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Abstract We observed solar prominences with the Fast Imaging Solar Spectrograph (FISS)
at the Big Bear Solar Observatory on 30 June 2010 and 15 August 2011. To determine
the temperature of the prominence material, we applied a nonlinear least-squares fitting of
the radiative transfer model. From the Doppler broadening of the Hα and Ca II lines, we
determined the temperature and nonthermal velocity separately. The ranges of temperature
and nonthermal velocity were 4000 – 20 000 K and 4 – 11 km s−1. We also found that the
temperature varied much from point to point within one prominence.

Keywords Chromosphere, quiet · Heating, chromospheric · Prominences, quiescent ·
Spectral line, broadening

1. Introduction

A proper understanding of the nature of solar prominences relies on precise measurements
of their basic physical parameters: temperature, density, mass motion, and magnetic field.
Temperature is of particular interest in this study. It is well known that the temperature of
the prominence material is about 104 K, whereas the corona has a temperature of 106 K.
Precise measurements of the temperature in a prominence are needed to estimate the other
physical parameters. For example, hydrogen is partially ionized in the prominence so that
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the degree of ionization may be sensitive to the temperature. In addition, the density can
only be determined if the temperature is known.

The most common way to determine the prominence temperature is to use the absorption
width of a spectral line. The major broadening in the line is the Doppler broadening, which
contains the thermal as well as the nonthermal contribution. If the value of the nonthermal
contribution is known, one can obtain the thermal contribution from the line broadening. In
some studies, the nonthermal contribution was neglected so that the obtained temperatures
represented the upper limit to the real value (Ellison, 1952; Jefferies, 1955; Mein and Mein,
1991). In other studies, more than one line was used, and both the thermal and nonthermal
contributions were determined independently (Hirayama, 1963, 1971; Jefferies, 1956, 1962;
Gallegos and Machado, 1973; Nikolsky, Gulyaev, and Nikolskaya, 1971; Landman, Edberg,
and Laney, 1977; Zhang et al., 1987; Li et al., 1998; Mein and Mein, 1991; Stellmacher,
Wiehr, and Dammasch, 2003).

Temperatures obtained through the line width method have a wide range from 4000 K
to 20 000 K. How can we understand these results? The temperature probably depends on
the individual prominences observed. Another possible explanation is that it depends on the
spectral lines used. For instance, Hirayama (1963) obtained a prominence temperature of
4000 K from helium and metallic lines, and Jefferies (1956) obtained 20 000 K by com-
bining the Hα line with the helium D3 line. It is not surprising that the measured temper-
atures depend on the line used. The visibility of a line from a specific atom is determined
by the ionization and excitation process in the prominence, which depends on the temper-
ature. Therefore, each detected line may have its own range of temperature. Finally, some
of the previous studies indicated that the temperature varies with the position and time in-
side each prominence. To understand the wide range of the reported temperatures of the
prominences, more observations are needed, especially using spectrographs with space- and
time-resolving capabilities.

The Fast Imaging Solar Spectrograph (FISS) is one of the instruments of the 1.6 m New
Solar Telescope (NST) at the Big Bear Solar Observatory. It is an imaging spectrograph de-
signed to produce data with high spectral, spatial, and temporal resolutions that are suited
for the study of fine-scaled structures and dynamics in the solar chromosphere (Chae et al.,
2012). The FISS has the capability of recording two spectral bands simultaneously and per-
forming imaging based on the linear motion of a two-mirror scanner. From the Hα and the
Ca II 8542 band, one can measure the temperature and nonthermal velocity in chromospheric
features such as filaments (prominences), quiet regions, and active regions. In addition, the
imaging capability of the FISS enables us to study the dynamics of such features. These
capabilities can also be exploited for observations of solar prominences. So far, researchers
have mostly observed only a limited part of a prominence with a spectrograph; our observa-
tions of prominences with the FISS will provide detailed knowledge on the variation with
position of the physical quantities within individual prominences.

