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Abstract In this paper we illustrate the technique used by the New Vacuum Solar Telescope (NVST) to
increase the spatial resolution of two-dimensional (2D) solar spectroscopy observations involving two
dimensions of space and one of wavelength. Without an image stabilizer at the NVST, large scale wobble
motion is present during the spatial scanning, whose instantaneous amplitude can reach 1.3 due to the
Earth’s atmosphere and the precision of the telescope guiding system, and seriously decreases the spatial
resolution of 2D spatial maps composed with scanned spectra. We make the following effort to resolve
this problem: the imaging system (e.g., the TiO-band) is used to record and detect the displacement
vectors of solar image motion during the raster scan, in both the slit and scanning directions. The spectral
data (e.g., the Ha line) which are originally obtained in time sequence are corrected and re-arranged in
space according to those displacement vectors. Raster scans are carried out in several active regions with
different seeing conditions (two rasters are illustrated in this paper). Given a certain spatial sampling and
temporal resolution, the spatial resolution of the composed 2D map could be close to that of the slit-jaw
image. The resulting quality after correction is quantitatively evaluated with two methods. A physical
quantity, such as the line-of-sight velocities in multiple layers of the solar atmosphere, is also inferred
from the re-arranged spectrum, demonstrating the advantage of this technique.
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1 INTRODUCTION

Spectroscopy in two spatial dimensions (two dimensions
of space and one of wavelength) is widely used by a large
number of quantitative measurements of atmospheric
structures in the field of solar physics that are only re-
trieved from high resolution spectral observations, such
as pressure, density, temperature, velocity, etc. (Fang &
Huang 1995). Classical methods to acquire such two-
dimensional (2D) spectroscopy mainly include: narrow-
band filtergrams, multi-channel subtractive double pass
(MSDP, Mein 1977) spectrographs and spatial scanning
of slit spectrographs. Each approach has its own specific
advantages and drawbacks. With a narrow-band filter-
gram, for example, using a Fabry-Perot Interferometer

(FPI, Bonaccini & Stauffer 1990), monochromatic im-
ages are taken at successive wavelengths across a spec-
tral line. Spectral line synthesis at each spatial position
needs to be obtained within a certain time interval by this
wavelength scan. The spectral resolution is on the order
of 30mA (e.g., the report by Puschmann et al. 2012).
By contrast, the MSDP mode can provide monochro-
matic images at different wavelengths simultaneously.
But its shortcoming is that the observed field-of-view
(FOV) is inversely proportional to the spectral resolu-
tion, which means only a moderate spectral resolution
can be achieved for a reasonable FOV. For instance, the
MSDP installed in Meudon Solar Tower can provide im-
ages at nine wavelength points simultaneously with an
FOV of 71" (perpendicular to the slit direction) x 465"
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(slit direction) and the wavelength distance is about 0.3 A
(Mein et al. 2009). Spatial scanning is the method usually
utilized together with a slit spectrograph. It enables one
to use all the features of the spectrograph, such as high
spectral (better than about 20 mA) and spatial resolution,
wide wavelength range and simultaneous observations
of multiple spectral lines. One can control the telescope
movement or equip a field scanner in front of the spec-
trograph to do spatial scanning, i.e., to move the solar
image through the entrance slit continuously and rapidly.
As is known, a faster scanning speed should be better for
a given solar active region since the dynamic structure of
the Sun continuously evolves with time. Compared with
telescope drift, it is easy to use a field scanner to move
the solar image fast and control the scanning speed ac-
cording to the exposure time or other operations (e.g.,
the polarimetric modulation at each slit position for the
spectro-polarimetry observation).

