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Abstract We present a method to infer small-scale flatfields for imaging solar instruments
using only regular-observation intensity images with a fixed field of view. The method is
related to the flatfielding method developed by Kuhn, Lin, and Loranz (Publ. Astron. Soc.
Pac. 103, 1097 – 1108, 1991), but does not require image offsets. Instead, it takes advantage
of the fact that the solar image is changing in the CCD reference frame due to solar rotation.
We apply the method to data sets of MDI filtergrams and compare the results to flat fields
derived with other methods. Finally, we discuss the planned implementation of this method
in the data processing for Helioseismic and Magnetic Imager on the Solar Dynamics Obser-
vatory.

Keywords Helioseismology, observations · Instrumental effects · Cosmic rays, solar ·
Cosmic rays, galactic

1. Introduction

A flatfield is the instrumental image of a spatially-homogeneous light source. Once known,
spatial inhomogeneities in the instrumental response can be corrected for by dividing the
obtained images by the flatfield. On small scales, flatfields are generally dominated by the
gain variations of the CCD, whereas on larger scales, both CCD features and optical inho-
mogeneities can be recognized in the flatfield.

The rather simple idea of illuminating the instrument with a homogeneous light source is
limited in practice by the fact that it is almost impossible to find a truly-homogeneous light
source (or, equivalently, a source with an accurately known spatial variation). For imaging
solar instruments, the time-averaged quiet Sun qualifies as a light source with a fairly well-
known spatial variation of the intensity (i.e., the limb darkening function), but in the presence
of active regions flatfields cannot be derived by simply adding up frames. One approach to
obtain flatfields directly from solar images is to mask out active regions. Potts and Diver
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(2008) produced MDI high-resolution flatfields by using simultaneous magnetograms to cut
out active regions before averaging the frames.

In this paper, we present a method that uses regular-observation data to obtain the flat-
field. Although the method of rotational flatfields is more general, we present an algorithm
that is customized to monitor the small-scale flatfield of the upcoming Helioseismic and
Magnetic Imager (HMI). Its performance is demonstrated using similar data sets from the
Michelson Doppler Imager (MDI) (Scherrer et al., 1995).

Space instruments suffer from cosmic-ray hits that can lead to permanent radiation dam-
age of single pixels or neighboring pixels. The damage leads to pixels with permanently low
gain. Schou (2004) investigated the radiation damage suffered by MDI from 1996 through
2003 and found pixels with a drop in gain of more than 20%. The damage accumulates
over the lifetime of the mission. The flatfield can also change from outgassing and conden-
sation at the CCD, in particular at the beginning of the mission. “Monitoring” the flatfield
using ordinary observation data can provide a periodic update to the small-scale flatfield.
HMI requires a high precision in the small-scale flatfield, as filtergrams have to be interpo-
lated spatially to make observables. Our goal is to determine the small-scale flatfield to an
accuracy of 0.1%, in line with the specifications for the HMI instrument.

The method developed by Kuhn, Lin, and Loranz (1991) does not rely on a homogeneous
light source, but instead offsets the field of view in different directions and magnitudes to
separate the spatial variation of the light source from the spatial variation of the instrumen-
tal response: relatively few frames are sufficient to obtain a reliable flatfield on small and
large scales. The underlying assumption that the Sun does not change while the sequence
of images is recorded is easily violated and represents a major source of noise in the offset
flatfields. For MDI and HMI, the field of view can be offset either by moving the spacecraft,
or by using the piezo-electric transductors (PZT). Moving the spacecraft can be rather slow
on the time-scale of solar granulation, while the PZT can only provide small offsets, leaving
the large-scale flatfield poorly constrained.

The rotational flatfielding presented in this paper does not require offpointing, but instead
relies on the rotating Sun providing a natural offset of the solar pattern.

