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Abstract. Using 17 hours of full-disk MDI Doppler data wespacecraft. The new data are two-dimensional on the solar sur-
have investigated the center-to-limb variation of the oscillatofsice and have much less noise than the one-dimensional ground-
wave spectrum of the solar photosphere. Power distributionshimsed data used in the earlier study. In addition, the field size
thek;,v-plane are calculated for fields 26° x 20° on the Sun, and the duration are larger so that the resolution in the diagnos-
centered at every0° heliographic latitude. From the centertic diagram is much better (although we shall again consider
to-limb variation of the power in the f mode and the lowest limited fields at various disk positions so that the wave-number
p modes we obtain information about the mean inclination of thesolution is not given by the full disk but rather by the field
oscillatory velocity vector with respect to the vertical directiorsize). With these data we are of course able to pay attention to
We find qualitative agreement with a model of adiabatic wavése particular behavior of the specific modes of global oscilla-
in an isothermal atmosphere, but generally the solar oscillatidit, the f and p modes. This was not possible in the study of Stix
appear to be less inclined than the model oscillations. We fi&dN 6hl (1974); at that time these modes had not yet been iden-
no indication for the existence of horizontal sound waves on ttiied observationally, although a theoretical prediction (Ulrich

Sun. 1970) had been made.
In Sects. 2—4 of this paper we describe the data treatment and
Key words: Sun: oscillations the computation of the power spectra. The results are presented

in Sect.5; Sects.6 and 7 contain a discussion of the geomet-
ric and atmospheric effects that influence the observed Doppler
shift. This discussion is guided by a model of adiabatic os-
1. Introduction cillations of small amplitude in a plane-parallel isothermally
tatified atmosphere.

At the solar surface p-mode oscillations are observed mainlyszl
avertical wave motion. Thisis a consequence of the refraction of

acoustic waves towards the vertical direction; the diffraction o2- The data
curs because the sound velocity decreases from the solar inte\y\i})r

. . used a sequence of solar oscillation measurements obtained
towards the surface. However, a horizontal velocity componen :
: . with the Michelson Doppler Imager (MDI) on board of the Solar
generally must also exist, except for the spherically symmetric : :
. . : and Heliospheric Observatory (SOHO). The sequence lasted as
modes with degreé = 0. In particular the f mode, which es-

long as MDI operated in the full-disk mode (see Scherrer et

\s/glnot Ic?tllyclcs)g Sgrr]feaﬁti \évfa ;/e, f:)zumlgtz]av?hzt)srzlizno]gtﬂ:nﬂt\lﬁgl%z?.l 1995) and consists of about 17 hours of MDI Dopplergrams
y P PP y 9 “taken every minute on June 10, 1996. Within these data there

Information about the horizontal velocity components Canere onlvvery few gaps: we reconstructed the missina data from
be obtained from the center-to-limb variation oftheline-of-sigkw y VETy1ew gaps, 9

velocity measured via the Doppler effect. Stix &M (1974) values adjacent to those gaps. For_the center-to-l!mp variation
. . : we selected areas on the Sun which at the beginning of the
used sequences of one-dimensional scans made at diverse posi-

tions onthe solar disk. For each of these positions they compu?ec?ervmg period were located on the solar meridian. The Sun

the distribution of the power in the diagnostic diagram of waveos Very quiet on the meridian on that day, but there was some

number and frequency, and so could analyze the center-to-IiS% ong activity in the western hemisphere (active region NOAA

o ) 8,2 N, 42 W).
variation of the wave spectrum. The results confirmed the es- . .
. . o The data arrays are 10241024 integer values of velocities,
sentially vertical character of the solar oscillations.