Usually for ground-based observations, it is not so
easy to move the solar image rigidly in the right direc-
tion that is perpendicular to the entrance slit. The in-
fluence of both the Earth’s atmosphere and the preci-
sion of the telescope guiding system might cause the
image to wobble in both the slit and scanning direc-
tions. A 2D map directly composed by the spectral data,
which are sequentially obtained with time during scan-
ning, could have a very low spatial resolution (Keller
et al. 1990). Solar structures even show discontinuities or
zig-zag morphologies in this case. So in addition to the
long time consumption mentioned above, another impor-
tant aspect involved in spatial scanning is how to guaran-
tee the entrance slit is located at a correct position dur-
ing scanning. Some efforts have been made and tech-
niques developed to try and resolve this issue. For in-
stance, Johanneson et al. (1992) carried out the simul-
taneous acquisition of spectral data and slit-jaw images.
A series of slit-jaw images was used to monitor the im-
age motion during scanning, allowing the spectrum to be
re-mapped spatially during the data processing. Soon af-
ter, a solar correlation tracker was developed (Ballesteros
et al. 1996), which could be used as an image stabilizer
and an accurate positioning device to achieve 2D high
spatial resolution spectra in real time (Collados et al.
1996). Nowadays, adaptive optics (AO) systems have
generally been utilized by ground-based telescopes to re-
solve the problems of image motion and distortion in-
duced by the Earth’s atmosphere. Such facilities include
the German Vacuum Tower Telescope (Mikurda et al.
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2006), Gregory-Coudé Telescope (Siitterlin & Wiehr
2000), New Solar Telescope (NST) (Cao et al. 2010), etc.

In this paper, we present a technique used by the
New Vacuum Solar Telescope (NVST) (Liu et al. 2014)
in order to increase its spatial resolution when acquir-
ing 2D spectra. This is similar to the method suggested
by Johanneson et al. (1992), but the specific details are
different. The amplitude of the wobble motion is much
larger in our case since there is currently no image stabi-
lizer or AO system operating at NVST. We will elucidate
the data processing procedure step by step in the follow-
ing sections.

The paper is organized as follows: Section 2 intro-
duces the characteristics of the instrument and observa-
tional setups. Section 3 describes our technique in detail.
In Section 4 we evaluate the composed image quality re-
sulting from this technique. The conclusions and discus-
sion are given in Section 5.

2 INSTRUMENTATIONS AND OBSERVATIONS

NVST is a vacuum solar telescope with a 985 mm clear
aperture located at the Fuxian Solar Observatory, ad-
ministered by Yunnan Observatories (Liu et al. 2014).
Two instruments are currently operational at the facility.
One is the high-resolution multi-channel imaging sys-
tem (Xu et al. 2014; Xiang et al. 2016), including two
broad-band interference filter channels (TiO-band and G-
band) and three narrow-band Lyot filter channels (He,
Ca I1 3933 A and He I 10830 A). The other is the multi-
wavelength spectrograph in visible lines, working at Ho,
Ca II 8542 A and Fe I 5324 A lines (more information
can be found in Wang et al. 2013). The imaging sys-
tem and the spectrograph have identical foci and are ar-
ranged to be perpendicular to each other as illustrated in
Figure 1. Incoming light is redirected into these two in-
struments with different percentages using a beam split-
ter. We employ different kinds of beam splitters to op-
timize the observation wavelengths for either simultane-
ous or independent operation of these two instruments.
In addition, the slit position can be precisely determined
in the FOV of the imaging system by an optical calibra-
tion technique (Fu et al. 2016). An introduction to this
calibration process is beyond the scope of this paper, but
we demonstrate the result in Figure 2. In this way the
imaging system can serve as a slit-jaw recorder for spec-
troscopy, despite the slit being invisible. A field scanner
is installed in front of both instruments and comprises
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Fig.1 Schematic of the optical layout of the NVST instruments (Not to scale).
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Fig.2 Determination of the slit position in the FOV of the TiO image. (a) An image taken by a optical calibration device. Both the
entrance slit of the spectrograph and a four-pin-hole diaphragm sitting at the focal plane of the imaging system are clearly seen.
(b) An image of the four-pin-hole diaphragm taken in the TiO channel. The position of the entrance slit can be derived from the
relative displacement shown in panel (a) and indicated by a dashed line.

two pairs of K mirrors as shown in Figure 1. One pair of
K mirrors moves along the optical path to produce the
solar image motion in the direction perpendicular to the
slit (refer to Yang et al. 2016 for more details).