We here describe prominence observations using the FISS with our data reduction and
spectral analysis, and the results on the temperatures of solar prominences. For the spectral
analysis, we employed a simple model of radiative transfer that takes into account the effect
of finite optical depth.

2. Data and Analysis

2.1. Observation

The observations were performed with the FISS on the 1.6 m New Solar Telescope (NST) at
the Big Bear Solar Observatory (BBSO). This instrument is a high-dispersion Echelle spec-
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Figure 1 Hα image obtained on 30 June 2010 at the BBSO. The two rectangles represent the prominences
on the east and west limb observed by the FISS. The field-of-view is 72′′×40′′.

trograph of near-Littrow type, with a 32 µm slit width (0.16′′), a focal length of 1.5 m, a focal
ratio of F/26, and high spectral orders: 34th at Hα and 26th at Ca II 8542 Å. It is currently
the largest operating solar telescope in the world with Echelle grating and fast CCD, and we
obtained data with high spatial, spectral, and time resolutions. More information about the
FISS performance can be found in Chae et al. (2012).

On 30 June 2010, we observed one prominence on the east limb and another on the
west limb (Figure 1). The two rectangles in the figure show the two fields of view of the
observations. The exposure time was 90 ms, and the scanning time was 140 s. In addition, we
observed a prominence in the east limb on 15 August 2011. In contrast to 30 October 2010,
the adaptive optics (AO) system worked on this day, and the prominence was scanned stably
with little image motion along the slit direction. In this observation, the exposure was 30 ms,
and the scanning time was 40 s. The observed spectra were treated with basic processes such
as dark-subtraction and flat-fielding. The processed data were compressed and stored based
on the principal component analysis (PCA). This PCA compression reduces noise as well as
the data size without much loss of information (Chae et al., 2012). In addition, the aureole
light spectra on the Hα and Ca II lines were removed carefully by subtracting the spectra
from outside the prominence. The two spectral bands were spatially aligned by shifting the
Ca II spectra by a fixed amount with respect to the Hα spectra.

2.2. Spectral Analysis

The equation for radiative transfer across a layer is well known. The equation consists of
background radiation and the contribution of the source from the object itself. In the case of
limb prominences, background radiation can be ignored. If the source function is constant
along the line of sight, the intensity is theoretically modeled with the equation using optical
thickness τ

I = S
(
1 − e−τ

)
, (1)

where S is the source function.
In prominences/filaments, thermal broadening is much more significant in the formation

of spectral lines than collisional broadening, so that the optical thickness profile may be
written in the Gaussian functional form

τ = τ0 exp

[
−

(
λ − λc

�λD

)2]
, (2)
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where �λD is the Doppler width, τ0 is the optical thickness at line center, and λc is the
central wavelength of the absorption profile, which is a measure of the Doppler shift.

It is well known that Doppler broadening contains a thermal and a nonthermal contri-
bution. If we also assume that the temperature is constant along the line of sight and the
velocity distribution of the nonthermal motion is Gaussian as well, the Doppler width in
Equation (2) is expressed by

�λD = λ

c

√
2kT

M
+ ξ 2, (3)

where λ is the wavelength at rest, T is the mean kinetic temperature along the line of sight,
M is the mass of the atom, and ξ is the nonthermal velocity (Tandberg-Hanssen, 1995;
Labrosse et al., 2010). The nonthermal velocity ξ incorporates all kinds of unresolved mo-
tion along the line of sight, including random motions of fine-structure threads as investi-
gated by Gunár et al. (2012). We determined the values of these parameters with a least-
squares fitting.

We applied the radiative transfer model to the spectra of the Hα and Ca II 8542 Å
lines. Three methods were tested to estimate the temperature of these prominences. First,
we applied the model to each line separately and obtained two Doppler-broadening values
(�λD,Hα, �λD,Ca). Second, we regarded the temperature and nonthermal velocity as inde-
pendent parameters and fitted the two line profiles together. Finally, we adopted the second
approach above, but reduced the number of free parameters by introducing the line-of-sight
velocity as an independent variable instead of the center positions of the two lines. This
reduction is based on the assumption that the two lines are formed in the same volume.

