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224 J. HARVEY 

are not easy to interpret because we cannot resolve the small-scale 
inhomogenieties directly and properties must be inferred by relying 
more or less on models. This procedure is laden with traps for the 
unwary and the emphasis here is on the observational results rather 
than the models used to interpret them. 

Figure 1. A synoptic map of measurements of the line-of-sight component 
of the photospheric magnetic field covering one solar rotation in March 
1970. North is at the top and east is to the left. (KPNO magnetogram) 

In reference to Figures 1, 2, and 3 it is convenient to consider 
the small-scale part of the complicated pattern as composed of a) sun-
spot fields, b) active region fields, c) network fields, and d) inner 
network fields. Sunspots deserve a separate discussion such as that 
presented by Beckers (1975) and are not discussed further here. Outside 

Figure 2. Line-of-sight component of the quiet photospheric magnetic 
field near the disk center on 9 September 1974. An old sunspot is at 
the lower right and strong field concentrations can be seen in a network 
pattern. Small inner network fields are found all over the area of 
200" x 400". (KPNO magnetogram) 
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of sunspots, the magnetic field appears to be organized into elements 
with remarkably similar properties; the main distinction between active 
region fields and network fields is apparently the number of 'basic' 
elements per unit area. In areas with a large number of elements there 
is a tendency for the elements to cluster together to form larger cohe­
sive structures so that a spectrum of size scales is observed, but even 
in large active regions the 'basic' small-scale structure is clearly 
identifiable. For that reason we treat the small-scale structure of 
active region and network fields as basically identical. Little is 
known about inner network fields but they appear qualitatively different 
from the network fields. The following discussion divides observational 
results according to whether one or more spectrum lines were used. 
Within each section the most direct results are discussed first. 
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Figure 3. Line-of-sight component of the photospheric magnetic field 
on 14 January 1976. Faint remnants of old active regions form a large 
pattern near disk center while young active regions are seen near the 
equator in the south and a new cycle active region is located in the 
northwest. (KPNO magnetogram) 
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the observed spectrum by stray light from non-magnetic regions they 
inferred values 600 G < <B^> < 1400 G in regions with sizes of about 
1'.'3. They also reported a tendency for the magnetic structures to be 
associated with relative downward motion and dark intergranular regions. 

2.2 Indirect determinations of line profiles 

Spectroheliograms and filtergrams with good spectral resolution 
taken in circularly-polarized light with different parts of the profile 
of a Zeeman-sensitive spectrum line can be used to infer the profile of 
the a components in magnetic regions relative to the mean line profile 
in non-magnetic regions. Using this technique, Giovanelli and Ramsay 
(1971), Sheeley (1971) and Schoolman and Ramsey (1976) all report a 
redward systematic displacement of the a components corresponding to a 
downflow of about 0.5 km s_1. This value should be independent of 
spatial resolution and represents a weighted mean value in the magnetic 
region in a volume where the core of the 6103 A Cal line is formed. 
Unfortunately, determination of the amount of splitting of the a compo­
nents by measurement of the amount of polarization of the magnetic 
elements in the line wings is resolution dependent and only values of 
(B&) can be estimated. 

2.3 Measurements in line wings 

The Seares expressions provide a foundation for determinations of 
(B^) by measurement of the shift of the center-of-gravity of oppositely 
circularly polarized spectra. The magnitude of the shift can be 
inferred from the intensity difference between the opposite circular 
polarizations measured in the wing of a suitably selected spectrum line. 
This is the principle of operation of most solar magnetographs. Unfor­
tunately calibration of this technique requires the assumption that the 
line profile in the magnetic region is unchanged in shape, strength and 
average wavelength compared with surrounding non-magnetic regions. 
Although these requirements are generally violated the procedure out­
lined is widely used to interpret longitudinal magnetograph observations. 
This violation leads to the expectation that most such determinations 
of (B£) are underestimates of true values. Photographic (Sheeley, 1966) 
and photoelectric (Livingston and Harvey, unpublished) observations 
with spatial resolution approaching 1" typically yield (B^) values of a 
few hundred Gauss with peaks of 700-800 G in network fields. Lynch 
(1974) expressed his measurements of network field clumps near the disk 
center in terms of net flux and found typical values of 2 x 1019 Mx. 