In the present work we select a beam splitter which
permits 90% of photons to transmit into the spectrograph
and 10% of photons to enter the imaging system in or-
der to obtain broad-band filter images in the TiO channel
and high signal-to-noise (SNR) spectra of the Ha line
(SNR > 100), simultaneously. TiO images are used to
detect the solar image motion, including both scanning
and wobble motions. However, at present the TiO images

are not synchronously recorded with Ha spectral data.
When serving as a slit-jaw recorder, the camera for the
TiO channel operates with 4 x 4 binning. The recording
rate is then about 15 frames per second with an acqui-
sition time of 60 ms. This is comparable to the value of
Ha spectral observations, which are taken typically with
a 60 ms exposure time and 40 ms readout time, resulting
in an acquisition time of about 100 ms and a recording
rate of about 10 frames per second. Last but not least, the
spectral data are taken synchronously with positioning of
the field scanner.
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The FOV in the TiO channel (slit-jaw) is about 133"
x 112" with pixel sampling of about 0.21”. For spectral
observations, the FOV is about 129" in the slit direction.
We usually raster about 110-120 steps with a step size
identical to the slit width (0.45""), which corresponds to
about 50"~ 55" on the solar surface. If we totally take
five frames at each scanning position (this parameter is
adjustable), it takes approximately 60 seconds to accom-
plish such a 110-step raster.

We acquired 2D spectral observations of several ac-
tive regions. In the following, we illustrate our technique
to increase the spatial resolution based on two raster ob-
servations of the active regions NOAA 12661 (2017 June
7) and NOAA 12671 (2017 August 22). The latter has
better seeing conditions than the former.

3 METHODS
3.1 Pre-processing

Pre-processing of the slit-jaw (TiO) images includes
flat-field and dark correction. Unlike Johanneson et al.
(1992), we do not need to remove a vertical slit from the
slit-jaw images. Precise data pre-reduction of the spec-
tra has been done by Cai et al. (2017), which is adapted
from the method proposed by Wang et al. (2013), but
this process is specifically applicable for the raster obser-
vations. The data reduction comprises flat-field correc-
tion, dark subtraction and distortion correction of spec-
tral lines. In addition, both the wavelength calibration
and continuum intensity modification are carefully ap-
plied to all the spectral data in order to ensure accuracy
of the quantities (e.g., the line-of-sight (LOS) velocity)
retrieved from the spectral data. In other words, each spe-
cific spectra line has an identical pixel position in all the
data to facilitate the following process of 2D map com-
position. One frame of the reduced spectral data and a
quasi-simultaneous TiO image are shown in Figure 3.

3.2 Calculating the Displacement Vectors

As a first step, TiO images are used to measure the solar
image motion during the raster in both the slit and scan-
ning directions. As mentioned above, we usually raster
an area of about 60" in the scanning direction, which can
be fully covered by the FOV of the TiO image. In contrast
to Johanneson et al. (1992), we need not reconstruct a ref-
erence slit-jaw image, which is supposed to have a larger
FOV to completely cover the observation target through-
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out the raster. In our case, we choose the middle frame
of the TiO images to be the reference frame and calcu-
late the displacement vector of other frames with respect
to it using a cross-correction technique. For the observa-
tions in our study, sunspot features facilitate this tracking
method. The image motion during one scan is shown in
Figure 4. It is found that, in addition to the linear motion
in the scanning direction represented by a linear fitting,
there exists a wobble motion in both the slit and scanning
directions. The amplitude of this wobble can reach up to
1.3”, which is almost three times the step size (0.45").

Next, we determine the solar image motion at the
time when the spectrogram was observed. We are re-
minded that the acquisition speed of the TiO slit-jaw im-
age is comparable to that of the Ha spectrogram although
they are not synchronous. We assume that variation of the
image motion changes linearly with time between two
nearby TiO samples, then we apply a linear interpolation
to the displacement vectors detected from the TiO slit-
jaw images at the time when the spectrum was taken.

