherical harmonic expansion of its

radial magnetic fields. Mathematically, this is expressed

as:

Di =
3

4π

∫∫
B(λ, φ)sinλcosλdλdφ, (3)

where λ and φ denote latitude and longitude, respec-

tively, and B(λ, φ) is the radial magnetic field distribu-

tion of the AR. When applying the BMR approximation

to an AR, Equation (3) can be simplified as:

DB
i =

3

4πR2
⊙
Φdλcosλ, (4)

where Φ represents the unsigned flux of one polarity

of the BMR. dλ is the latitude difference of the BMR.

It can be calculated using the latitude of the positive
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polarity minus the latitude of the negative polarity, or

as dλ = d sinα, where d is the polarity separation, and

α is the tilt angle (Wang & Sheeley 1991; Yeates et al.

2023).

Equations (3) and (4) are used to quantify the axial

dipole field of an AR when it emerges on the solar sur-

face, referred to as the initial dipole field (Di). After

a BMR emergence, its axial dipole field changes due to

meridional flow and supergranular diffusion. The ratio

(f∞) between the dipole field at the end of a BMR’s evo-

lution (final dipole field, Df ) and Di follows a Gaussian

relation about the BMR emergence latitude λ0. The

relation is expressed as f∞ ∝ exp(−aλ2
0), where a is a

constant (Jiang et al. 2014a). Petrovay et al. (2020) pro-

vide an algebraic expression for f∞, and thus provide an

algebraic method to calculate the final dipole field of a

BMR (DB
f ). The method is

DB
f = f∞DB

i , (5)

where f∞ is given by

f∞ =
a

λB
R

exp

(
− λ2

0

2(λB
R)

2

)
, a =

n+ 1

n+ 2

√
2

π
. (6)

In Equation (6), λ0 represents the emergence latitude

of the BMR, and n describes the approximated polar

field profile in solar minimum, i.e. B(λ) ∝ sinn(λ). The

value of n is set to 7 in our calculations, following the

value of Wang et al. (2009). λB
R is the dynamo effectivity

range, calculated by:

λB
R =

√
η

R2
⊙∆u

+ σ2
0 . (7)

Here, η is the supergranular diffusivity, ∆u is the di-

vergence of the meridional flow at the equator, i.e.,
1

R⊙
du
dλ

∣∣
λ=0

, and σ0 is the initial Gaussian width of the

BMR.

However, Equation (5) just applies to BMRs. For ARs

with arbitrary configurations, Wang et al. (2021) pro-

vides a more general method expressed as

Df = A0

∫∫
B(λ, φ)erf(

λ√
2λR

)cosλdλdφ, (8)

where A0 is a constant, set to 0.21 according to Wang

et al. (2021). In this equation, the dynamo effectivity

range λR is defined as

λR =

√
η

R2
⊙∆u

. (9)

This is different from λB
R in Equation (6), for the BMR

method. The form of Equation (8) has been slightly

adjusted from that presented in Wang et al. (2021) to

improve its conciseness and clarity.
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Figure 3. Comparison between cumulative final dipole
fields (cDf ) for different transport parameters (λR) and
dipole field observations of MDI maps (CRs 1909-2096) and
HMI maps (CRs 2097-2225). Panels (a) and (b) depict the
results of MDI and HMI maps, respectively. Black dots rep-
resent the calculated cDf , and dashed lines show dipole field
observations. Panel (c) illustrates the total deviation be-
tween cDf and dipole field observations across all synoptic
magnetograms.

