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ABSTRACT
Solar magnetic ﬁelds are responsible for most of the activities on the Sun. Many theories predict that it is generated
by a dynamo near the base of the convection zone (BCZ), located at 0.71R. In this study, we use the solar-cycle
variations of the meridional ﬂow to probe magnetic ﬁeld variations near the BCZ. A helioseismic time-distance
method is used to measure the travel-time difference between opposite directions in meridional planes, which
reﬂects the meridional ﬂow at different depths. Two systematic effects, the surface magnetic effect and the centerto-limb effect, are removed. Using Solar and Heliospheric Observatory/Michelson Doppler Imager data, we
measure the latitudinal distribution of travel-time difference for different travel distances, corresponding to
meridional ﬂow signals in the solar interior down to 0.54R, over 15 years, including two solar minima and one
maximum. The travel-time differences at the maximum and the minimum behave differently in three different
depth ranges. The travel-time difference at the maximum is greater than that at the minimum above the BCZ, while
it is smaller around the BCZ; both are close to zero below the BCZ. The difference in the travel-time difference
between the maximum and the minimum changes about 0.1 s from the region above the BCZ to the region around
the BCZ, corresponding to a change in ﬂow velocity of about 10 m s−1 around the BCZ. We tend to attribute this
change in the meridional ﬂow to the variation in the magnetic ﬁeld from the minimum to the maximum near
the BCZ.
Key words: Sun: activity – Sun: evolution – Sun: helioseismology – Sun: interior – Sun: magnetic ﬁelds –
Sun: oscillations
1. INTRODUCTION

In this study, we use the measured solar-cycle variations of
the meridional ﬂow to probe the magnetic ﬁeld near the BCZ.
The meridional ﬂow is a large-scale axisymmetric circulating
ﬂow in meridional planes. It moves poleward on the surface
and penetrates into the interior. It was originally proposed to
balance the latitudinal dependence of energy transport due to
rotation (Durney & Roxburgh 1971).
Surface measurements have shown that the speed of
poleward motion on the surface versus latitude has an
approximate sine-shape distribution, with a peak magnitude
of 10–20 m s−1 (Duvall 1979; Howard & Gilman 1986;
Hathaway & Rightmire 2010; Ulrich 2010). The subsurface
meridional ﬂow, measured with helioseismic methods, extends
through the entire solar convection zone (Giles et al. 1997;
Giles 1999). The meridional ﬂow plays an important role in the
dynamics of the Sun (Wang et al. 1989). It can also be used to
probe the temporal variations of the solar interior (Chou &
Dai 2001; Beck et al. 2002; Chou & Ladenkov 2005). At solar
maximum, the meridional ﬂow has a smaller magnitude on the
surface (Komm et al. 1993; Meunier 1999; Hathaway &
Rightmire 2010) and in the upper convection zone (Chou &
Dai 2001).
Here we use the time-distance method in helioseismology to
measure meridional ﬂow signals at different depths down to
0.54R. A resonant solar acoustic mode (p-mode wave) is
trapped and multiply reﬂected in a cavity between the surface
and a layer in the solar interior. The acoustic signal emanating
from a point on the surface propagates downward to the bottom
of the cavity and back to the surface at a distance from the
original point. Different p-modes have different paths and
arrive at the surface with different travel times and distances.
The relation between the travel time and distance can be
measured with the time-distance technique using the temporal