Lo . corrected for instrumental effects and calibrated to m/s. In these
The purpose of the present contribution is to improve the . .
fhages the solar radius equals to 483 pixels. For the center of

analysis of the horizontal and vertical oscillation compone : . .
) ) : solar disk the square pixel size correspond$4tl.5 x
on the basis of the superior data now available from the SO 115 km? on the Sun

Send offprint requests V. Schmidt
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3. Conversion of coordinates For the study of the center-to-limb variation we used a series

. . of these 3D-arrays, centered at latitudés10°, 20°, ..., 80°,
It was our aim to follow physically the same areas on the Sun Y Itudes10°, 20 80

for the whole observing period of 17 hours. This is best possitﬁngq:ggﬁggsawg?etzﬁagigglﬁ? d:;tehn%g)ﬁg;nnmg:(o). Both

with a selection of arrays that are equidistant in the heliographic In order to improve the sampling at inte.rmediate latitudes
coordinates. For the conversion of thgy coordinates to helio- additional data sets @6°, 55°, 65°, and75° (both North and '
graphic coordinates in general the solar radius, thé’tf the South) were constructed and analyzed. Although these data sets

solar axis, and the latitudB, of the disk center are necessary,. L . .
R . . ’did not contain independent information (due to the complete
The solar axis tilt? had not to be taken into account, since th P ( P

. verlap with the data sets located at “even” latitudes), they were
was compensated automatically on board of SOHO. For the s P ) y

- . . eful to verify the sl f the resulting curves.
lar equator position on the observing dBy = 0.41°, with a tSeful to ve fy the slope of the resulting curves
small increase 0§.005°/h, was taken into account.

The velocity of the solar differential rotation was fitted fo#. Power spectra

each hour to the formula The next step of the data analysis was the computation of power

, (Usin®) = A+ Bsin ¥ + Csin® ¥ | 1) Spectra, or “diagnostic diagra_ms”, for each of the_SD-_array_s.
Urot/ (cos ¥ sin @) s Csin @) The Fourier transform of the time-dependent velocity signal is

where ¥ and ® are the latitude and longitude (central merigdefined as

ian distance), respectively, angdy, A, B, andC are velocities. oo

The data of the array are the measured velocity values aved (kz, by, w) = /

aged over one hour and selected for central meridian distance

larger than 30. The constantsl, B, andC are the fitted param- and is calculated as a discrete Fourier transform.

eters of the differential rotation; their mean values for the whole The power spectrum is

E:Srlr?edctti)\tel@festlgatlon are 1790 m/s, -202 m/s, and -342 m/lg(km kyow) = f x f* . 3)
It should be mentioned that the equatorial rotation Ve|OCiNnce we have removed the solar rotation from the data, we

obtained here is about 10% smaller than the equatorial rotati@{h assume that the velocity signals do not have a preferred

velocity measured spectroscopically (e.g., $bbir 1985). To horizontal direction, and that, therefore, the power spectrum

our knowledge no detailed discussion of this discrepancy ejepends only on the horizontal wave numbgr = (ko +

ists in the literature. Scattered light from the disk center Wouﬁgf)l/% The diagnostic diagrams are obtained by azimuthally

indeed cause an apparent decrease of the rotational velogij¢raging the power spectra in tfie,, k,)-plane. The size of

However, according to R.S. Bogart (1998, private communie investigated fields is 243 Mm 243 Mm on the Sun, about

cation) the effect of scattered light had been investigated anyd of the solar radius, so the use of cartesian coordinates is

virtually ruled out as an explanation. Since the discrepancyjigstified.

evidently caused by MDI, this problem should be investigated From the total duration{ = 60000s) and the horizontal

further. For the analysis below, the rotation velocity is unimpogimension {. = 243 Mm) we have a frequency resolution of

tant, since we investigate small-scale oscillatory motions anga— 7-1 = (.0167 mHz and a wave number resolution of

field-independent velocity offset would not affect the diagnog; — 2r/L = 0.026 Mm~L. (Note that we use the cycle fre-

tic diagrams. Only the compensation for the field displacemegliencyr = w/2m instead of the angular frequenayfor the

due to the rotation may be slightly incorrect. The variation @fnalysis of the observations. Consequently, the power spectra

the line-of-sight component of the spacecraft velocity is onlyage indeed:;, v-diagrams.)

few m/s per day and can be ruled out as an explanation for the Fig. 1 shows thé;, v-diagram corresponding to disk center.

measured rotation law. About a dozen modes are visible. The lowermost ridge corre-

Within each selected area thendy coordinates of all pix- sponds to global surface waves (the f mode) with the dispersion
els were transformed to heliographic coordinates, i.e., distanggition