3.2. Optimization of the transport parameter λR

In the computation of final dipole fields (Df ), the

term η
R2

⊙∆u
is present in both the BMR method and

the AR method. The meridional flow (u) and super-

granular diffusivity (η) are less constrained by obser-

vations (Petrovay et al. 2020; Jiang et al. 2023). A

comprehensive discussion on the observations of ∆u and

η is provided in Jiang et al. (2023). ∆u and η are

sometimes optimized with magnetogram observations

when employed in Surface Flux Transport (SFT) models

(Lemerle et al. 2015; Whitbread et al. 2017). Accord-

ing to the BL mechanism, the solar axial dipole field is

built up through the emergence and evolution of ARs

(Babcock 1961; Leighton 1964). Consequently, the cu-

mulative final dipole fields (cDf ) in one solar cycle, de-

fined as the sum of all ARs’ Df , should be equal to the

difference between the axial dipole fields at the end-of-

cycle solar minimum and that at the start-of-cycle mini-
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mum. Since the AR method is considered more accurate

than the BMR method for ARs with real configurations

(Wang et al. 2021), we utilize the Df calculated by the

AR method to optimize λR, which is equivalent to op-

timizing η
R2

⊙∆u
. We also refer to λR as the transport

parameter.

We conduct a comparison between the cDf and the

solar dipole fields obtained from the MDI and HMI syn-

optic magnetograms. The MDI maps cover the time

range from CR 1909 to CR 2096, roughly corresponding

to cycle 23, while the HMI maps cover the time range

from CR 2097 to CR 2225, roughly corresponding to cy-

cle 24. To calculate the solar dipole field, we use the

synoptic magnetograms with the polar field corrected.

The correction is performed by interpolation using rel-

atively well-observed data during September/March for

many years (Sun et al. 2011; Sun 2018; Luo et al. 2023).

The dipole field for the beginning or the end of a cycle

is determined by averaging the dipole fields calculated

in six CRs near this time.

The comparison is depicted in Figure 3. As λR in-

creases, the absolute values of cDf for both the MDI

and HMI maps also increase. The optimal value of λR

for the MDI maps is 5◦, while for the HMI maps, it is

7◦. The transport parameter λR used in the SFT sim-

ulation based on HMI observations by Yeates (2020) is

6.35◦, which is only slightly smaller than the parameter

we use. The minor discrepancy may be attributed to the

differences in the magnetic field distributions of ARs in

our database and that of Yeates (2020).

To minimize the overall deviation between the cDf

and the solar dipole fields obtained from both the MDI

and HMI maps, the optimal λR is also 5◦. This value is

not the smallest among the transport parameters used

in past research, such as 4◦ in Lemerle et al. (2015) and

4.36◦ in Wang (2017). The total deviation for the opti-

mal λR is still significant. Factors contributing to this

deviation may include the detection of new ARs in the

ACs, limitations in synoptic magnetogram observations,

and limitations in polar field observations. Although our

detection method, incorporating the repeat-AR-removal

module, can eliminate some repeated regions and detect

new ARs in the ACs, it may still miss some repeat re-

gions or erroneously remove newly emerged flux. Synop-

tic magnetograms lack observations of the far-side solar

disk and have relatively low time resolution. The lim-

itations in synoptic magnetogram observations may re-

sult in not all detected ARs being in their fully emerged

phase, leading to the potential loss of some emerged AR

flux. Additionally, synoptic maps fail to capture some

short-lived ARs, particularly those emerging on the far-

side of the sun. Considering the small tilt angle of the

Sun’s rotation axis relative to the ecliptic and the projec-

tion effect of magnetic field observations, measurements

of the polar magnetic field are poor. Magnetic field ob-

servations near polar regions often exhibit a high noise

level and contain missing values. Interpolation is ap-

plied to obtain missing data (Sun et al. 2011; Luo et al.

2023), thereby affecting the polar field. As a result, the

solar dipole field from the synoptic maps may also devi-

ate from the actual value.

We use λR = 5◦ to calculate Df , and meanwhile, we

compare the results of Df calculated with λR = 7◦ to

show the impact of λR. In addition, we also provide

the processing programs along with the database and

anyone can calculate the parameter Df with another

λR if necessary.

3.3. Calculation of dipole fields based on the detected

ARs

With the optimal transport parameter, λR = 5◦, we

apply the calculation methods described in Section 3.1

to AR detection results to calculate dipole fields for each

AR. First, we balance the magnetic flux of each AR

by increasing the flux of the weak polarity because a

part of the flux of the more dispersed polarity, usually

the following polarity, is missed by the detection. The

method is the same as Wang et al. (2020) and Jiang et al.