The solar magnetic ﬁeld is responsible for most of the
activities on the Sun. How and where the solar magnetic ﬁeld is
generated is a longstanding and unanswered question. Most
theoretical studies predict that the solar magnetic ﬁeld is
generated by a dynamo near the base of the convection zone
(BCZ) and rises to the surface as active regions (Ossendrijver 2003; Usoskin & Mursula 2003; Miesch 2005; Fan 2009;
Charbonneau 2010; Choudhuri 2011). Many attempts have
been made to detect the magnetic ﬁeld at the BCZ, but no
consistent and conﬁrmed evidence has been found (Baldner &
Basu 2008 and references therein). For example, Dziembowski
& Goode (1989) have inferred a toroidal ﬁeld of (2  1) ´ 106
Gauss near the BCZ from measured frequency splitting. Other
studies using inversion of mode frequencies have not found
signals related to the magnetic ﬁeld at the BCZ and placed an
upper limit on some physical quantities near the BCZ, such as
the ﬁeld strength B < 3 ´ 10 5 Gauss (Antia et al. 2000) and
dc c < 3 ´ 10-5 (Eff-Darwich et al. 2002), where dc is the
change in sound speed at the BCZ between maximum
and minimum. Chou & Serebryanskiy (2005) and Serebryanskiy & Chou (2005), using a smoothing method on mode
frequency to remove the surface effect, have reported
dc 2 c 2 » (2–6) ´ 10-5 between the maximum and minimum.
Baldner & Basu (2008), using principal component analysis,
obtained dc 2 c 2 = (7.23  2.08) ´ 10-5 at the BCZ, related
to solar-cycle variations. Instead of using p-mode frequencies
as in the above studies, Chou & Serebryanskiy (2002) have
reported a value of (9  4) ´ 10-6 for the relative change in
mean travel time between the maximum and minimum for the
wave path with the lower-turning layer at the BCZ.
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Figure 1. Panels (A)–(E): travel-time difference dt , with magnetic ﬁelds greater than 50 G removed, as a function of latitude and time for different travel distances.
The range of travel distances and the corresponding radii of lower-turning layers from ray approximation are indicated at the top of each panel. The positive value (red)
corresponds to northward motion and the negative value (blue) corresponds to southward motion. Only the antisymmetric component is kept (see the text). The unit in
the color bar is second. A Gaussian smoothing, with FWHM = 7. 2 in latitude and one year in time, is applied to show the large-scale variations. The black line marks
the center of the active latitudes. The tick of year indicates the beginning of the year. The blank in 1998 and 1999 is caused by the spacecraft loss. Half of the data after
2003 July, when the MDI instruments ﬂipped 180°, are not used here to ensure consistency. Panel (F): sunspot numbers vs. time. This ﬁgure is cited from Liang &
Chou (2015).

cross-correlation between two points on the surface (Duvall
et al. 1993). The wave associated with a greater travel distance
penetrates deeper into the interior. Thus the waves of different
travel distances can be used to probe different depths of the
solar interior.
The travel time depends on the wave speed and the ﬂow
speed along the wave path. The mean of the travel times of
opposite directions only depends on the wave speed along the
wave path, and the difference, denoted as dt , depends only on

the ﬂow speed (Duvall et al. 1996; Kosovichev 1996). Here we
measure dt for a pair of points at the same longitude to study
meridional ﬂows (Giles et al. 1997). Using different pairs at
different latitudes for different travel distances at different
times allows us to study the solar-cycle variations of meridional
ﬂow as a function of latitude and depth.
The data and our analysis are described in Section 2. In
Section 3, the removal of two systematic effects, the surface
magnetic effect and the center-to-limb effect, is discussed. In
2
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Figure 2. Same as Figure 1, but the dt is measured in the east–west direction.

Section 4, the solar-cycle variations of travel-time difference dt
as a a function of latitude and depth are discussed.

the transition region, 1.5–2 mHz. No other ﬁlter is applied in
this study to avoid the spreading of the inﬂuence of magnetic
regions because magnetic regions will be removed in following
analyses. (2) Each image is transformed into the heliographic
longitude-latitude coordinates with a step size of 0. 6 in both
directions. (3) The surface differential rotation is removed
(Chou et al. 2009). (4) The cross-correlation function (CCF) is
computed on an arc-to-arc basis. For each point, two arcs of
30° in the north–south direction, with the same distance to the
central point, are selected. The CCF between a pair of opposite
points on the two arcs is computed, and then the CCFs of the
different pairs on the arcs are averaged. The result is assigned
to the central point. (5) The computation of the arc-averaged