In order to make rotational flatfields, the data sets used for flatfielding need to meet the
following requirements:

i) The data set must be a set of identical intensity images, preferably recorded at regular
cadence, as an irregular cadence increases the computational burden substantially. Data
gaps are acceptable as long as there are enough pairs of images with a constant time
difference. The cadence must be substantially shorter than the lifetime of the imaged
solar structure.

ii) The field of view must be the same for each pair of valid frames. Jumps in the field of
view are acceptable as long as there are enough pairs of images with the same field of
view.

iii) The Nyquist criterion must be fulfilled, i.e., the sampling must comply with the spatial
cutoff frequency set by the Modulation Transfer Function.

2. Solar Rotation

The rotational flatfields require a-priori knowledge of the rotational shifts in the image
plane. The projection of the rotational shift onto the image plane depends on the location of
the observing instrument with respect to the solar rotation axis, and it is therefore a function
of the B angle and the P angle. We will consider both the B angle and the P angle to be
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constant during the time the data set under consideration is obtained. This will put certain
constraints on the maximum length of the data sets used.

Solar rotation in the image plane is a two-dimensional vector field which will be calcu-
lated using ephemeris data and information about the roll angle, the image scale, and the
pointing of the instrument. Also, a model for the differential rotation needs to be applied.

It is important to note that the rotational shift becomes small towards the limb of the disk.
For zero B angle, it vanishes altogether. The constraint on the rotational flatfield is therefore
expected to become poor towards the limb.

The rotational shift over the regular 60-second cadence of MDI high-resolution data at
disk center is roughly one-fourth of a pixel. The small shift is the reason that the large scales
of the rotational flatfield are basically unconstrained. For HMI, we get a similar shift at disk
center.

3. Equations

We follow Kuhn, Lin, and Loranz (1991) in considering the logarithm of the signal instead
of the signal itself. As will become evident below, linearly interpolating in the logarithm
instead of the quantity itself simplifies the calculations considerably, while the systematic
error introduced is much lower than 0.1% for flatfield values within 40% of unity.

We consider two neighboring frames, k and k + 1, and match them by shifting one of
the frames spatially to compensate for solar rotation in the time between the two exposures.
The limb-darkening corrected1 signal at pixel {i, j} in a given frame k can be expressed in
terms of the following frame k + 1:

Sk
i,j = γ00S

k+1
i,j + γ10S

k+1
i+dx ,j + γ01S

k+1
i,j+dy

+ γ11S
k+1
i+dx ,j+dy

. (1)

Conversely, shifting the earlier frame to the position of the later, we obtain

Sk+1
i,j = γ00S

k
i,j + γ10S

k
i−dx ,j + γ01S

k
i,j−dy

+ γ11S
k
i−dx ,j−dy

. (2)

Here, dx and dy are +1 and −1 depending on the direction of rotation in the horizontal and
vertical direction, and the linear interpolation coefficients are given by

γ00 = (1 − rx)(1 − ry),

γ01 = (1 − rx)ry,

γ10 = rx(1 − ry),

γ11 = rxry,

(3)

where rx and ry are the absolute value of the horizontal and vertical rotational shift in pixels.
We note that dx and dy generally depend on location for non-zero B-angle. All equations in
this paper assume a sub-pixel rotational shift, as is the case for HMI and MDI. A general-
ization to shifts with more than one pixel is possible, although it alters the structure of the
equations as well as the constraints on the flatfield. Equations (1) and (2) basically contain

1Note that the limb darkening correction is only important where the limb darkening function is sufficiently
steep. For disk – center data such as MDI high resolution data, it can be neglected.
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the same information, but using both equations makes the system symmetric in the direction
of rotation. The logarithm of the solar signal is given by

Sk
i,j = Dk

i,j − Gi,j , (4)

where Dk
i,j is the logarithm of the dark-subtracted and limb-darkening corrected raw signal,

and Gi,j is the logarithm of the gain.
Combining Equation (4) with Equations (1) and (2) leads to
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Note, that the left-hand side of both equations is independent of the data. This is the benefit
of using the logarithmic quantities.