(2019). Then, we get the magnetic field distribution,

B(sinλ, φ), used for the AR method, directly from AR

detection of the maps. Flux Φ, latitude difference dλ,

and initial Gaussian width σ0 used in the BMR method

are also calculated from the AR detection results.

To align with the results from MDI maps, the AR

flux detected in HMI synoptic magnetograms needs to

be multiplied by a factor of 1.36 (Wang et al. 2023).

Since equations of both AR and BMRmethods are linear

in terms of magnetic fields, we also calibrate the AR

dipole fields in HMI maps by applying a factor of 1.36.

Comparing the parameters of the same AR detected in

MDI and HMI maps during the overlap period, as shown

in Figure 4, the factor works well for all parameters.

4. STATISTICAL PROPERTIES OF DIPOLE

FIELDS

After removing repeat ARs in our detection and cal-

culating dipole fields, we update the detected ARs in

our database and provide the second set of parameters.

There are 2892 ARs in our database now, from CR 1909

to CR 2278 (1996.5 - 2023.11). The second set of pa-

rameters includes the initial dipole field (Di), the final

dipole field (Df ), and the BMR approximation of the

two parameters, DB
i and DB

f . Together with the first

set of parameters, i.e. AR basic parameters, such as



Toward a live homogeneous database of solar active regions 7

-0.05 0
HMI AR Di (G)

-0.05

0

M
D

I A
R

 D
i (

G
)

-0.005 0
HMI AR Df (G)

-0.01

-0.005

0

M
D

I A
R

 D
f (

G
)

-0.05 0
HMI AR D B

i  (G)

-0.05

0

M
D

I A
R

 D
B i
 (G

)

-0.01 -0.005 0
HMI AR D B

f  (G)

-0.015

-0.01

-0.005

0

M
D

I A
R

 D
B f
 (G

)

Figure 4. Calibration of AR initial dipole fields (Di, D
B
i )

and final dipole fields (Df , D
B
f ) from MDI and HMI synop-

tic magnetograms. The red line in each panel indicates the
calibration based on AR flux, with a slope of 1.36.

location, area, and flux, our database can now provide

17 parameters. The second set of parameters can de-

scribe the contribution of ARs to the solar polar field

and contribute to the understanding and prediction of

solar cycles. To show the properties of the second set

of parameters, we compare the Di and Df , analyze the

impact of BMR approximation on the dipole fields, and

investigate the impact of ARs with small Df on the cu-

mulative final dipole fields.

4.1. Difference between Di and Df

First, we systematically compare the initial dipole

field (Di) and final dipole field (Df ) of ARs with real

configurations to illustrate the impact of flux transport

on each AR and all ARs in a solar cycle. Figure 5 shows

the distribution of Di and Df . Both Di and Df exhibit

concentration around zero, with the distribution of Df

being more centered than Di. Di tends to be negative

during cycle 23 and positive in cycle 24, while Df shows

a more symmetric distribution around zero for both cy-

cles. Although some ARs exhibit significant Di and Df ,

the majority have relatively small Di or Df . In two cy-

cles, 1709 ARs, approximately 68% of all ARs, have an

absoluteDi smaller than 0.01 G, which is less than 1% of

the total dipole field. The corresponding number for Df

is 2002, accounting for about 80%. While certain ARs

can notably influence the solar dipole field, the impact

of most ARs is limited.

100

101

102

-0.1 -0.05 0 0.05 0.1
Di

100

101

102

-0.1 -0.05 0 0.05 0.1
Df

Figure 5. Histograms of initial dipole field (Di) and final
dipole field (Df ) for cycles 23 (top panels) and 24 (bottom
panels). Lower (-0.11 G) and upper (0.11 G) thresholds are
applied in each panel. Data outside these thresholds are
combined and shown in the first and last bins.

Figure 6 shows the comparison between Di and Df .