Magnetograph observations in the best seeing conditions with high 
sensitivity (Figure 2) reveal inner network magnetic fields (Livingston 
and Harvey, 1975). The inner network fields exhibit a granular pattern 
of mixed polarities with a scale of about 2" and net flux values within 
resolved elements of about 5 x 1016 Mx. Inner network fields are tran­
sient with a time scale of the order of 30 min as shown by 2 frames 
from a movie in Figure 5. Smithson (1975) also detected inner network 
fields and suggested that the true field strength in these features is 
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OBSERVATIONS OF SMALL-SCALE PHOTOSPHERIC MAGNETIC FIELDS 229 

less than in network fields. The small-scale mixing of opposite 
polarities in the inner network fields makes their detection very 
sensitive to spatial resolution. A similar dependence of measured 
(BjJ values in network fields on spatial resolution was found by 
Stenflo (1966). 

** r 

X • *> * * * * * 

M - 70 min 

Figure 5. Two frames from a movie of the quiet magnetic field near 
disk center showing time changes in the network and inner network field 
in a period of 70 min. (Livingston and Harvey, 1975) 

3. OBSERVATIONS WITH MULTIPLE SPECTRAL LINES 

As noted above, single spectral lines are affected by so many 
variables in addition to the magnetic field that observations are often 
difficult to interpret. An old solution to this problem is to use sets 
of spectrum lines selected to emphasize sensitivity to some desirable 
parameter and suppress sensitivity to other variables. This approach 
has been widely used in magnetic field studies and is quite powerful. 
One danger of this seductive approach is a tendency to forget that 
observations are spatial averages which can effectively hide some kinds 
of fine structure even from powerful line ratio techniques. 
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3.1 Line profile effects 

Unno (1959) used pairs of lines from selected multiplets in an 
attempt to determine if a systematic broadening with increasing Zeeman 
sensitivity could be detected. No positive results were obtained and 
an upper limit of 300 G for the average field strength was established. 
Howard and Bhatnagar (1969) found a difference of 20 + 15 G between the 
magnetic field strength of granular and intergranular regions from the 
correlation of line width differences with Zeeman sensitivity on a high 
quality spectrogram. This value, however, depends on how well the 
intergranular lanes were resolved and this is not known. 

Chapman and Sheeley (1968) studied the variation of the central 
intensities of several spectral lines as functions of Zeeman and temper­
ature sensitivity and concluded both effects produced line weakenings 
in network elements. Chapman (1976) observed changes in several com­
plete line profiles in network features and matched the profiles with 
a model atmosphere having magnetic elements with values of <B> of about 
1620 G at the level of formation of weak spectrum lines. 

3.2 Use of one line as a reference 

Simultaneous observations of (B^) using two spectrum lines were 
pioneered by Soviet astronomers (e.g. Severny, 1966). These observa­
tions were interpreted in terms of height variations of the field. 
Harvey and Livingston (1969) found simultaneous observations of (B^) 
with the 5250 and 5233 A lines to give a large but nearly constant 
discrepancy (Figure 6). Following a suggestion by Chapman and Sheeley 
(1968), they assumed that a high sensitivity of the 5250 A line to 
temperature and a presumed increase in temperature in network field 
elements was responsible for the discrepancy. But interpretation of 
discrepancies simply in terms of height or temperature effects alone is 
incorrect. As Stenflo (1968) pointed out, there are many potential 
sources of discrepancies in (B^) measurements and all potential sources 
must be observationally proven to be unimportant for a particular 
spectrum line before any single source can be safely ignored. 

Using the same magnetograph, Frazier (1970) confirmed the 
observational results of Harvey and Livingston (1969) and further 
showed that velocity measurements made with the 5233 and 5250 A lines 
also show a discrepancy in network field elements in the sense that the 
5233 X line showed a systematic downdraft but the 5250 A line did not. 
Frazier (1974) later proposed that the velocity discrepancy was due to 
large Zeeman splitting of the 5250 X line in network elements which 
caused a loss of sensitivity to network velocities (Zeeman saturation). 
The field strengths required fell in the range 1300-2600 G depending on 
model assumptions. 

Howard and Stenflo (1972) used a different instrument and non-si­
multaneous observations and found that the discrepancy between measures 
of (B&) with the 5233 and 5250 X lines decreased at low values of (B&). 
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Figure 6. Simultaneous measurements of (B^) in Gauss with the 5233 and 
5250 A spectrum lines. A systematic discrepancy is obvious. (Harvey 
and Livingston, 1969) 

This was interpreted as due to time changes in the pattern of field 
distribution with a scale of hours. Using a model proposed by Stenflo 
(1971), the observed discrepancy was interpreted as due to a systematic 
reduction of the 5250 A line signal in magnetic elements with large 
field strength. This model allowed an estimate to be made that with a 
resolution of 17" more than 90% of the flux observed with the 5233 A 
line was subject to the discrepancy. They also discovered that the 
discrepancy shows a significant center-to-limb variation (Figure 7) 
which was interpreted as due to a rapid decrease of field strength 
with increasing height. 