2. DATA AND ANALYSIS
We use 15 years of (1996–2010) data taken with the
Michelson Doppler Imager (MDI) on board the Solar and
Heliospheric Observatory spacecraft (Scherrer et al. 1995).
They are full-disk Doppler images of 192 ´ 192 pixels,
sampled at a rate of one image per minute. Each time series
of 24 hr is analyzed separately. The travel-time difference
analysis procedure is the same as Liang & Chou (2015), and is
described as follows. (1) A temporal ﬁlter is applied to remove
signals below 1.5 mHz; a Hann-window is applied to smooth
3
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Figure 3. Left panels: north–south dt averaged over latitude for ﬁve different depths. The latitudinal average for each depth is over the available range of latitudes
shown in Figure 1. The straight line is the linear ﬁt. Right panel: east–west dt averaged over latitude.

quiet Sun (Gizon & Birch 2002). The difference between the
two results is negligibly small in this study. In the following
discussion, we present only the result using the former method.
(8) The difference between opposite-direction travel times dt
carries information regarding meridional ﬂows along the wave
path. The convention is that the positive dt corresponds to the
northward motion and the negative corresponds to the southward motion. (9) The above procedure is repeated for different
latitudes, travel distances, and times to obtain dt as a function
of latitude, travel distance, and time. To ensure consistency,
half of the data after 2003 July, when the MDI instruments
ﬂipped 180°, are not used in this study.

CCF is repeated for different central points. Each step is 0. 6 in
longitude and latitude. For each latitude, the CCFʼs are
averaged over 45 longitude to enhance the signal-to-noise
ratio. (6) The above procedure of computing the CCF is
repeated for each 24 hr time series, then the CCF is averaged
over one month to enhance the signal-to-noise ratio before
determining the travel time. (7) The northward and southward
travel times are determined from the monthly averaged CCF.
Two different methods are used here to determine the travel
time. One is ﬁtting the instantaneous phase of the CCF (Chou
& Serebryanskiy 2002). The other method is measuring the
relative shift between each CCF and the CCF averaged over the
4
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scale meridional ﬂow in the measured dt . This additional signal
could be explained by effective downﬂows inside magnetic
regions. These effective downﬂows could be the real downﬂows inside the magnetic regions (Duvall et al. 1996;
Kosovichev 1996), or the signal generated by the complication
of the Doppler signal measured in the magnetic regions and
appearing in the measured dt , or a combination of both. These
local effective downﬂows are unrelated to the large-scale
meridional ﬂow. In this study, we remove the surface magnetic
effect by excluding the magnetic regions with a ﬁeld strength
greater than a threshold. Liang & Chou (2015) have shown that
a threshold of 50 G could remove most of the surface magnetic
effect, because the difference between the results with a
threshold of 35 G and 50 G is negligibly small. Thus, here we
use a threshold of 50 G to remove the surface magnetic effect.
The travel-time difference dt is averaged over a travel
distance range to enhance the signal-to-noise ratio. The results
of ﬁve travel distance ranges, as a function of latitude and time,
are shown in Figure 1. The range of the travel distance from
averaging and the corresponding range of the lower-turning
layer are shown at the top of each panel. It should be noted that
the lower-turning layer is computed based on the ray
approximation. The actual depth range sampled by the wave
packet associated with each travel distance is rather broad.
Only the antisymmetric component of dt with respect to the
equator is kept to remove contamination from rotation caused
by errors in the telescope pointing (Giles 1999; Beck
et al. 2002). A Gaussian smoothing has been applied in the
domains of time and latitude. The FWHMs in the temporal and
latitudinal smoothings are one year and 7. 2, respectively.
Figure 1 shows that the dt has some solar-cycle variations.
However, it is rather different from the previous results in
which the surface magnetic regions have not been removed in
the analysis (Chou & Dai 2001; Beck et al. 2002; Chou &
Ladenkov 2005; Kholikov & Hill 2014). The difference
between the results with and without surface magnetic effects
removed has been discussed in detail in Liang & Chou (2015).
The solar-cycle variations of dt in Figure 1 will be discussed in
Section 4.