The linear Equations (5) and (6) can also be written in matrix form:

A1g = bk
1, (7)

A2g = bk
2, (8)

where A1 and A2 are block – bidiagonal matrices of size np × np (with np being the number
of pixels in the array), g is the vector containing all components Gi,j , and bk

1 and bk
2 are the

vectors representing the corresponding right-hand side of Equations (5) and (6).
The flatfield is obtained from the vector g that minimizes the expression:

{∑
k

∥∥A1g − bk
1

∥∥2 + ∥∥A2g − bk
2

∥∥2 + λ||g||2
}

. (9)

We added a L2 norm regularization controlled by the parameter λ. The regularization
forces the unconstrained additive constant in G to zero (thereby ensuring a mean flatfield of
one) and acts as a high-pass filter to the flatfield. The regularization needs to be carefully
adjusted to the data and the flatfield, as a higher regularization parameter both decreases the
variance and increases the bias of the estimated flatfield.

The solution to the least-square problem satisfies the equation:

n
(
AT

1 A1 + AT
2 A2 + λ′I

)
g = AT

1

∑
k

bk
1 + AT

2

∑
k

bk
2, (10)

where k runs over all frames for which both frames k and k + 1 are valid, n is the number
of all valid pairs of frames in the data set, I is the identity matrix, and λ′ = λ/n. The
suppression of low frequencies is controlled by the parameter λ′.
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4. Numerical Solution

For HMI, Equation (10) is a system of about 11.7 million linear equations2 and as many un-
knowns. In order to solve it efficiently, we need to take advantage of the particular structure
of the matrix of coefficients.

It has a block – tridiagonal structure, with each block representing a row (or a column)
of pixels, and is solved using a block relaxation method, which works analogously to the
Gauss – Seidel relaxation method, but instead of one pixel it solves for one row (or one
column) at a time, and iteratively propagates the solution in the perpendicular direction. For
each row, the problem reduces to solving a tridiagonal linear system, for which effective
standard solutions exist (“Thomas Algorithm”).

As HMI might operate at different P angles at times, we need to make sure that the
code runs for all P angles. As the solar rotation introduces a preferred direction, an align-
ment of the rows (or columns) of the CCD with the direction of rotation leads to the best
convergence. This can be achieved for P angles of 0◦ and 90◦. For P angles above 45◦, we ex-
change the indices for rows and columns. For P angles far from the horizontal and vertical,
the convergence can be slower by orders of magnitude. Using a Simultaneous Overrelax-
ation Method (Hageman and Young, 1981, see also Toussaint, Harvey, and Toussaint, 2003)
for application to a flatfielding algorithm) helps to speed up the convergence. We found that
the optimal overrelaxation parameter is a strong function of the P angle, with higher values
working better for P angles far from the horizontal or vertical.

5. Tests with MDI Data

5.1. MDI Continuum Intensity

We tested the algorithm with MDI high-resolution intensity data. The level-zero continuum
intensity (“I0”) data represent one of the five MDI filtergrams. For HMI, all filtergrams
will be available all of the time. Continuum intensity data are abundant and resemble the
HMI filtergrams both in spatial resolution and cadence. However, they are restricted to the
center of the disk. We note that MDI full-disk data are severely undersampled, so they can-
not be used to produce rotational flatfields. As an unfortunate consequence, we cannot test
the performance of the rotational-flatfield algorithm near the limb, which will be important
for HMI.

We calculated the flatfield of two temporally-adjacent data sets, each containing about
450 frames, and a data set of the same length ten month later. The difference of the flatfields
from the adjacent data sets serves as an estimate for the noise. The difference of the time-
separated flatfields gives information about the change in the flatfield in the meantime.