For some ARs, Df is larger than Di, smaller than Di, or

even exhibits a different sign (referred to as changing-

sign ARs), as denoted by the red dots. Figure 2 is an

example of changing-sign ARs, with Di of -0.0064 G

and Df of 0.0296 G. The changing-sign ARs are first

reported by Jiang et al. (2019). They will be further

discussed in Section 4.2. Among ARs with the same

sign for Df and Di, there are 898 ARs for cycle 23 and

687 ARs for cycle 24 whose axial dipole field decreases

(absolute value of Df smaller than that of Di). Con-

versely, there are 403 and 281 ARs for cycles 23 and 24,

respectively, whose axial dipole field increases. These

changes in dipole fields contribute to the difference be-

tween the distributions of Df and Di, as illustrated in

Figure 5. As the axial dipole fields of most ARs decrease,

the distribution of Df is more concentrated around zero

compared to Di. In both cycles, the number of Df in

bins close to zero surpasses that of Di. Additionally, as

flux transport increases the dipole field of certain ARs,

the instances with absolute value greater than 0.1 G for

Df are also more than those for Di, as shown in Figure

5.

When λR is increased from 5◦ to 7◦, the number of

ARs with Df smaller than 0.01G decreases to 1809, ac-

counting for approximately 72.5% of all ARs. In cycles

23 and 24, the number of ARs with dipole field increas-

ing rises from 684 to 991, and for ARs with dipole field

decreasing reduces from 1585 to 1374. The contribution

of most ARs to the solar dipole field is still small and
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Figure 6. Comparison between the initial dipole field (Di)
and the final dipole field (Df ) of cycles 23 (top panel) and 24
(bottom panel). Data of nine ARs in cycle 23 with absolute
Df larger than 0.24 G are not shown. The black dots label
the ARs whose Di and Df are of the same sign (normal
ARs), and the red dots label the ARs whose Di and Df are
of different sign (changing-sign ARs). One AR among the
nine ARs not shown here changes the sign of the dipole field.

the number of ARs with dipole fields decreasing still ex-

ceeds those with dipole fields increasing. The impact of

λR is limited.

As for the cumulative dipole fields, defined as the sum

of all dipole fields, the absolute value of the cumula-

tive final dipole field (cDf ) in each cycle is smaller than

that of the cumulative initial dipole field (cDi). The

values of cDf are -3.91 G for cycle 23 and 1.63 G for

cycle 24, while the values of cDi are -11.85 G for cycle

23 and 4.70 G for cycle 24. However, the cDf is influ-

enced by the transport parameter λR, increasing with

λR. Consequently, cDf might surpass cDi for a larger

λR. Nevertheless, λR is optimized to minimize the de-

viation between cDf and the solar axial dipole field of

each cycle. The dipole field observations of MDI and

HMI are -3.88 G and 2.54 G, respectively and the cor-

responding cDi values for the MDI and HMI time range

are -11.69 G and 3.34 G. These indicate that the ab-

solute values of cDi are also greater than those of the

axial dipole fields of cycles 23 and 24. Therefore, cDf

will consistently be smaller than cDi as long as λR is

appropriately chosen. The result is consistent with the

finding of cycle 21 by Wang & Sheeley (1991). The fact

that the absolute values of cDf are smaller than that

of cDi indicates that the solar axial dipole field primar-

ily originates from flux emergence. The net effect of

flux transport is to reduce the solar dipole field that is

obtained during flux emergence. In the jargon of the

BL-type mechanism, the generation of the poloidal flux

(α-effect) mainly happens in the flux emergence, while

the surface flux transport mainly decreases rather than

generates the poloidal flux.

4.2. Impact of the BMR approximation on dipole fields

The BMR approximation of AR is widely used in AR

emergence and evolution research. Here we compare the

initial dipole field (Di) and final dipole field (Df ) calcu-

lated using the AR method with those calculated using

the BMR method (DB
i and DB

f ) to test the performance

of the BMR approximation. The results are shown in

Figure 7. For the initial dipole field, the values of the

BMR approximation (DB
i ) are highly consistent with

that of the AR method (Di). This finding is consistent

with the research of Yeates (2020). Furthermore, the

cumulative initial dipole field of BMR approximation

(cDB
i ) and that of AR (cDi) are also nearly the same.