® from the central meridian and latitude The longitude values 1

were corrected for the rotational displacement since the begin= —+/gky, 4
ning of the observation by means of Eq. (1). For computational 2m

reasons the coordinates were then multiplied by a factor 5; thigh ¢ = 274 ms=2. The dotted line in Fig. 1 marks the dis-
result werel00 x 100 arrays with integer coordinate valuespersion relation of the f mode. The horizontal wave nuniger
corresponding to fields df0° x 20° in heliographic coordi- is related to the degrdeof the spherical surface harmonic by
nates. Within each subfield 6f2° x 0.2° all existing data were k;, = (I(I + 1))*/2/rq, with the solar radius,, = 696 Mm.
averaged. Near the solar limb an increasing amount of subfiefdsan example of an off-center diagnostic diagram the power
appeared without any data. In these cases values were integpectrum at = 55° is shown in Fig. 2. There is considerably
lated from adjacent subfields with data. With this procedure Mess power at high frequencies than in Fig. 1, in particular for
constructed data sets o0 x 100 spatial and 1000 temporallarge k;,. Moreover, the noise level is higher in the off-center
elements, corresponding 20° x 20° x 1000 min. diagram.

Vios (2, y, t)e! e TRt D dudydt - (2)
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Fig. 1. The k;,v-diagram of the disk center, showing about a dozdrig. 2. The k;v-diagram ap) = 55°. Otherwise as Fig. 1
modes. The intensity scale is logarithmic, as shown in Fig. 3. The dotted

line is the dispersion relation of the f mode. The vertical bars indicate 7.5 [T T TIT
l-values of 200, 400, and 800, respectively r

7.0F .
5. Center-to-limb variation

The projection procedure described above removes the fore—6 °
shortening effect of the observed area and creates arrays of equal
size measured on the solar surface. The measured Doppler sfts; o ]
have not been transformed, i.e. we analyze the power spectréof [ 1
the line-of-sight velocity. 20 i 1
In order to calculate the mode power, we first determined 5.5 |- 7
a trial frequency of the eight lowest modes at an initial wave 0
number, say, = 0.75 Mm—". W
In intervals containing 11 frequency points centered around 5.0
each trial value we then calculated the precise location of the i
ridges from the Fourier transform of the ridge profile within B
the interval: for each ridge the phase angle of the first Fourier =~ bttt i bbb Lo
component defines the location of the ridge maximum. This 1 2 3 4 S 6 v
procedure is fast and insensitive to noise. The computed ridge Frequency [mHz]

location was then used as trial value for the adjaggpositions Figg' 3. Power spectrum at a wave numberigf= 0.75 Mm~" at disk
n

bOt,h towards I_arger and. smaller wave numbers. The p_reuseé ter. The integration intervals of the ridges are indicated by vertical
cations of all ridges at disk center were then used as trial valyggg

for the power spectra of the data fields outside the disk center.

Although we did not expect to find a significant variation of the

ridge locations across the disk, we checked the ridge positidn® &, points, i.e., overAk;, = 0.052 Mm~1). We performed
using the method described above. The velocity power was ithe same procedure also with a slightly wider interval, with no
tegrated along each ridge in two intervals of the horizontal wawmeticeable effect on the results, the additional power just shifts
number, namely.26 < k;, < 0.7 Mm~! and0.7 < k;, < 1.3 the curves vertically in Figs. 4a and 5a. Of course, foreshorten-
Mm~—1!, and in a frequency interval of 0.18 mHz, centered &g occurs near the limb. This effect permits full resolution of
the ridge maximum. Fig. 3 shows the frequency integration ithe wave number 1 Mm* only down tocos § ~ 0.4, and of the
tervals for the wave numbés, = 0.75 Mm~! (averaged over wave number 0.5 Mm! down tocos # = 0.2. Figs. 4a and 5a

I RN
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Fig. 4a. Center-to-limb variation of the power for the f TOde and thEig. 5a. Center-to-limb variation of the power of the f mode and the
Ipwest seven p modes for the law-range &), g 0.7 Mm~"). Dotted lowest seven p modes, for the high+ange » > 0.7 Mm~1). Dotted
lines show results for North and South hemisphere of each mode. lines show results for North and South hemisphere of each mode.
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F|g.4b|.. Sadme as F'?' 4a, Z‘Htk'“ a linear representation. Each curveﬂa. 5b. Same as Fig. 5a, but in a linear representation. Each curve is
normalized to its value at disk center. normalized to its value at disk center.