Figure 5 shows the displacement vectors of the TiO
slit-jaw images and the interpolated vectors of the Ha
spectral data spanning about 3 seconds.

3.3 Correction and Re-arrangement of Spectral
Data

The motion along the slit direction is easily corrected
by shifting the spectral data with the corresponding dis-
placement vectors in the slit direction. However, the mo-
tion in the scanning direction needs to be corrected by
re-arranging the spectral data according to the displace-
ment vectors in the scanning direction. Due to the wob-
ble motion accompanying the raster scan, the solar sur-
face cannot be evenly scanned by the slit, so that the
spatial sampling in the scanning direction is not equal
to the scan step size. Supposing we initially set the scan
step size equal to the slit width (0.45”) and considering
spectra whose displacement vectors are within the range
n x 0.45” — (n+1) x 0.45" as the ones taken at the n-th
scanning position, we find that the number of frames at
each scanning position is quite different from the initial
number (i.e., five frames).

Figure 6 illustrates one example. It is a 110-step
raster scan over the active region NOAA 12661 taken
on 2017 June 7 with step size equal to 0.45” and tem-
poral resolution of 60s. It is seen that there are differ-
ent numbers of frames corresponding to the spectral data
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Fig.3 (a) One spectrogram in the Ho channel after the precise pre-process. (b) One TiO slit-jaw image taken quasi-simultaneously
with the spectrum. An elongated rectangle marks the position of the entrance slit. The arrow indicates the scanning direction. A
box outlines the area in which the intensity is integrated and used to evaluate the intensity variation with time.
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Fig.4 Displacement vectors inferred from the TiO slit-jaw images during one scan in both the slit (a) and scanning (b) directions.
A solid line in each panel represents a least-squares linear fit.
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Fig.5 Displacement vectors in both the slit (a) and scanning (b) directions spanning about 3 seconds. Imaging motions at the times
when the Ha spectral data (the TiO slit-jaw image) are taken are represented by red (blue) rhombi.
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Fig.7 Two-dimensional intensity map of the active region NOAA 12661, composed at the Hev line center with the different spatial

samplings and temporal resolutions.

re-arranged into one scanning position. The maximum
number of frames is 13 while the minimum is 0, which
indicates that some areas are scanned multiple times but
some are not scanned at all.

3.4 Composing into a Two-dimensional Map

At last, we combine all the spectra into 2D maps. We
implement different strategies for the composition in the
two situations mentioned above, i.e., the multiple-frame
and O-frame cases at each scanning position.

Case 1: When there are multiple frames present at
one scanning position, we take the averaged frame of
the multiples with the assumption that all of them basi-
cally correspond to the same position on the solar surface
within certain spatial and temporal resolutions. Actually,
we also apply the frame-selection methods with differ-
ent criteria, such as selecting the spectrum that is taken
when the quasi-simultaneous TiO slit-jaw image has
the strongest image contrast or identifying the spectrum
which shows the deepest specific line depth. However we
do not find any distinct improvement in the quality of

the composed image, and we therefore use the averaged
frame in practice.

Case 2: If there are no frames at a scanning posi-
tion, we usually apply cubic-interpolation to the neigh-
boring values when the 2D composed image is gener-
ated. However, when such a O-frame case occurs at many
scan steps, we need to consider a new spatial sampling
and temporal resolution to re-arrange the spectral data
in space, instead of relying on a fixed step size. As
shown in Figure 7 (from left to right respectively), we
consider different spatial samplings of 0.164”, 0.246"
and 0.492" with 60 s temporal resolution, to re-arrange
the sequentially observed spectral data into the correct
positions. When the spatial sampling is set as small
as 0.164”, which is about two times the pixel sam-
pling along the slit used to acquire the spectral data
(0.082"/pixel), it is found that several scanning positions
show O-frame cases, which are displayed by black lines
in the composed monochromatic intensity map. However
when we decrease the spatial sampling to a value of
0.492” the number of black lines becomes much fewer.
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Alternatively, we can increase the number of initial frame
acquisitions at each scan step or combine several succes-
sive scans into one. Of course, this inevitably decreases
the temporal resolution of the raster scan. Also, as shown
in Figure 7, we compose a 2D intensity map using the
spectral data taken in two successive scans (i.e., in the
bottom row). This case is equal to taking one dense scan
over the 50” FOV, but the time consumption (i.e., the
time evolution) is correspondingly extended by about
120s.