Further studies of the 5250-5233 A discrepancy by Frazier and 
Stenflo (1972) used higher spatial resolution observations taken mainly 
in active regions. The center-to-limb variation was confirmed and it 
was found that a for positive values of (B£)5233 there was a negative 
bias in (B^)525o of a few Gauss (and viae versa for negative values of 
(Bj^)5233). The effect may be seen in Figure 6. Using a two-component 
model this effect was explained as due to weak, opposite polarity fields 
systematically associated with the strong network elements. The bias 
has not been confirmed in other observations and we now suspect a 
computer program error affecting Kitt Peak observations in 1968 and 
1969 is the cause of the bias. 
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Figure 7. Center-to-limb 
variation of mean discrep­
ancies in measures of (B&) 
with pairs of spectrum lines 
at the Mt. Wilson (dashed), 
the Crimean (solid) and the 
Kitt Peak (dash-dot) observa­
tories. (Howard and Stenflo, 
1972; Frazier and Stenflo, 
1972; Gopasyuk et al. , 1973) 

Gopasyuk et al. (1973) studied observations made with the Crimean 
Observatory double magnetograph using many different pairs of spectrum 
lines. They found intrinsic scatter in values of the discrepancy made 
with a given pair of lines at a specific disk position. They confirmed 
the center-to-limb variation (Figure 7) and showed that the average 
value of the discrepancy is a strong function of the Zeeman sensitivity 
of the spectrum lines involved (Figure 8) in the sense that larger 
values of (B^) were observed with less Zeeman-sensitive spectrum lines. 
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In an unpublished study, Harvey (1972) used higher sensitivity 
than had previously been available to confirm that values of (8^)5233/ 
(B^)525o show larger scatter at given values of (8^)5233 than instru­
mental sources can explain (Figure 9). On the other hand, it was found 
that the number distribution of (6^)5233, corrected for noise, could be 
fit very well by a sum of the (B£)525o distribution plus the (BA)525o 
distribution scaled and widened by a constant to get the best fit. 
This confirmed that about 93% of the magnetic flux measured with the 
5233 A line is subject to some effect causing a discrepancy in (B^) 
measurements with the 5250 A line at a spatial resolution of about 3". 

Figure 9. Isopleths increasing by factors of 2 showing a range of 
values of the ratio of (B£)5233/(B£)5250 at given values of (B£)5233-
At large values of (B£)s23 3 a mean discrepancy of 2.6 is found but this 
approaches 1 as (6^)5233 decreases. Values of (6^)5233 > 80 G are 
instrumentally saturated. (KPNO observations) 

Livingston et at. (unpublished) are critically examining the nature 
of (BjJ discrepancies using several pairs of lines. One of their 
results has considerable significance because none of the proposed 
sources of errors in (B^) measurements predicts that the 5233 A and 
similar lines should give large errors. Using the 5253 A line as a 
reference, Livingston measured (B^) using different parts of the 5233 A 
line and found a variation of more than a factor of two in the senge 
that larger values of (B̂ ,) are measured near the core of the 5233 A 
line than in its wings. The same behavior is observed in the 8688 A 
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network features with 2" resolution. Measured values of (B^) fell 
between 50 and 500 G. He tentatively confirmed the existence of a more 
or less unique field strength for network fields with <B^> in the range 
1200 to 1700 G and he inferred from varying amounts of measured flux 
that network elements are less than 400 km in size, faculae range from 
500 to 900 km and pores are larger than 1100 km. 

Livingston et al. are studying measurements of k using the same 
lines as Stenflo and have found real variations in k at a constant 
distance from line center. This might be due in part to varying veloc­
ity fields but it has been interpreted as due to differing amounts of 
Zeeman saturation. Using a two-component Unno model with the assumption 
of a uniform field inside the magnetic component, the result is a range 
of values of <B£> from less than 500 G to 1700 G with a median of 1100 
G. Livingston discovered that k values are dependent on y, changing 
rather rapidly from y = 1 . 0 t o y = 0 . 9 and more gradually to small 
values of y. This result is tentatively identified with a drop in 
field strength with increasing height. This type of observation was 
also attempted on inner network fields but so far, without success. 
Svalgaard (1976) reports that K = 1.0 for observations of the Sun as a 
star which implies that a significant amount of flux exists at field 
strengths less than 500 G. 