Figure 4. L (t ), normalized linear ﬁt in Figure 3, vs. time for both the north–
south dt (blue) and the east–west dt (red). The value at the middle time
(2003.06) is set to unity.

3.2. Center-to-limb Effect
The travel-time difference dt is proportional to a weighted
average of the ﬂow velocity along the wave path, but the main
contributions come from the lower-turning layer, unless there is
a vertical ﬂow near the surface where the wave path is almost
vertical (Giles 1999). Note that the meridional ﬂow near the
surface is predominantly horizontal. Therefore, dt mainly
reﬂects the meridional ﬂows around the lower-turning layer for
each travel distance. The larger the travel distance, the deeper
the lower-turning layer.

The other systematic effect in the measured dt has been ﬁrst
shown by Duvall & Hanasoge (2009). They have found that the
measured dt along the east–west direction, which is not
affected by meridional ﬂow, is nonzero. It is called the centerto-limb effect, though this name might not well reﬂect the
phenomenon. This nonzero signal is also included in the
measured dt in the north–south direction. Zhao et al. (2012)
have shown that the north–south dt s measured from different
observables are rather different. After subtracting the east–west
dt , the north–south dt s of different observables become closer.
Thus, they have proposed that the center-to-limb effect could
be empirically removed by subtracting the east–west dt ,
although the cause of the center-to-limb effect is unclear
(Baldner & Schou 2012). It should be mentioned that the tests
of Zhao et al. (2012) are carried out for the travel distances less
than 3. 84, corresponding to the upper convection zone. In this
study, we also adopt this empirical method to remove the
center-to-limb effect.
The procedure to measure the dt in the north–south direction
described in Section 2 is repeated for the dt in the east–west
direction. Since the longitude and latitude are not geometrically

3. REMOVAL OF SYSTEMATIC EFFECTS
To accurately measure the travel-time difference dt , one
needs to remove systematic effects. So far, two systematic
effects on the measured dt are known, and will be discussed in
this section. One is the surface magnetic effect and the other is
the center-to-limb effect.
3.1. Surface Magnetic Effect
The study of Liang & Chou (2015) has shown that the
surface magnetic ﬁeld creates a signal in additional to the large5
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Figure 5. Results of subtracting the east–west dt (Figure 2) from the north–south dt (Figure 1). The color scale is different from that in Figures 1 and 2.

averaged east–west dt s versus time at ﬁve different depths are
shown in the right panels of Figure 3. There exists a long-term
trend, which gradually increases with time, except for the
deepest one (panel (E)). The magnitude of the north–south dt
also has a similar trend, which is shown in the left panels of
Figure 3. The ﬂuctuation of the east–west dt is greater than that
of the north–south dt because the east–west dt is averaged
only over 15 “longitude”. The long-term variation is
approximated by a linear function, shown by a solid line in
each panel. Since the magnitudes of the north–south dt and the
east–west dt are different, to compare the slow variations in the
east–west and north–south directions, the linear function is
normalized by the value at the middle time (2003.06). The

identical, to make their geometries identical, the directions in
mapping into “longitude-latitude” coordinates are swapped
such that the “longitude” is in the north–south direction and the
“latitude” is in the east–west direction in our computer codes.
Similar to the measurement of north–south dt , the magnetic
regions above 50G are also excluded in the measurement of the
east–west dt . The result of the east–west dt is shown in
Figure 2.
Unlike the north–south dt , the latitudinal dependence of
east–west dt does not change with the solar cycle as expected
because the east–west dt represents only the center-to-limb
effect. However, the magnitude of the measured east–west dt
has a slow temporal variation. To demonstrate it, the latitude6
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Figure 6. Averages of dt in Figures 5(A)–(E) over three periods (two minima and one maximum) vs. latitude, respectively, at ﬁve depths. Only the northern
hemisphere is shown here because we keep only the antisymmetric component. The vertical dashed line indicates the centroid of active latitudes at the maximum. The
error is computed from the ﬂuctuation in averaging (Giles 1999).