For example, cDB
i is -11.854 G in cycle 23, while cDi is

-11.850 G. It shows that the BMR approximation of the

initial dipole field proposed by Wang & Sheeley (1991)

(Equation (4)), is in line with the AR method (Equation

(3)). The BMR approximation is more efficient than the

AR method and is therefore recommended for use.

However, the real contribution of ARs to the polar

field at the solar minimum is Df , not Di. For Df , the

BMR approximation yields less satisfactory results. The

result aligns with the findings of Wang et al. (2020) but

with more data than it. Although the deviations be-

tween DB
f and Df for many ARs are small, there are

instances where the deviations are significant, exceed-

ing 0.1 G, a magnitude comparable to the Df of these

ARs.

Additionally, the BMR approximation sometimes in-

correctly predicts the sign of the final dipole field for

certain ARs. Given that Di is nearly equal to DB
i , and

the signs of DB
f and DB

i are the same (as seen from
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Figure 7. Comparisons between dipole fields. Top panel:
the initial dipole field calculated using the AR method (Di)
and the BMR method (DB

i ). Bottom panel: the final dipole
field calculated using the AR method (Df ) and the BMR
method (DB

f ). The lines in both panels represent the values
calculated by the two methods are the same. The red circle
in the bottom panel labels an AR with a significant difference
between DB

f and Df .

Equations (5 - 6)), the sign of DB
f aligns with Di. Con-

sequently, ARs with different signs of Df and DB
f also

exhibit different signs of Df and Di. These ARs are

referred to as changing-sign ARs in Section 4.1. Among

2952 ARs in cycles 23, 24, and part of 25, there are

266 changing-sign ARs in total. Similarly, Yeates (2020)

identifies 53 ARs out of 1090 ARs where Df obtained

with the BMR method and the AR method have differ-

ent signs. The change in sign is typically attributed to

the complex configurations of these ARs, which signif-

icantly differ from the BMR model (Jiang et al. 2019).

For instance, the AR shown in Figure 2 changes the sign

of the dipole field due to the small section of positive po-

larity located at about −5◦ latitude, which is ignored by

BMR approximation. Just like the small positive polar-

ity, these regions emerging near the equator can induce

significant variations in both the AR’s dipole field and

that of the Sun. They should be precisely considered in

research, not be approximated.

Some changing-sign ARs have a notable impact on the

solar polar field; for example,Df for the AR labeled with

a red circle in Figure 7 is 0.49 G, whereas the BMR ap-

proximation DB
f of it is -0.11 G. The deviation between

the BMR approximation and the AR method of the AR

is about 0.6 G, about 15% of the total dipole field of cy-

cle 23. To accurately predict the contribution of these

changing-sign ARs to the polar field, it is recommended

to employ their final dipole field (Df ) while considering

their real configurations. The BMR approximation is

prone to incorrectly predicting the dipole field of these

ARs.

Moreover, the cumulative values of DB
f and Df ex-

hibit more significant differences. The cDB
f and cDf

values are -7.95 G and -3.91 G for cycle 23, and 3.85 G

and 1.63 G for cycle 24. The cDB
f value for each cy-

cle is approximately twice the cDf value. As the BMR

approximation displays a substantial deviation from the

AR method, predictions relying on the BMR approxi-

mation, as exemplified by Pal & Nandy (2023), may be

affected by this deviation, raising concerns about their

reliability. For the BMR approximation, DB
f /DB

i is pro-

portional to exp
(
− λ2

0

2(λB
R)2

)
, as shown in Equation (6),

where λB
R =

√
η

R2
⊙∆u

+ σ2
0 . Here, σ0 represents the ini-

tial Gaussian width of the BMR. In our analysis, we take

half the polarity separation as σ0 for the BMR. However,

if we set σ0 as 0◦, the cumulative values of DB
f become

more similar to those of Df , resulting in -4.39 G for cy-

cle 23 and 2.56 G for cycle 24. The impact of σ0 on the

final dipole field is also discussed by Iijima et al. (2019).