show a clear power increase below thesgf values; hence, Fig. 4a displays the CLV of the power of the f mode and
from our point of view, this increase is mainly noise, divided bthe lowest seven p modes for the ldw-interval. The modes
cos? 6. p. and g have the largest power values. The horizontal line
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corresponds to a vertical motion with constantcf. Eq. (8) In this case the last term of Eq. (7) makes no contribution; we

below. The ordinate value for this curve is arbitrarily chosenbtain

The variation of the f mode and of the modestp ps is rather 1

close to such a horizontal line, whereas the power of the loweftpos~) = v (2 (sin? 7) sin? A + (cos? 7) cos? 9) . (8)

modes decreases faster towards the limb. Fig. 4b shows the same

results in a linear representation, with each curve normalizedTiaus, for purely vertical motion one would obtain a velocity

its value at disk center. The increase of power very close to th@wver proportional teos? 6.

limb should be treated with some caution: the ridges become For the diverse wave modes in the solar atmosphere the

very weak towards the limb (because of the decreasing line-8figley can be determined from a theoretical model. The sim-

sight component); in addition, the ridges are very close to eg@iest model describes adiabatic waves of small amplitude in an

other at low wave numbers and some “crosstalk” may occigothermal plane-parallel atmosphere. In this case the variation

Figs. 5a and 5b show the CLV of the mode power for the higtith ¢ andz is of the form

wave number region. As compared to Fig. 4a, the modesp 1

weaker in Fig. 5a by about one order of magnitude. The high&¥P (M + (ﬁ + Zk’z)z> ; )

modes are still weaker, and are not included in Fig. 5 for this

reason. wherew is the angular frequency] is the pressure scale height,
The northern and southern hemispheres have been analy3d:- is the vertical wave number. Inthe present paper we do not

independently with exactly the same procedure. Figs. 4 ang®Ve the oscillation equations for the entire Sun, which would

show North-South averaged curves; the results of each heMigld the frequencies as eigenvalues. Instead we considers

sphere are used as an estimate for the accuracy of the meadliven, although we pay special attention to those values that are

ments (indicated by dotted lines around each mode), since th€igwn as solar f- and p-mode frequencies. The vertical wave

is no physical reason to expect a North-South asymmetry. Thek#mber is then given by the dispersion relation

is, however, a moderate North-South difference of the f mode 2 _ 2 2

in the high%,, range. This asymmetry includes the increase 6§ = 72"* + ki( )

the f-mode power at low latitude, which occurs only for the ¢

northern hemisphere (see Fig.5). We have no explanation ferg., Stix 1989). Here, = ¢/2H is the acoustic cut-off fre-

(10)

= -1
w2

this asymmetry. quency,c = (4gH)/? is the adiabatic sound velocity, and
N = (¥ — 1)/2g/c is the Brunt-\&isala frequency. For fre-
6. Models guencies below the acoustic cut-off, which is for the greater part

of the photospheric diagnostic diagram, we haye< 0; we
The interpretation of our results depends on the correct undesnsiderevanescenvaves in an atmosphere of infinite extent,
standing of the projection effects of the solar surface velocignd therefore take the positive sign®fk. ). For frequencies
field. We address each of the data fields with a position angiove the cut-ofk,, is real; in this case either sign bf yields
6, which we assume constant within each field. In a local cartgre same result with Eq. (11) below. We eliminate the pertur-
sian coordinate system the velocity veatdras the componentspations of pressure and density from the wave equations and
(v, vy, v, ). Thez-axis coincides with the local surface normalgbtain the ratio of the horizontal and vertical velocity compo-
and thez-axis is in the plane defined by theaxis and the line nents;, = (v2 + UZ)l/? andv., and hence the angle
of sight. Thez-axis is inclined with respect to the line of sight ) 09 ix . )
by the angled. If we introduce spherical coordinates with they, 2 . _ lonl® _ gk [iYHE: +5/2 — 1|
inclination angle;y, measured from the-axis and the azimuth |v.|2 (W2 — 2k})?

angleg inthex, y-plane, withy = 01in z-direction, the velocity |, order to avoid confusion we denote the ratio of the specific
components read heats by§ (we takey = 5/3).

v, = vsinycoso, _ We have c_alculate_d the inclingtie/_riorthe modes pr_esented

in the preceding section. The Ni | line at 676.8 nm is formed
around the temperature minimum in the solar atmosphere, cf.