result, called L (t ), is shown in Figure 4. It is clear that the longterm trends of east–west dt and north–south dt are rather
similar at all depths, except for the deepest one (panel (E)),
which might be caused by the larger error in the east–west dt .
We speculate that this slow linear increase in time in both the
north–south dt and the east–west dt could be instrumental or
due to calibration.
In this study, we use the function 〈dt (q ) ñ L (t ) to represent
the center-to-limb variation, where 〈dt (q ) ñ is the averaged
latitudinal (θ) dependence of the east–west dt over 15 years
and L (t ) is the normalized linear function of time t for the
east–west dt shown in Figure 4. The center-to-limb effect is
removed by subtracting 〈dt (q ) ñ L (t ) from the north–south dt
in Figure 1. For the deepest depth (panel (E)), L (t ) from
the north–south dt instead of the east–west dt is used. The

results after removing the center-to-limb effect are shown in
Figure 5.
4. SOLAR-CYCLE VARIATIONS OF dt
The travel-time difference dt in Figure 5 has different solarcycle variations at different latitudes and depths. For a better
comparison between the maximum and the minima, the dt s in
Figures 5(A)–(E) are averaged over the maximum and the two
minima, and their latitudinal dependencies are shown in
Figures 6(A)–(E), respectively. Only the northern hemisphere
is shown because we keep only the antisymmetric component.
In Figure 6, the dt s at two minima are similar at all depths, but
they are different from that at the maximum.
Figure 6(A) shows that the dt ʼs at the maximum and the
minima have different magnitudes and shapes. The overall
7
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shown in Figure 7. A Gaussian smoothing, with FWHM = 9°
in travel distance, is applied here. The radius of lower-turning
layer associated with each travel distance computed from the
ray approximation is labeled at the top of the panel. In the
upper convection zone (R > 0.92), the dt at the maximum is
smaller than that at the minima. It is caused by the smaller
overall magnitude at the maximum relative to the minima in the
upper convection zone. Below this upper convection zone, the
difference in dt between the maximum and the minima
behaves differently in three different regions: above the BCZ,
around the BCZ, and below the BCZ. The dt at the maximum
is greater than that at the minima in the region above the
BCZ (0.75–0.92 R), while it is smaller around the BCZ
(0.65–0.75 R). Below the BCZ (<0.65 R), both are close to
zero. The difference in dt between the maximum and the
minimum changes about 0.1 s from the region above the BCZ
to the region around the BCZ. Figure 7 is consistent with
Figures 6(A)–(E).
The above characteristics of the solar-cycle variations of dt
shown in Figures 6 and 7 should not be affected by the centerto-limb effect because it only reduces the magnitude and
slightly modiﬁes the latitudinal dependence. The phenomenon
that the difference in dt between the maximum and the minima
changes the sign around the BCZ also exists before removing
the center-to-limb effect. To demonstrate it, we plot, as in
Figure 6, the latitudinal dependence at the maximum and the
two minima for the dt without the center-to-limb correction in
Figure 8. (The slow linear increase in dt , L (t ), has been
removed in Figure 8.) Although the magnitudes of dt in
Figures 6 and 8 are different, the behavior of the characteristic
difference between the maximum and the minima in Figure 8 is
similar to that in Figure 6.
As Figure 7, we also plot the depth dependence of averaged
dt over a 5°–20° latitude at the maximum and the minima for
the dt without the center-to-limb correction in Figure 9.
Besides the magnitude of dt being different from that in
Figure 7, the behavior of the difference between the maximum
and the minima in Figure 9 is similar to that in Figure 7: dt at
the maximum is greater than that at the minima in the layers
above 0.75 R, while it is smaller in 0.65–0.75 R, around the
BCZ; below 0.65 R, both values are close.