We found that the results are almost the same and depend very little on the chosen
method. We decided to choose the first method to determine the prominence temperatures
since it is commonly used, can be applied to each line separately, and needs fewer assump-
tions.

In the analysis, it is not necessary to take into account the instrumental broadening. Us-
ing a HeNe (632.8 nm) laser, Chae et al. (2012) estimated the instrumental broadening as
1.6 pm, which corresponds to about 2.0 pm at the wavelengths of Hα and Ca II 8542 Å,
which is so small that it is negligible.

3. Results

Figure 2 indicates how a prominence on the limb appears at the centers of the Hα (top row)
and Ca II (bottom row) lines without AO. The prominence appears to be much darker than
the disk in the Ca II line, while its brightness is comparable to the disk value in the Hα line.
We found that the intensity gradually decreases from the disk to the prominence in the Hα
line, but sharply drops in the Ca II line. Despite this difference, the Hα and Ca II images of
the prominence look similar. There are some differences in the morphology between these
lines, which may not be physically fundamental, but seem to reflect mostly the difference
in optical thickness, which will be described below. From the Hα and Ca II spectra, we
found that the Ca II line width is smaller than the Hα line width. Moreover, the solar limb
appears to be irregular, which is due to the image motion from atmospheric disturbances.
Since a prominence is fainter than the disk and not visible in molecular bands such as TiO
and G bands, it will be hard to observe the prominence with the AO properly operating. If a
prominence happens to lie near a sunspot as it did on 15 August 2011, it is possible to obtain
the data with better quality because the AO can operate.
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Figure 2 Scan images (left column) and spectrograms (right column) of the prominence on the east limb
observed in Hα (top row) and Ca II 8542 Å (bottom row) on 30 June 2010. A black curve in the upper left
image marks the boundary of the solar disk in Ca II as shown in the lower left image. Vertical dashed lines
in the left-hand-side panels represent the slit position along which the spectrograms in the right-hand-side
panels were taken. Horizontal dashed lines in the right-hand-side panels correspond to the positions indicated
by asterisks in the left-hand-side panels. Line profiles along the horizontal dashed lines are shown in Figure 3.

To illustrate the spectral properties of the prominence in the Hα and Ca II lines, we
selected an arbitrary position (marked by ∗) as indicated in Figure 2. Figure 3 shows the line
profiles and fitting results in the Hα and Ca II lines. The Hα line was fitted with τ0 = 3.43,
�λ0 = 0.034 nm, and VD = −1.15 km s−1. The Ca II line was fitted with τ0 = 0.29, �λ0 =
0.023 nm, and VD = −2.12 km s−1. The Hα line profile has a higher peak value than the Ca
II line profile. Furthermore, the signal-to-noise ratio in the Hα line profile is higher than that
of the Ca II. Despite this difference, both lines are fairly well fitted. From the model fitting,
we found that the prominence is optically thick in the Hα line, but optically thin in the Ca
II line. In an optically thin case, optical thickness and source function cannot be separately
determined; therefore, their values should be taken carefully. The Doppler velocity in the
Hα line is found to be close to the Ca II line, which supports our assumption that the two
lines are formed in the same volume of the prominence. As a result, the temperature and the
nonthermal velocity are estimated to be about 11 000 K and 7.8 km s−1. These values are
not far from previously reported values.

The left panel of Figure 4 presents the scatter plot of the Doppler width (�λD,Hα) ver-
sus the Doppler width(�λD,Ca) for the east-limb prominence of 30 June 2010. The Doppler
widths are in the range of 0.028 – 0.037nm in the Hα line and 0.012 – 0.031nm for the Ca II

line. The correlation coefficient (C) between the line width is 0.61. Blue and red curves,
obtained from Equation (3), represent the iso-T and iso-ξ curves, respectively. From these
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Figure 3 Line profile and fitting result for Hα (left) and Ca II (right). These two profiles come from the
position of the asterisk symbols in Figure 2. Solid (black) and dashed (red) lines are the line profiles and the
fitting result from our analysis.