4. OTHER OBSERVATIONS 

If the size and structure of a magnetic element could be measured 
then a determination of flux would allow the field strength to be 
inferred rather directly. We must be careful here to distinguish 
between tiny "basic" elements and clumps of such elements. Partial 
solar eclipses offer the possibility of measuring the time for a mag­
netic feature to be covered and thus its size. (An attempt to do this 
during an unfavorable eclipse at Kitt Peak by timing the uncovering of 
features failed for the simple reason that one never knows where a 
feature is until it is uncovered). At the Crimean Observatory, the 
last two transits of Mercury were used to determine the size of radio 
emission features (Efanov et al. , 1974) and magnetic, velocity and 
brightness features (Severny, 1976). No magnetic or radio structures 
smaller than 1V5 were seen. Speckle interferometry is a technique 
which involves rapid recording of an image with a very tiny scanning 
aperture. Provided the scanning is rapid enough, information at spatial 
scales as small as the diffraction limit of the telescope can be 
determined. I have attempted magnetic speckle observations at Kitt 
Peak so far without success. The problem is one of poor signal-to-noise 
ratio owing to the small scanning aperture required. 

It is well known that brightenings observed in weak to moderately 
strong spectrum lines (Chapman and Sheeley, 1968; Chapman, 1972) and in 
the continuous spectrum near disk center (Liu, 1974; Skumanich et al., 
1975) are closely associated with magnetic fields. Very high resolution 
continuum photographs near disk center (Dunn and Zirker, 1973; 
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Since just determining the structure and basic properties of 
small-scale magnetic fields is a very difficult observational problem, 
the determination of time variations is even harder and little is known 
with confidence. One serious problem is that in the presence of tele­
scope polarization, instrumental crosstalk is possible between measured 
magnetic field and other parameters such as Doppler shift and brightness 
(Wiehr, 1971; Jager, 1972). Motion pictures of network and inner net­
work fields reveal horizontal motions with velocities rarely faster 
than 1 km s_1 (Smithson, 1973; Livingston and Harvey, 1975). Larger 
magnetic structures tend to be more stable. Stenflo (1975) has sugges­
ted that magnetic structures decay at a constant rate of -1015 Mx s_1 

regardless of size but the observational evidence for this is rather 
indirect. Conflicting statements concerning oscillations of network 
field elements have been made and new observations are probably required 
to clarify this matter. 

5. SUMMARY 

It is likely that our picture of small-scale photospheric magnetic 
fields will continue to change rapidly in the future as it has in the 
past as new observations are made and analyzed. Therefore, any defin­
itive conclusions are out of order. At the present, observers might be 
able to agree with most of the following statements regarding photo-
spheric magnetic fields outside of sunspots: 

1. There is no evidence for an unresolved "microturbulent" 
magnetic field. 

2. Most of the magnetic flux observed with a resolution approach­
ing 1" is concentrated into small elements but there is increasing 
evidence for the existence of an unknown amount of flux in the form of 
fields less than 500 G in strength. 

3. The small elements tend to cluster into larger structures 
which can act cohesively so that a broad spectrum of sizes of magnetic 
structures is observed. 

4. Magnetic flux tends to cluster in a network pattern which 
coincides with the boundaries of supergranule cells. 

5. The main difference between network and active region magnetic 
fields is the number density of small flux elements. 

6. The size of magnetic elements increases with increasing height. 
7. Polarities are mixed on a small scale so that estimates of 

total magnetic flux are lower limits. 
8. The fields are probably mainly vertical but observational 

evidence is very weak. 
9. The field strength in magnetic elements decreases rapidly 

with increasing height. 
10. At the height of formation of most photospheric lines at the 

disk center in network elements, a range of <B&> values from less than 
500 G up to 1900 G is found with a high sample frequency at around 
1100 G. 

11. Peak values of B^ within network magnetic elements may exceed 
2 kG. 
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12. Systematic downdrafts are associated with magnetic fields with 
mean values in the magnetic elements of 0.5 km s-1 at the height corre­
sponding to the core of the 6103 A line and 2.2 km s-1 at the lower 
height corresponding to the wings of the 15648 A line. 

It now seems clear that rather complicated models of the sort 
developed by Stenflo (1975), Chapman (1976) and Spruit (1976) are 
required to quantitatively interpret magnetic field observations. The 
reason is inadequate spatial resolution of the tiny magnetic elements 
and systematic association of the elements with differential velocities, 
line weakenings, temperature changes and gradients in these quantities. 
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