Figure 7. Average of dt over a 5°–20° latitude and over two minima and the
maximum vs. travel distance (depth). A Gaussian smoothing, with FWHM = 9°
in travel distance, is applied here. The numeric label at the top of the panel is
the radius of the lower-turning layer in units of solar radius.

magnitude of dt at the maximum is smaller than that of the
minima. This phenomenon is consistent with the previous
studies with surface measurements (Hathaway & Rightmire 2010) and the dt measurements for the travel distance
2°–6° (Chou & Dai 2001). Another phenomenon shown in
Figure 6(A) is that the dt at the maximum is enhanced relative
to the minima in the regions below the active latitudes and
reduced in the regions above the active latitudes. Because of
the smaller overall magnitude at the maximum, the enhancement below the active latitudes is smaller than the reduction
above the active latitudes.
Figure 5(A) also clearly shows the reduction in dt at the
maximum above the active latitudes; the enhancement below
the active latitudes is less apparent because of the small
difference and the color scale. The reduction in dt above the
active latitudes correlates with surface activities. It is clearly
present from 1998 to 2005 and also visible in 2010, the
beginning of cycle 24. The reduction in dt above the active
latitudes and the enhancement below them suggests the
presence of ﬂows moving toward the active latitudes, superposed on the background meridional ﬂows. This phenomenon
is consistent with previous studies with surface measurements
(Hathaway & Rightmire 2011) and the results from helioseismic inversion for the regions shallower than 0.98 R (Haber
et al. 2002; Basu & Antia 2003; Zhao & Kosvichev 2004). The
same phenomenon also appears in Figures 5(B) and 6(B),
although weaker.
The enhancement in dt at the maximum relative to the
minima below the active latitudes is still present in Figure 6(C),
but the reduction above the active latitudes disappears. The
most striking phenomenon is that the dt in Figure 6(D),
corresponding to the depth around the BCZ, has a behavior
opposite to above three layers (Figures 6(A)–(C)): the dt at the
maximum is negative and smaller than those at the two minima
below the active latitudes. In Figure 6(E), below the BCZ, the
dt s in all three periods are close to zero.
For a better comparison of the depth dependence of dt
between the maximum and the minima, dt is averaged over a
5°–20° latitude, where the difference between the maximum
and the minima is most signiﬁcant, and over the maximum and
the minima for each travel distance. The averaged dt s at the
maximum and the minima versus travel distance (depth) are

5. SUMMARY AND DISCUSSION
The interesting phenomenon in this study can be summarized in Figures 6 and 7, which show that the difference in the
dt between the maximum and the minima changes from a
positive value above the BCZ to a negative value around the
BCZ, and becomes zero below the BCZ. In this study, we have
removed two known systematic effects on dt : the surface
magnetic effect and the center-to-limb effect. Although we
cannot rule out the existence of other unknown systematic
effects, they would not affect the conclusion that there exists a
change in the difference between the maximum and the minima
around the BCZ shown in Figures 6 and 7, as long as the
unknown systematic effects are not time dependent.
Since the dt discussed here is computed by removing the
magnetic regions above 50G, a question can be raised: is it
possible that the change in the difference between the
maximum and the minima around the BCZ is caused by the
residual of the surface magnetic effect, namely, by the
magnetic regions below 50G? To see how the surface magnetic
effect affects the behavior of dt around the BCZ, we compare
8
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Figure 8. Same as Figure 6, but for the dt without the center-to-limb correction.

Figure 9. Same as Figure 7, but for the dt without the center-to-limb
correction.

Figure 10. Same as Figure 7, but for the dt without surface magnetic regions
removed.