In short, both the spatial sampling and temporal res-
olution have to be reasonably taken into account when
re-arranging the spectra in order to eventually compose a
2D map that meets the differing needs of various scien-
tific studies.

4 RESULTS AND EVALUATION

We compare 2D composed intensity maps before and
after solar motion correction in Figure 8. Two different
observations are exhibited. Figure 8(a)—(f) shows a 110-
step raster over the active region NOAA 12661 on 2017
June 7, while Figure 8(g)—(j) shows a 100-step raster
over NOAA 12671 on 2017 August 22. The left column
displays results which are directly composed by spectra
taken sequentially, and the right column features the ones
composed by spectra re-arranged in the scanning direc-
tion and corrected in the slit direction. The spatial sam-
pling is considered to be the same for both data sets (i.e.,
equal to the initial scan step size of 0.45"). It is clearly
seen that some solar structures in the original map have
many more burrs than those in the map after the motion
correction, particularly in the regions pointed out by the
arrows, such as sunspots with strong intensity contrast in
the photosphere (e.g., Fig. 8(a), (b), (g) and (h)) and a fil-
ament located at the adjacent quiet region (e.g., Fig. 8(c)
and (d)). We also find that although the seeing in the sec-
ond data is much better than that in the first, the burrs are
still clearly present around the sunspots. This means that
most of these burrs are caused by malposition and drift
of the slit position during scanning.

The above burrs can result in intensity fluctuation
and even structure deformation in 2D maps, therefore
we use two methods to quantitatively evaluate the com-
posed images. Firstly we select a sub-region in which
sunspots or bright structures are present. Then we cal-
culate the second-order finite differences in this region
using every three neighboring pixels. The rms of the
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second-order finite difference reflects the intensity fluc-
tuation. For example, in the first observation we focus
on a bright plage seen in the monochromatic image of
the Ha line center (Fig. 8(e) and (f)). The rms is cal-
culated to be about 0.021 based on the original 2D map
and 0.015 based on the corrected image. In the second
observation which has a better seeing condition, we fo-
cus on a sunspot area visible in the monochromatic im-
age at continuum (Fig. 8(g) and (h)). The rms is about
0.020 before the motion correction and becomes 0.016
after it. Both results demonstrate that almost 1/4 of the
intensity fluctuation is caused by burrs, which is elimi-
nated after the motion correction. Secondly, we compare
the similarity between the 2D intensity image composed
at continuum (see Fig. 8(a-b) and (g-h)) and the TiO slit-
jaw images. This comparison is in terms of the Structural
Similarity Index Measurement (SSIM). The TiO slit-jaw
images need to be firstly resized to the same spatial res-
olution as the composed maps. Specifically, for the first
observation, the SSIM between the TiO slit-jaw image
and Figure 8(a) is about 0.85. After the motion correction
(e.g., Fig. 8(b)), the SSIM is about 0.91. For the second
observation, the SSIM increases from about 0.90 to 0.94
after the motion correction. In brief, quantitative evalua-
tions resulting from the two methods show the quality of
the raster images is improved after motion correction. It
is also found that given a certain spatial sampling and
temporal resolution, the spatial resolution of the com-
posed 2D map could be close to that of the slit-jaw image.