Figure 1 shows the histogram of the difference of the flatfields. The tail of the Gaussian
distribution represents the pixels with a substantial loss in gain. For the difference of the
near-contemporal flatfields which provides an estimate of the solar noise, we see a Gaussian
distribution with a width of roughly 0.16%. The widening of the Gaussian part of the distri-
bution with time points towards small scale, but large-area flatfield changes also.

Assuming that just a few pixels change gain between two flatfields, we can derive a de-
tection limit for a pixel changing its gain. Assuming the noise to be spatially homogeneous,

2There is no rotational flatfield for pixels beyond the limb. A certain number of pixels inside the limb also
have to be cropped, because the rotational shift is too low there.
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Figure 1 Histogram of the difference of the two flatfields from data sets ten months apart (stars), and the
difference from two flatfields from the same day in June 1999 (diamonds). The Gaussian distribution of the
diamonds reflects the solar noise in the flatfields, because the flatfield can be assumed to be unchanged within
such a short time. The stars show the flatfield change after ten months. There are at least two pixels with
a substantial loss in gain, and a slight increase in the width of the Gaussian, indicating a minor small scale
flatfield change on a large area.

we can derive a probability density function for a given flatfield value occurring at a single
pixel as part of the normal noise distribution. Doing so, we obtain an implicit expression for
the detection limit (l), above which a pixel can be considered having undergone a substantial
change in gain: (

erf

(
l√
2σ

))np

= 1 − p, (11)

where erf is the error function, σ is the standard deviation of the noise, and p is the residual
probability of a spurious detection.

If we set p to 1%, we obtain a detection limit of 5.6 σ or 0.90% for the given array of
half a million pixels.

We note that σ decreases with a higher regularization parameter. However, the regular-
ization parameter needs to be small enough to not introduce any substantial bias above the
required limit of accuracy.

In order to determine the scale beyond which the flatfields are noise dominated, we com-
pare the power spectrum of the flatfields which are derived from time-adjacent data sets. In
Figure 2 we show the power spectrum in the horizontal direction (i.e., the direction of rota-
tion), the vertical direction for the flatfield, and the power of the ratio of the two flatfields.
As the two flatfields are supposed to be identical, their ratio should show little power com-
pared to the flatfield itself. The signal-to-noise ratio is only high for the very small scales.
Details depend on the length of the data set and the tuning of the regularization parameter.
A good signal-to-noise ratio is important to obtain a reliable “secondary flatfield”. A “sec-
ondary flatfield” is derived from data already flatfielded with an existing flatfield. With MDI,
we have observed not only isolated pixels going bad, but also small-scale flatfield changes
on larger areas, possibly a result of condensation on the CCD. Should anything similar be
observed during the HMI mission, we plan to apply a high-pass-filtered rotational flatfield
as a secondary flatfield.
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Figure 2 Power spectrum of the flat field in the horizontal and vertical directions (where the horizontal axis
is the fast scan axis and the vertical axis is the slow scan axis) and the power of the solar noise in the flatfield
obtained from two data sets close in time. The signal-to-noise ratio is high only on the very short scales of
a few pixels. The spatial scale is defined as 2π/k, where k is the magnitude of the wave number in the 2D
Fourier transform.

5.2. MDI Line-Profile Campaigns

So called “line profile campaigns” downlink all of the filtergrams for a limited area of the
MDI CCD. In the unbinned version, we have a 256×256 field for a chosen section within the
high-resolution field of view. These campaigns are of interest, because they closely resemble
the HMI data with all filtergrams available, although on a much smaller field of view.