9
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correct inversion results. (For comparison, Giles 1999 obtained
a ﬂow velocity of about 5 m s−1 near the BCZ from inverting
dt averaged over 1996–1998, and Zhao et al. 2013 obtained
about 10–15 m s−1 at 0.76 R for a low-activity period.)
Like the time difference in Figure 7, the ﬂow velocity in
Figure 11 behaves differently at the maximum and the minima.
The difference in the ﬂow velocity between the maximum and
the minima changes from the positive value above the BCZ to
the negative value around the BCZ, and becomes about zero
below the BCZ. The difference between the maximum and the
minima changes about 10 m s−1 from the region above the
BCZ to the region around the BCZ. This change in ﬂow
velocity is caused by the change in the physical conditions near
the BCZ. We tend to attribute this change in physical
conditions to the variation in magnetic ﬁeld from the minimum
to the maximum near the BCZ, because we cannot ﬁnd other
explanations for this change. However, it is a nontrivial task to
infer the change in the magnetic ﬁeld from the change in ﬂow
velocity because of the complicated relation between the ﬂow
velocity distribution and the magnetic ﬁeld distribution. To
obtain the change in the distribution of the magnetic ﬁeld near
the BCZ, in addition to the ﬂow velocity distribution in the
absence of magnetic ﬁeld (at the minimum) and that in the
presence of magnetic ﬁeld(at the maximum), one needs a
theory of interaction between the ﬂow and the magnetic ﬁeld to
relate the change in ﬂow velocity distribution to the change in
magnetic ﬁeld distribution for the whole convection zone.
Their interaction with the differential rotation also needs to be
included in the theory. The ﬂow velocity distributions at the
maximum and the minimum can be obtained by an inversion of
the measured dt .

Figure 11. Horizontal component of meridional ﬂow velocity vs. travel
distance (depth) from an order-of-magnitude estimate based on Equation (1)
and the dt in Figure 7. It is assumed that only the ﬂow in a region near the
lower-turning point has a contribution to dt . The error bar is computed from
the error bar of dt in Figure 7. The numeric label at the top of the panel is the
radius of lower-turning layer in units of solar radius. It should be warned that
this estimate could be rather different from inversion results.

the dt s at the maximum and the minima versus depth as
Figure 7, but without removing surface magnetic regions. The
result is shown in Figure 10. The dt at the minima changes
very little in comparison with that in Figure 7, as expected,
while the dt at the maximum changes signiﬁcantly. The
removal of the surface magnetic effect causes an increase in dt
at the maximum above the BCZ and a decrease around the
BCZ. This change leads to that the dt at the maximum is
greater than that at the minima above the BCZ, while it is
smaller around the BCZ, as shown in Figure 7. If the surface
magnetic regions below 50G are also removed, it is expected
that the dt at the maximum would further increase above the
BCZ and decrease around the BCZ. This would result in a
greater change in the difference between the maximum and the
minima from the region above the BCZ to the region around
the BCZ. Therefore, the change in dt at the maximum relative
to the minima around the BCZ in Figure 7 cannot be caused by
the residual of the surface magnetic effect.
To obtain the change in meridional ﬂow velocity distribution
from the minimum and the maximum, one needs to carry out
inversion, which is nontrivial (Svanda et al. 2011; Svanda
2015). Here we give only an order-of-magnitude estimate for
the depth dependence of meridional ﬂow velocity based on the
dt in Figure 7, which is the average over 5°–20°. We assume
the ray approximation and that the contribution of ﬂow velocity
to dt is solely from the region around the lower-turning point.
Thus, dt is approximately related to the horizontal meridional
ﬂow velocity at the lower-turning point vt as (Kosovichev 1996)
dt = 2

ò

v · ds
» 2vt
c2

1

ò c2 ds ,

SOHO is a project of international cooperation between ESA
and NASA. The sunspot data in Figures 1, 2, and 5 are from
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