Figure 4 Scatter plots between �λD,Hα and �λD,Ca (left panel), and between Vlos,Hα and Vlos,Ca (right
panel) for the east-limb prominence on 30 June 2010. In the left-hand-side panel, the blue and red curves
represent iso-temperature and iso-nonthermal velocity curves. In the right-hand-side panel, the dashed line
represents the same Doppler velocities in both lines.

curves, we can estimate the temperature and nonthermal velocity for each measurement
marked by a dot. We found that T ranges from 7000 K to 14 000 K, and ξ ranges from
4 km s−1to 11 km s−1. The most probable values for the temperature and nonthermal veloc-
ity are estimated to be 10 200 ± 1580 K and 6.9 ± 1.6 km s−1.

The right panel shows the scatter plot between the Doppler velocity Vlos,Hα and Vlos,Ca. If
the Hα and Ca II lines are formed in the same volume, the Doppler velocities derived from
the two lines are expected to coincide, which leads to the theoretical relationship indicated
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Figure 5 The same as Figure 4, but for the west-limb prominence observed on 30 June 2010.

by the dashed line (right panel). We find from the plot that the measured Doppler velocities
do not deviate much from the theoretical values. The standard deviation from this line is
0.9 km s−1, which we consider to be tolerable.

Figure 5 presents the results from the west-limb prominence of 30 June 2010. Since this
prominence is smaller and fainter than the eastern one, there are fewer data points. The
measured ranges of temperature of 6000 K < T < 14 000 K and the nonthermal velocity
of 4 km s−1 < ξ < 10 km s−1 are not much different from the east-limb prominence. The
correlation coefficient between the line width is C = −0.05. The most probable values for
the temperature and nonthermal velocity are estimated to be T = 9390 ± 2170 K and ξ =
7.6±1.9 km s−1. The standard deviation (right panel) of the difference between the measure
and theoretical values of the nonthermal velocity is found to be 1.17 km s−1, which is a little
higher than the above value, but still is fairly acceptable.

Figure 6 shows the scatter plot of the same parameters for the prominence on 15 August
2011. Doppler widths for the Hα and Ca II lines are found in the ranges 0.025 – 0.031 nm and
0.01–0.021 nm, respectively. The correlation coefficient between the line width is C = 0.63.
The most probable values for the temperature and nonthermal velocity are estimated to be
T = 8680 ± 1070 K and ξ = 4.6 ± 0.9 km s−1. In addition, the standard deviation of the
Doppler velocities from the theoretical values is estimated to be 0.38 km s−1. The Doppler
widths and standard deviation for the prominence on 15 August 2011 are smaller compared
to the two prominences on 30 June 2010. We can explain these differences in terms of the
operation of the adaptive optics (AO) system, short exposure time, or the characteristics of
individual prominences. A better operation of the AO and a short exposure enable us to
obtain data with higher spatial and temporal resolutions. The operation of the AO corrects
for atmospheric distortion, which allows us to obtain data with higher spatial resolution and
smaller errors in data alignment. The short exposure may also be useful in freezing the see-
ing. On the other hand, a short exposure may also bring about another effect of obscuring
faint parts, with bias given to bright parts. Alternatively, the difference between this promi-
nence and the other prominences might be due to intrinsic variations from prominence to
prominence.
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Figure 6 The same as Figure 4, but for the west-limb prominence on 15 August 2011.

Figure 7 Scatter plots of T versus ξ of the east-limb prominence of 30 June 2010 (left), the west-limb promi-
nence of 30 June 2010 (middle), and the east-limb prominence of 15 August 2011 (right). The correlation
coefficient between T and ξ of the prominences is shown in each panel.