The noise in the flatfields is largely of solar origin. Therefore, if we derive a flatfield for
each filtergram separately, the noise in each of them is highly correlated. The noise level
turns out to be higher for the filtergrams near the line center, which show a more rapid vari-
ation in time. The flatfield on small scales is dominated by the CCD, and it should therefore
be the same for all filtergrams. First, we estimate the noise in each filtergram from a 14-hour-
long data set from April 2005. The data are divided in two chunks of equal length, and the
root-mean-square of the difference of the flatfields is a measure of the noise level. The right
panel of Figure 3 shows the covariance matrix of the noise. Given the covariance matrix and
the flatfields for the individual filtergrams, the optimally weighted average is given by

ḡ =
∑

f,f ′ �f,f ′gf ′∑
f f ′ �f,f ′

, (12)

where the gf are the flatfields derived from the different filtergrams, � is the inverse of the
covariance matrix, and ḡ is the optimally averaged flatfield.

The left panel of Figure 3 shows how the noise level in the different filtergrams varies.
Near line center, the signal samples a higher level in the atmosphere, and the filtergrams are
strongly affected by the Doppler shift of the line.

The optimally weighted average shows only a marginal improvement of a few percent
compared to the single filtergram flatfield which has the lowest noise level (i.e., the con-
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Figure 3 Left panel: Covariance matrix of the noise in the flatfields obtained from different filtergrams.
The noise is estimated from the difference of two flatfields derived from temporally adjacent data series. The
values of the covariance matrix have been normalized to the maximum value. Right panel: Noise level in the
flat field as a function of the number of frames. The noise falls off with the square root of the number of
frames. The filtergrams show a very different noise level. As the noise is highly correlated, the improvements
from an optimally weighted average (lowest graph) are minor.

tinuum filtergram). This is because the errors in the near continuum filtergrams, where the
noise level is low, are highly correlated and do not provide independent information, whereas
the filtergrams near line center, where the noise is largely independent have a substantially
higher noise and consequentially get a lower weight in the average. Figure 3 also demon-
strates that the noise is dominated by the varying solar structure, not by the photon noise,
which is about one magnitude smaller.

6. HMI Flatfield Monitoring

HMI will record Dopplergrams, line-of-sight magnetograms, and continuum intensity at a
cadence of 45 – 50 seconds, while the vector magnetic field is recorded at a lower cadence.
This implies that one of the two HMI cameras will record identical filtergrams every 45 – 50
seconds, while the other camera may repeat identical filtergrams on a lower cadence.

As the small scales are dominated by the CCD flatfield features, we assume all filter-
grams to have the same small scale flatfield. After the flatfield has been retrieved from the
filtergram, we look at the difference of the rotational flatfield and a reference flatfield, which
can be either an offset flatfield or the previous rotational flatfield. The histogram of the dif-
ference will be Gaussian reflecting the noise that can be attributed to the time-varying solar
structure. Applying expression (11) to the number of illuminated pixels on HMI, we obtain
a detection limit of 6.1σ . Extrapolating the results we obtained from MDI, one day of data
results in a detection limit for bad pixels of 0.5%. Therefore, we expect to meet the nominal
requirement for HMI, i.e., a root-mean-square accuracy of the flatfield of 0.1%, using one
day of data. One month of data will bring us below a single-pixel accuracy of 0.1%, but
changes in the roll angle might prevent us from using very long data series. Also, the pace
and extent of the flatfield change will determine the length of the data series used for the
flatfield correction. Once a pixel has been identified as loosing gain within a given period of
time, it is straightforward to pin down the very moment of the pixel going bad, at least if the
drop exceeds the variation of the solar signal of ≈2% (see Schou, 2004).

If a more steady change of the small scale flatfield over large areas is observed, we intend
to apply a “secondary flatfield”. Undoubtedly, it will be a source of noise, but it will improve
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Figure 4 Average flatfield (upper panel), and the rotational flatfield (lower panel). The color scale has been
saturated to better show the spatial structure. The data set used for this plot contained close to 2000 frames,
comparable to a day of HMI data. Both flatfields have been filtered with a FWHM of three pixels high-pass
filter. The flatfields show the horizontal structure of the CCD and isolated low-gain pixels, which produce a
small ringing-pattern when the high-pass filter is applied.

the flatfield if the amplitude of the secondary flatfield is significantly above the noise level.
Pixels gone bad will be large spikes in the secondary flatfield, so in order to avoid any ringing
effects in the neighborhood of the spikes, we need to isolate them first before the high-pass
filter is applied.