The σ0 of BMRs influences their DB
f but is challeng-

ing to determine accurately. The AR method proposed

by Wang et al. (2021) (Equation (8)), which does not

require an initial Gaussian width σ0, can calculate the

AR final dipole field more accurately. This shows the

advantage of the AR method.

When λR = 7◦, the number of changing-sign ARs de-

creases to 150. The corresponding Df and DB
f for the

AR labeled in Figure 7 become 0.33 G and -0.08 G, re-

spectively. There is still a large deviation of 0.41 G,

approximately 8% of the total dipole field. Significant

deviation persists between cDB
f and cDf . For instance,

cDf for cycle 23 is -8.05 G, while cDB
f is -11.12 G. Ad-

justing the initial Gaussian width σ0 to 0 improves the

BMR approximation, yielding cDB
f of -8.55 G, closer
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to cDf . When λR = 7◦, although the changing-sign

ARs are relatively strongly influenced, other results only

weakly change. The BMR approximation remains poor

for the final dipole field, and setting σ0 to 0 works better

than employing half the polarity separation.

In summary, although the BMR approximation per-

forms well for the initial dipole field, it yields inferior

results for the final dipole field, which describes the true

contribution of an AR to the polar field in the solar

minimum. When measuring an AR’s contribution to

the polar field, its final dipole field should be utilized

while taking into account its real configuration, i.e., the

parameter Df in our database.

4.3. Impact of ARs with small Df on the cumulative

final dipole field

7.5

5.0

2.5

0.0

2.5

Va
lu

e 
(G

)

cDf, n

cD B
f, n

100 101 102 103

Number of top ARs (n)

0

1

2

3

4

Va
lu

e 
(G

)

Figure 8. Variation of the cumulative final dipole field
for different numbers of top ARs (cDf,n, cD

B
f,n). ARs are

ranked by the absolute value of their final dipole field. Both
cDf,n for the AR method (blue line) and cDB

f,n for the BMR
method (orange line) are shown. The top panel is the re-
sult of cycle 23 and the bottom panel is for cycle 24. The
black dashed lines in two panels represent the cumulative fi-
nal dipole fields of all ARs (cDf ) in each cycle.

As shown in Section 4.1, theDf of most ARs are small.

To research the impact of numerous ARs with small Df ,

we rank ARs according to the absolute values of their

Df and calculate the cumulative final dipole field for

different numbers of top ARs (cDf,n). The analysis is

conducted with the AR method (cDf,n) and the BMR

method (cDB
f,n). The variations of cDf,n and cDB

f,n with

the number of ARs (n) are presented in Figure 8. For

cDf,n calculated with the AR method, its deviation with

the cumulative final dipole field of all ARs (cDf ) in each

cycle firstly increases due to certain rogue ARs with con-

tributions opposite to those of other ARs. Then, the de-

viation gradually decreases under the effect of plenty of

ARs with small Df . When the AR number increases to

about 500, the cDf,n of two cycles both becomes almost

equal to the cDf . The deviations are 3.3% for cycle 23

and 1.2% for cycle 24. If a similar deviation threshold is

set for cycle 24, the AR number decreases to about 350,

roughly one-third of all ARs (1059). The 500 ARs also

constitute about one-third of all ARs in cycle 23, during

which the total number of ARs is 1436. The smallest ab-

solute values of Df in the top one-third ARs are 0.0028

G and 0.0023 G for cycles 23 and 24, respectively.

For cDB
f,n calculated with the BMR method, the or-

ange line in Figure 8, its deviations with the cumulative

final dipole field for all BMRs, cDB
f , gradually decreases

for each cycle with the increase of BMR number without

the initial increase for the deviation between cDf,n and

cDf . It shows that these ARs with opposite contribu-

tions, which cause the initial increase for the deviation

between cDf,n and cDf , are largely a result of their

complex configurations that significantly differ from the

BMR. As the number of BMRs increases to around 500,

the cDB
f,n values for cycles 23 and 24 also become nearly

equivalent to the cDB
f .