Figure 7 is presented to investigate the correlation between the temperature and nonther-
mal velocity in the three prominences. The left (east-limb prominence of 30 June 2010)
and the right (east-limb prominence of 15 August 2011) panels show that the temperature
and nonthermal velocity are not correlated (C = −0.19 and C = 0.25, respectively). In the
middle panel (west-limb prominence of 30 June 2010), a negative correlation (C = −0.82)
exists between the temperature and nonthermal velocity. Since the prominence is small and
the data quality is poorer than that of the other data, it is hard to accept this result. We
have checked whether the model fitting is appropriate for the prominence data and whether
we can trust our results or not. We conclude that this correlation is due to the relationship
between the temperature and nonthermal velocity as indicated by Equation (3). If the broad-
ening is constant and the temperature is high, the nonthermal velocity should have a low
velocity, and vice versa. These values may affect the results shown in the middle panel of
Figure 7.
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Figure 8 The temperature (top row) and intensity maps (bottom row) of the prominences observed on 30
June 2010 (left column) and on 15 August 2011 (right column). A white square marked in the upper left corner
represents the region where the random error in the temperature measurement is estimated. The temperature
maps are derived from the model fitting, the intensity maps from the integrated intensities.

Figure 8 presents maps of the temperature and integrated intensity of the two selected
prominences of 30 June 2010 (left column) and 15 August 2011 (right column). The tem-
perature ranges from about 4000 K to about 20 000 K in the two prominences. Obviously, the
temperature varies from region to region within the same prominence. A particular example
is the region with the highest temperature (T ≈ 20 000 K) seen in the prominence of 30 June
2010. Interestingly, this region corresponds to a fainter part of the prominence. Excluding
this feature, we see a tendency that the temperature increases outward in the prominence.
This kind of spatial variation was previously reported by Hirayama (1971). Conversely, this
tendency is not obvious in the other prominence observed on 15 August 2011. The temper-
ature in the boundary is comparable to the central part of the prominence. This is somewhat
different from the conventional expectation that the outer part will have a higher tempera-
ture because it is in contact with the hot corona (the so-called prominence-corona transition
region – PCTR). We failed in finding any indication of a temperature increase at the fainter
outer parts. Currently, we have no reasonable explanation for this peculiar behavior. This
prominence appears to be consistent with the result of Zhang et al. (1987) and Mouradian
and Leroy (1977) in that there is no regular increase in temperature from the center to the
edge in a prominence. As a result, our study presents examples of both patterns.

We measured the random error in the temperature of the prominence. As marked in Fig-
ure 8, we selected a region with an apparently uniform temperature and determined the
standard deviation in the region of interest as a measurement of random error in the tem-
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Figure 9 Scatter plots of T versus I (integrated intensity over the line) for two selected prominences on
30 June 2010 (left panel) and on 15 August 2011 (right panel). The estimated temperatures and correlation
coefficients of the prominences are 10 600±2440 K and 9450±2000 K, and − 0.31 and − 0.15, respectively.

perature. The error was estimated to be less than 300 K. Compared with the temperature we
obtained, the error is small and tolerable.

Figure 9 presents the scatter plots between the integrated intensity over the line and the
temperature of the two prominences observed on 30 June 2010 (left panel) and 15 August
2011 (right panel). It shows that the temperatures in the prominences are centered around
10 000 K. The prominence temperature decreases with the intensity, and the correlation co-
efficients between their temperatures and intensities are determined to be − 0.31 and − 0.15,
respectively. We found a similar pattern in that the spread in the temperature is smaller within
the pixels of higher intensities than within the pixels of lower intensities. This tendency may
be real because the spreads are much larger than the estimated measurement errors.