(11)

vy = vsinysing,

Vz = VCOSY. ®) Fig. 9 below, hence we takB = 4400 K in our model; for the
The line-of-sight velocity,.. is then given by mean molecular weight we take= 1.25. With these specifi-

cations we havél = 107km, c = 7.0 km/s,ws = 0.0327s7 !,
Vlos = v(siny cos ¢ sin 6 4 cosy cos 6) , (6) andN =0.0320s.

The dispersion relation for the f mode.ig = gk;,. Hence

The velocity power spectrum contains the time avera : ) . T
yp P ge,ot expression (10) for the vertical wave number can be simplified:

(V1os2) = v* ((sin2 7 cos? @) sin? @ + (cos? ) cos® 0 .
. . k2 = kn _ L iy 71 -1
+2<smﬂycos¢551n900$70059>) . 7 "= = AH — 4H2 "\ A HE,

We assume that there is no correlation between the angles B ( 1 )2

and¢, and that the power distribution in azimughs isotropic. (12)
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Table 1. Inclination ~ of the wave vector with respect to the local ‘ ‘f ‘ ‘d ‘ ‘
—mode

vertical direction, for adiabatic waves in an isothermal atmosphere oL +—+total
H O0—oridge

| % xinter—rid
Mode kj=0.5Mm™' &, =1.0Mm™* O costp OB

f 45° 45°

P1 30° 30°

P2 200 200

Ps 13° 12°

P4 10° 4°

Ps 6° 5° E

p6 40 60 Q?

pr 2° ° o
1.0 [

¥—— Isotropic azimuth, 7:300
o——o dito, y=45°
+——+ Azimuth towards observer, y=30° b

0.8 |- G—=8dito, y=45°
A 0.6
St
vV o04+ L T I T I T |
E; 0.2 0.4 0.6 0.8 1.0
cos 6

0.2 Fig. 7. Center-to-limb variation of the total power, ridge power, and

f-mode power, in comparison to the curk&cos 6) = cos26, and the
inter-ridge power measured close to the f-mode.

0.0 I . . . I . . . I . . . I

0.2 0.4 0.6 0.8
cos 6

Fig. 6. Calculated center-to-limb variation ¢fv?,) for inclination an-  ing asf increases. Two examples which, according to Table 1,

glesy = 45° andy = 30°, forisotropic and non-isotropic distributionsrepresent the modes f ang, @re shown in Fig. 6.

of azimuth angleg A maximum such as found for the modes f andgpound
cos = 0.9 (Figs. 4b and 5b) cannot be explained in this way.
However, if we allow for an anisotropy in the azimuthal distribu-

andk. = +i(1/2H — ky). With the scale height as specifiedijon and calculatév,2) according to Eq. (7), such a maximum

we have2k, H < 1 in the range of horizontal wave numbergs possible, as also illustrated in Fig. 6 for two values of the in-

considered here, and therefore take the upper sign &q. (11) - cjination~ and an azimuthal distribution that distinguishes the

—
(e}

then yields direction towards the observer.
N . Inorderto compare the center-to-limb variation of the modes
Hk, —1/2 2—1J2 : ; , .
tan®y = [V(Hkn = 1/2) +5/ | =1. (13) with the global behavior of the velocity power in our data we