Besides the measured quantities like line intensity,
we can also obtain a 2D map of inferred quantities like
the LOS velocity. The LOS velocity is derived using
the center-of-gravity method from a specific line profile.
Moreover, the 32 A-wavelength range in the Ho band al-
lows us to observe photospheric and chromospheric lines
simultaneously. In addition, telluric lines can also be used
as wavelength references to calculate the absolute LOS
velocity. In Figure 9, we display the LOS velocities of
two active regions in the photosphere in panels (a) and
(c). These images were retrieved from the photospheric
Fe I (6574.2A) line. Besides the granular pattern of ve-
locity, large-scale Evershed flows around sunspots are
clearly present along the penumbral filaments. It is re-
vealed that the speed varies from around 1 km s~ at the
border between the umbra and the penumbra to a maxi-
mum of 1.8 km s~ in the middle of the penumbra and
falls off to zero at the outer edge of the penumbra. This
spatial distribution is in agreement with a previous ob-
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servation (Rimmele & Marino 2006). Panels (b) and (d)
are LOS velocities in the chromosphere inferred from the
Ha line. Although the Evershed flow around sunspot is
not very distinct here, our other observational data clearly
show a reversal flow present in the chromosphere (Xu
et al. 2010). In addition, large scale velocities are found
around the filament structure, while fast downflows are
detected at the footprints of the arch filament system.

5 CONCLUSIONS AND DISCUSSION

Our system allows us to employ multi-channel high reso-
lution imaging with a multi-wavelength spectrograph co-
temporally, co-spatially and co-focally at the NVST. The
slit position can be precisely determined in the FOV of
the imaging system, which makes it possible to use the
imaging system as a slit-jaw recorder to monitor the so-
lar image motion during the scanning, even though there
is no visible slit in its FOV.

Taking advantage of this convenience, we detect the
spectra displacement vectors of the solar image motion
during the spatial scanning from broad-band imaging ob-
servations (e.g., the TiO-band). The displacement vectors
include both the scanning and wobble motions. Without
any image stabilizer, the random motion of the solar
image under study could instantaneously reach up to
1.3 arcsec or more, which is almost three times larger
than the spatial sampling (typically equal to the slit
width, 0.45"") and severely decrease the spatial resolution
of the 2D spectroscopy observations.

As a next step, these displacement values need to be
linearly interpolated to get the values when the spectral
data (e.g., the Ha) are quasi-simultaneously taken. At
present, the slit-jaw images and spectral data are not syn-
chronously acquired, but the acquisition rates are com-
parable. After that, the series of spectral data originally
taken in time sequence are corrected (in the slit direction)
and re-arranged (in the scanning direction) in space. Two
techniques are used to evaluate the resulting quality of
the newly composed 2D maps. The spatial resolution is
fairly improved and close to the one of the slit-jaw im-
ages.

However, a small amount of burrs still exist in the
corrected raster 2D maps. It is obvious at the edge of so-
lar structures which are expected to be smooth. The rea-
son could be that the acquisition speeds of spectral data
and slit-jaw images are not strictly synchronized. The
interpolated displacement vectors of the spectral data
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might be different from the real case. Synchronous obser-
vations need to be carefully considered in the next step.

In addition, an image co-correlation algorithm is
used to calculate the displacement vector in this work.
But it is much less prominent when there are no any ap-
parent structures, such as sunspots or pores inside the
field-of-view of the slit-jaw observed in the TiO image
channel. There are two solutions for this case. On one
hand, we expect the seeing is so good that granular struc-
tures can be used to do the image co-correction. On the
other hand, we can employ the He 10830 or Ha image
channels as the slit-jaw recorder since it is possible that
more “apparent structures” can be present in the chromo-
sphere than in the photosphere.

From this work we also realize the necessity of the
image stabilizer in order to reduce the image random
motion (or shaking) during the scanning, which is quite
large compared with the spatial sampling. Otherwise, an
enormous amount of data is needed when one wants to
achieve high spatial resolution of the 2D spectroscopy
by using the technique under study. In addition, given
the present parameter settings (i.e., the spatial sampling
is 0.45"; five frames are acquired at each slit position, ex-
posure time of the Ho line is about 60 ms), it takes about
60 s to generate a 2D map with the size of 60" in the scan-
ning direction to achieve a spatial resolution of about 2"
Therefore we think it is not very practical for the high
temporal resolution requirement of an active region. A
typical size of an active region is about 120”-180", as a
result, about 2-3 minutes are needed to accomplish the
scanning.
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