When λR = 7◦, the initial increase in the variation

of deviation between cDf,n and cDf with the number

of ARs (n) disappears in cycle 24 but persists in cycle

23. This further supports the presence of rogue ARs

in cycle 23. The deviations between cDf,n of the top

500 ARs and cDf are 5.1% and 3% for cycles 23 and

24, respectively. When applying the top 350 ARs, the

top one-third ARs of cycle 24, the deviation for cycle

24 is 8%. Although these values are larger than those

for λR = 5◦, they are still deemed acceptable. The top

500 ARs, or the top one-third ARs, remain sufficient for

reconstructing the axial dipole fields during the solar

minimum. As for cDB
f,n, there is no significant change.

Our results align with the findings of Nagy et al.

(2020) and Whitbread et al. (2018), but our study re-

quires a smaller number of ARs, approximately 500 ARs

compared to their 750 ARs. These studies reveal that

while several rogue ARs can induce noticeable variations

in the solar polar field, the collective impact of numerous

ARs with smaller contributions to the polar field cannot

be disregarded. Notably, not all ARs are essential, and

approximately the top 500 ARs, or the top one-third

of all ARs, are sufficient for building up the polar field

during the solar minimum. Hofer et al. (2024) also em-
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phasizes the importance of small ARs on the polar field

variation.

5. CONCLUSION AND DISCUSSION

In this paper, we have provided AR parameters in-

cluding the initial dipole field (Di), the final dipole field

(Df ), and the Bipolar Magnetic Region (BMR) approx-

imations for both parameters, denoted as DB
i and DB

f .

These AR parameters are part of our live homogeneous

database of solar ARs since 1996 and are relevant to so-

lar cycle variability, aiming to improve our understand-

ing and prediction of solar cycles. The properties of

these parameters have also been investigated.

Since some ARs can live for many CRs and signifi-

cantly impact the end-of-cycle polar field, we first in-

troduce a repeat-AR-removal module to identify and re-

move the repeat detections in our database. This mod-

ule is not only capable of removing obvious repeat ARs

but can also address cases of repeat decayed ARs within

activity complexes (ACs). Then we optimize the trans-

port parameter λR because it significantly affects the

final dipole field, but is poorly constrained by obser-

vations. We compare the cumulative final dipole field

(cDf ) obtained with different λR values and the solar

dipole fields derived from the MDI and HMI synoptic

magnetograms. It reveals that the optimal λR to mini-

mize the deviation between cDf and solar dipole field is

5◦.

Following the removal of repeat ARs and the opti-

mization of λR, we calculate the dipole fields and up-

date the time range of our AR database. Our database

now comprises 2892 ARs spanning from CR 1909 to CR

2278 (1996.5 - 2023.11). The database and associated

codes are freely available to everyone on GitHub1 and

version 2.0 is archived in Zenodo (Wang et al. 2024). In
exploring the properties of the dipole fields, we analyze

the distinctions between Di and Df , assess the impact

of BMR approximation on the dipole field, and evaluate

the influence of ARs with small Df .

The analysis reveals that Df of an individual AR may

be smaller, larger, or even with a different sign com-

pared to its corresponding Di. However, the cumulative

final dipole field (cDf ) of all ARs during a cycle is no-

tably smaller than cDi for cycles 23 and 24. It aligns

with the findings for cycle 21 as reported by Wang &

Sheeley (1991). The cumulative final dipole field cDf

smaller than cDi suggests that flux emergence is the

primary source of the solar axial dipole field in the BL

1 AR database: https://github.com/Wang-Ruihui/
A-live-homogeneous-database-of-solar-active-regions/tree/
with-repeat-AR-Removal-and-params-dipole-fields.

mechanism, and the net effect of flux transport is to

decrease the solar dipole field initially obtained during

flux emergence. Hence the surface flux transport must

be also considered properly to obtain a realistic BL dy-

namo (Cameron et al. 2012; Jiang et al. 2013; Zhang &

Jiang 2022). It is noticeable that the conclusion is based

on data from three cycles, and further validation with

data from more cycles would enhance its robustness.