We note that the performance of the algorithm on HMI data cannot be fully inferred from
MDI data. The data will be taken in a different absorption line (which will affect the noise
level of the flatfields from the different filtergrams), and the cadence will be higher or lower,
depending on the frame list that will be used. HMI data from the ground are not suitable
because of strong atmospheric disturbances.

7. Average Flatfield versus Rotational Flatfield

We compare the rotational flatfield with a flatfield derived from frame-averaging. We applied
the rotational flatfield method to a data set that has been used by Potts and Diver (2008) to
obtain average flat fields.
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Figure 5 The horizontal and vertical power spectra of the rotational flatfield, and the power of the ratio of the
rotational and the average flatfield. From top to bottom at the left-hand side of the graph, the lines represent
the power in the vertical direction, the power in the horizontal direction, the power of the ratio in vertical
direction, and the power of the ratio in horizontal direction. The peaks in the power of the vertical direction
are a consequence of the structure of the CCD. Note that the rotational flatfield is better constrained in the
horizontal direction, which is the main direction of rotation.

Figure 4 shows the two flatfields on small scales.3 The horizontal lines reflect the struc-
ture on the CCD, which is also visible in the (nominal) offset flatfields. Figure 5 shows the
power spectrum of the rotational flatfield and the power spectrum of the ratio of a rotational
flatfield and an average flatfield.

A (limb-darkening corrected) average flatfield has the clear advantage of giving a reli-
able flat field on all scales. When the Sun is free of activity, it can be used as a calibration
standard for the rotational flatfield to tune the regularization parameter and perform an ade-
quate frequency filtering. Figure 5 shows that the rotational flatfield and the average flatfield
agree very well on scales below three pixels (where the spatial scale is defined as the inverse
wavelength). The disadvantage of the average flatfield is that the active regions have to be
removed in a sometimes tedious way, and the noise level in the flatfield is spatially very
inhomogeneous as the number of averaged frames depends on the location on the CCD.
Rotational flatfields sometimes show traces of activity, but these traces are generally small
enough to not interfere with the detection of pixels that lost gain. Although the formalism of
the rotational flatfields involves the solution of a linear system after adding up frames, the
additional computational burden is low as solving the linear equations is efficient and inde-
pendent of the length of the data set. Unlike frame-averaging flatfields, no pixel selection is
required. Rotational flatfields are therefore a good choice to regularly monitor the flatfield
for continuous solar observation like HMI, if only the short scale flatfield is of interest.

8. Conclusion

We developed a method to obtain small-scale flatfields from raw solar intensity images using
solar rotation. The method has been developed for the upcoming Helioseismic and Magnetic
Imager, and has been demonstrated using MDI High Resolution data.

3The flatfields published in Potts and Diver (2008) are secondary flatfields produced from level 1.5 data. In
order to make them comparable to the rotational flatfields of this paper, they have to be multiplied by the
primary flatfield which is applied to calibrated MDI data.



Inferring Small-Scale Flatfields from Solar Rotation 341

The method is suitable for detecting and correcting gain reductions which occur ran-
domly due to the radiative environment in space. It can also be used to obtain secondary
flatfields in between the spacecraft offset flatfield and the PZT flatfields. The required accu-
racy of 0.1% can most likely be reached for the root-mean-square of the flatfield, but not for
single pixels. The method can be used for other imaging solar instruments with a fixed field
of view and regular cadence.

The method can be applied to other imaging solar space instruments, in particular photo-
spheric imagers (e.g., the Hinode/NFI and BFI images). The method could also be applied
to ground-based instruments, but the atmospheric perturbations will probably drive up the
noise level substantially.
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