(1 = 3 Hkn)? have integrated the total power and the power of the f mode and

Thatis, the angle is exactly45° for the f mode, independently the seven lowest p modes in the rafg < kj, < 1.04Mm~!
of the horizontal wave number. and0.66 < v < 6.6 mHz. Fig. 7 displays the result for the total
The anglesy listed in Table 1 are calculated for the centrapower, the power contained in the eight ridges, and the f-mode
horizontal wave numbers of the twg-ranges; within each of power as a function afos 6. The f-mode power deviates from
these ranges there is 0n|y a very small VariatiomoWith the cos? 0 curve only for values otos 6 below 0.4., whereas
increasing p-mode number decreases; at high frequency, ithe total p-mode power decreases faster towards the limb. The
particular at and above the acoustic cut-off near 5 mHz, th@er-ridge power was measured exactly in the same way as the
wave vector becomes almost vertical. A minimum occurs ne&@ode power, in a 0.18 mHz wide frequency band below the
the cutoff itself, which is approximately at gdor k, = 0.5 f-mode.
Mm~!, and at p for k, = 1 Mm~1. At a given frequencyy
increases with increasing horizontal wave nuner
Let v2 be the squared Fourier amplitude for a p@is, v/).
For this pair, and for the corresponding anglealculated with The center-to-limb measurements mix two different types of
(11), we may then calculate the line-of-sight power2) ac- information: (i) the variation of the vertical and horizontal ve-
cording to Eq. (8), as a function 6f For all valuesy of interest locity componentsy, andv;,, due to the projection effect, and
in the present context this function is monotonously decreds) the increasing height for observations off disk center due to

7. Dependence on height in the atmosphere
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Fig. 8. Photospheric line-depression contribution function of the Ni | 0.4
line at 676.8 nm, for the line core and &5 and+9 pm from the line
center

0.2
the inclined line of sight which moves the optical depth, where
the line core is formed, outwards. This opacity effect depends
on the spectral line used for the velocity measurements. The, ;| | L L L ‘
MDI velocity data are measured with the Ni | line at 676.8 nm. 0.2 0.4 0.6 0.8 10
We have calculated the photospheric line-depression contribu- cos
tion function of this line as described by Grossmann-Doerflyy 9 Theoretical power distribution fde, = 0.5 Mm ™!
(1994). The three curves correspond to line center, line wing

at half maximum and far wing at an intensity of 95% of the . :
adjacent continuum. The contribution function is rather broad The second factor of (8) depends explicitly-prThis factor

. o ) i
which makes the line rather insensitive to an inclination of thceauses an opposite trend(in,s*). Indeed this trend of decreas

line of sight. MDI uses a range df15 pm centered around the"9 line-of-sight amp“tUde always wins, except for the f mode
line core for the Doppler measurements (Scherrer et al 199\3‘3ry close to the limb.
) ' For the two horizontal wave numbets = 0.5 Mm~! and

so the velocity measurements are height-averaged overasigglif- 1 Mm-1, the centers of the twé, ranges considered
h = ’ h

icant range_of o_pt|cal depths. , in the data analysis above, we have calculated the line-of-sight
The projection effects and the effects of non-vertical mo-

tion can be described by the simple geometrical model outlin%gwer as a function of the mode and position on the disk. For

B 1 S
above, in combination with the theoretical model of adiabatji¢ 0.5Mm ™" the results are shownin Fig. 9; th_|s flgure must
e compared to the observational results shown in Fig. 4b. There

waves in an isothermal atmosphere. For a first discussion it ma%ualitative agreement in that the power decrease towards the

. . . . . |
suffice to assume that the optical depth varies in proport_|onh§ronb is weakest for the f mode, and that there is a reversal in
cosf. Therangeosf = 1... 0.2 then corresponds to a heigh

. i o i tthe sequence of p modes at some intermediate mode number:
range ofi 100 km; to be specific, we take the 115-km rang%\t cos @ = 0.5, for example, the power (relative to disk center)

from = = 0.001 to 7 = 0.0002 in model C of Vernazza et al. . . . i
) . . has a minimum at pin the observational result, and af m
(1981). We interpolate this range for the valukes in steps of . o .
the theoretical model. The occurrence of such a minimum is a

A.COSG — 0.1. With these values, and for a given mode a_ngl nsequence of the combined effects of the inclinatiofthe
given horizontal wave number, we then determine the vertica

wave number and the angeaccording to (10) and (11), andoscnlatlon velocity vector and the dependence on height in the

finally the line-of-sight power according to (8). The factdrin atmosphere. we conclude that both effects ”.‘“?t be taken into
that equation is accountin an analysis of the center-to-limb variation of the wave

spectrum, although a more detailed analysis might be necessary
) 1 for a better agreement.