While the BMR approximation works well for Di, it

exhibits poor performance for Df . The deviation be-

tween the BMR approximation and real ARs is even

more pronounced for cDf . Specifically, for ARs that

change the sign of their dipole fields during flux trans-

port, the BMR approximation fails to predict the sign

of their Df . It introduces a considerable deviation com-

pared to Df without approximation. Therefore, it is

advisable to utilize the final dipole field while taking

into account the real configuration of ARs, i.e. Df in

our database, to measure an AR’s contribution to the

polar field accurately.

While the impact of most ARs is limited, their effects

can not be ignored. About the top 500 ARs, ordered by

their absolute Df , are necessary to build up the polar

field in the solar minimum. This result is consistent with

the results of Whitbread et al. (2018) and Nagy et al.

(2020).

In optimizing transport parameter λR, the deviation

between cDf and solar dipole field for the optimal λR

still can not be ignored, suggesting that 5◦ may not be

so perfect. The deviation may be caused by the de-

tection of new ARs in the ACs, limitations in synoptic

magnetogram observations, and limitations in polar field

observations. The deviation may also be caused by the

possible variation of transport parameter λR with solar

cycles (Wang et al. 2009; Whitbread et al. 2017). To as-

sess the impact of λR on the presented results, we also

provide the results for λR = 7◦. These results indicate

that while λR significantly influences Df , the distinc-

tions between Di and Df , the impact of BMR approxi-

mation on Df , and the influence of ARs with small Df

are only weakly affected by λR.

This is the second paper of a series that aims to

construct a live, comprehensive, and homogeneous AR

database. In the first paper of the series (Wang et al.

2023), we identified all ARs based on the MDI and HMI

synoptic magnetograms and provided some fundamental

parameters as the first set of parameters. In this paper,

we provide the dipole fields as the second set of param-

eters. In the future, we will continue to provide more

parameters and deeply analyze AR properties, particu-

larly those of rogue ARs. An important parameter to be

explored is the Degree of Rogueness (DoR). Nagy et al.

https://github.com/Wang-Ruihui/A-live-homogeneous-database-of-solar-active-regions/tree/with-repeat-AR-Removal-and-params-dipole-fields
https://github.com/Wang-Ruihui/A-live-homogeneous-database-of-solar-active-regions/tree/with-repeat-AR-Removal-and-params-dipole-fields
https://github.com/Wang-Ruihui/A-live-homogeneous-database-of-solar-active-regions/tree/with-repeat-AR-Removal-and-params-dipole-fields
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(2020) suggests that only about the top 10-50 DoRs are

required to build up the polar field in solar minimum,

while the other ARs could be simplified. Their results

significantly reduce the number of ARs necessary and

show the importance of the DoR. However, based on

our database, we find DoR is affected by the statistical

result applied in its calculation, and the result of the

top 50 DoRs while simplifying the other ARs may be

not so ideal as shown by Nagy et al. (2020). Further

exploration and discussion on the DoR are planned for

future work.

We thank the referee for the valuable comments and

suggestions on improving the paper. The research is

supported by the National Key R&D Program of China

No. 2022YFF0503800, the National Natural Science

Foundation of China No. 12173005 and 12350004, and

SCOSTEP/PRESTO. J.J. acknowledges the Interna-

tional Space Science Institute Team 474 for fruitful dis-

cussions. The SDO/HMI data are courtesy of NASA

and the SDO/HMI team. SOHO is a project of interna-

tional cooperation between ESA and NASA.

REFERENCES

Babcock, H. W. 1961, ApJ, 133, 572, doi: 10.1086/147060

Bobra, M. G., Sun, X., Hoeksema, J. T., et al. 2014, SoPh,

289, 3549, doi: 10.1007/s11207-014-0529-3

Bobra, M. G., Wright, P. J., Sun, X., & Turmon, M. J.

2021, ApJS, 256, 26, doi: 10.3847/1538-4365/ac1f1d

Cameron, R. H., Dasi-Espuig, M., Jiang, J., et al. 2013,

A&A, 557, A141, doi: 10.1051/0004-6361/201321981

Cameron, R. H., Schmitt, D., Jiang, J., & Işık, E. 2012,
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