Our analysis has taken into account the effects of finite optical thickness. If the optical
thickness is larger than unity, the core will saturate to a constant value so that the line profile
appears to be more broadened. Unless this effect is properly taken into account, the Doppler
width will be overestimated, and hence the temperature. Our analysis is free from this prob-
lem since the optical thickness was treated as an independent parameter. Figure 10 shows
the results of the fitting to the Hα line profiles at two different positions in the prominence.
The fitting in the left panel yields 3.5 as the estimate for the optical thickness. If the optical
thickness is set to either a lower or higher value, the fitting becomes poorer, as can be seen
from the figure (red and green dashed curves). This supports the validity of our treatment for
the effect of finite optical thickness. The right panel, however, provides an example of a case
where our analysis is not satisfactory. The line profile in this case shows a central reversal
in the core, which may be due to self-absorption arising when the optical thickness is very
large. The failure of our analysis in this case comes from the assumption that the source
function is constant along the line of sight. This is a limitation of the model. Nevertheless,
there are so few data points showing the central reversal in the Hα line that this limitation
does not significantly affect the statistics of the temperature measurements.
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Figure 10 Hα line profiles and fitting results with different τ0 values at two different positions on the
prominence of 30 June 2010. The black lines represent Hα line profiles. The blue dashed curve represents the
fitted profile with optical thickness τ0 while the red dashed and green dashed curves represent the variation
in the fitted profiles due to small/large values in the optical thickness from the fitted τ0 over the Hα line.

4. Discussion

In three prominences we determined the temperature of Hα-emitting plasma based on the
simultaneous measurements of the Doppler widths of the emission profile in the Hα and
Ca II 8542 Å lines. Our study showed that the temperature within each prominence varies
from 4000 to 20 000 K and the nonthermal velocity varies from 4 to 11 km s−1. The temper-
ature has no correlation with the nonthermal velocity, but has a weak negative correlation
with the brightness.

The estimated temperature range in the prominences is broad enough to be consistent
with previous reports. According to Hirayama (1985), the reported temperature ranges from
4000 to 20 000 K. In addition, he suggested that the representative temperature can be set
to 7000 K if only one value has to be chosen. Indeed, most researchers found that the tem-
peratures are lower than 10 000 K (Stellmacher, Wiehr, and Dammasch, 2003; Mein and
Mein, 1991; Landman, Edberg, and Laney, 1977; Li et al., 1998; Hirayama, 1971). Some
researchers, however, obtained temperatures in the higher range of 10 000 – 20 000 K (Elli-
son, 1952; Jefferies, 1955, 1956). We obtained not only temperatures as low as 4000 K, but
also those as high as 20 000 K, including both of the ranges above.

We expect that the temperature might vary along the line of sight. It is well known that a
prominence consists of several fine-scale structures (threads). That is, each of the threads has
its own temperature, and the temperature we obtained might be the result of the average of
several temperatures. For instance, in the multi-thread model of Gunár et al. (2008), which
fits the UV observations quite well, even identical threads do produce T -variations along the
line of sight just because of the random positioning of individual threads. If this is the case,
we expect that the intrinsic temperature variation on the plane of the sky may be higher than
the variation we observed.

Is the measured peak temperature of 20 000 K real? One might suspect that this is an
artifact resulting from large Doppler widths that in fact should be attributed to the super-
position of multi-velocity components along the line of sight. Assuming that a resulting
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high temperature of, for instance, 20 000 K is due to two velocity threads with different
line-of-sight velocities, but with the same temperature of 8000 K and the same nonthermal
velocity of 6 km s−1, what would the relative velocity between the two threads be? From
the two-component fitting of the Hα line, the relative line-of-sight velocity between the two
components is about 25 km s−1. This velocity corresponds to a Doppler shift of 0.7 Å in
the Ca II line, which should manifest itself in the two separated components of the spectral
line. We observed that the profile of the Ca II line, however, shows only one component
with moderate width. This inconsistency indicates that the hypothesis above is wrong, and
strongly suggests that the measured high temperatures are real.

We plan to investigate the fine scale structures and temporal changes in the temperature
in the prominences in more detail. Higher spatial resolution observations will be available
when the next generation of adaptive optics is introduced to the NST. Based on time se-
quences of high-cadence observations, we will be able to examine the temporal variation in
the temperatures of the prominences.
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