V" = exp <A2(9)<H - 2%(@))) : (14) For the larger horizontal wave numbkf = 1 Mm~! a

similar comparison is more difficult. At this wave number there

This factor comprises the amplitude increase that is due to thke@lmost no significant power in modes aboyewhich is the

decrease of the density, and the amplitude decrease that ism@ason why these modes are not represented in Fig. 5. In addi-

to the evanescent character of the waves. In all cases considéited the theoretical model of evanescent waves in an isother-

here the net effect i8> > 1; this factor alone would thereforemal atmosphere obviously is not applicable for modes with a

cause an increase of the mode power with decreasing, in frequency above the acoustic cut-off.

particular for the high frequencies above the acoustic cut-off Generally, the observed velocity appears to be more vertical

whereSi(k,) = 0. in the data than predicted by our simple model. Possible rea-
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sons are plentiful: As far as the model is concerned, the real s@ppeared rather prominent in models that attributed the solar
atmosphere is not isothermal, and the waves may behave psaillations to local excitation by granules (Meyer & Schmidt
non-adiabatic manner. For the determination of the depende8é7, Stix 1970), are absent. We find no power along the location
on height a detailed model for the center-to-limb variation of th# this modey = cky, /2, cf. the lower right corner of Fig. 2.

Ni | 676.8-nm line profile may be required, possibly in combiThis result seems interesting in view of the revival of modified
nation with a velocity weighting function such as proposed bgcal excitation models (Goode etal. 1992, Rimmele etal. 1995).
Beckers & Milkey (1975).

Schou & Bogart (1998), using MDI data obtained from Mag:r:knowledgementsThe d_ata use_d stem_from thg MDI instrum(_ent on
to July 1996, also investigated the contribution of the horizon ag:] Efsi%':g"\lig:?:;f; S;‘;Jret?é g[ogﬁrtrr]lzt:joz;:llacnodof%?f;j()i?iot;\:l
velocity pomponent to the observed power at yarlous pOSItloin ormation we thank R.S. Bogart, J.T. Hoeksema, N. Hurlburt, P.H.
on the disc. They fognd go<_)d ag_reement for dkftrencebe- Scherrer, and Z.A. Frank. For discussions we thank our colleagues,
tween t_he f_and panisotropies with _vaIL_Jes expected from th@specially M. Kiefer.
approximationjvy, /v,| ~ w?/w? (their Fig. 7, a and b, where
¢ corresponds to ouf); for the difference between mand p
they suggest a similar agreement, but in this case their ‘dxeferences
pected’ result (the solid curves in their Fig. 7, ¢ and d) appeagckers J.M., Milkey R.W., 1975, Solar Phys. 43, 289
to be too large by a factor 6 2. Schou & Bogart conjecture Grossmann-Doerth U., 1994, AA 285, 1012
that intrumental imperfections may lead to an imperfect pointoode P.R., Gough D., Kosovichev A., 1992, ApJ 387, 707
spread function and so prevent the extraction of good absolMteyer F., Schmidt H.U., 1967, Z. Astrophys. 65, 274
anisotropy values. This may in fact be another reason for tRenmele T.R., Goode P.R., Harold E., Stebbins R.T., 1995, ApJ 444,
sometimes bad agreement between model and measurement it119
the present study. The difficulty may occur in particular nescherrer P.H., BogartR.S., Bush R.I. etal., 1995, Solar Phys. 162, 129
the limb, where the resolution becomes inferior, and in partige ! J-» Bogart, R.S., 1998, ApJ 504, L31
ular for the f mode with its rather small amplitude. In any cas%ﬁzmerg%’ iiiffig Phys. 100, 141
for thed|ﬁerence$etween modes we obtain reasonable resulg;, M., 1989 The SunSpringer, Berlin, Heidelberg
even for modes higher than p- cf. Figs. 9 and 4b. Stix M., Wohl H., 1974, Solar Phys. 37, 63

We finally remark that the present study confirms anothgyrich R.k., 1970, ApJ 162, 993
result of Stix & Wohl (1974): Horizontal sound waves, whichvernazza J.E., Avrett E.H., Loeser, R., 1981, ApJS 45, 635
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