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1. Introduction

The Advanced Camera for Surveys (ACS) CCD Electronics Box Replacement includes a
SIDECAR2 Application-Specific Integrated Circuit (ASIC) that exhibits a low frequency
noise (1mHz to 1Hz) on the bias and reference voltages it generates for the Wide Field
Channel CCDs (Loose 2011).

This noise contribution, first seen in thermal-vac testing, does not matter for bias
voltages going to the CCD since it is cancelled out by correlated double sampling (CDS).
However, there is one reference voltage from the ASIC that is used to o!set the signal,
applied after the CDS stage. Here, the noise does not cancel out, and manifests as a slow
moving variation of the baseline.

In practice, we observe a “striping” noise in all post-SM4 Wide Field Channel (WFC)
images, virtually uniform across both amplifier readouts (the entire 4096 columns) of each
WFC CCD. An example of this phenomenon is shown in Figure 1, where we have taken
a post-SM4 bias frame and subtracted the (!stripe-free) calibration superbias to remove
fixed bias structure and thereby highlight the striping noise.

2. Characterization

Because of the uniformity of the striping across WFC rows (standard deviation between
amplifiers on the same CCD is at the 0.3e! level), it is straightforward to characterize and
remove this low-level 1/f noise from individual WFC bias frames, as seen in Figure 2. The
amplitude distribution of the striping noise, shown in Figure 3, is well approximated by
a Gaussian with !G = 0.75e!: less than 20% of the WFC readnoise. The distribution
has an enhanced negative tail that results in an overall standard deviation of ! " 0.9e!.
Figure 4 illustrates the nearly 1/f power spectrum (crosses), as averaged from the striping
patterns extracted from an ensemble of 16 post-SM4 bias frames. The corresponding WFC
readnoise power spectrum is represented in this figure (blue dots) by an ensemble of 16
simulated white-noise-only images with ! = 4e!. We superpose an arbitrarily normalized
1/f profile (dotted red line) for comparison.

Averaging N bias images diminishes the 1/f noise nearly as N!1/2 (Fig. 5, dashed blue
line). A non-linear power-law fit to the noise dampening (Fig. 5, dotted red line) yields a
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best-fit relation of:

d(log10!)/d(log10N) = !1/[2.1562 ! 0.1408 log10N + 0.1700 (log10N)2].

Because of this dampening, the overall noise in the post-SM4 WFC superbias calibration
images approaches pre-2007 levels without the need for frame-by-frame stripe removal.

We have investigated the long-term stability of the bias striping characteristics by
analysing subsets of biases segregated according to the "monthly ACS anneal cycle. During
the first year of post-SM4 WFC operation, the histogram of bias striping amplitude appears
to be highly stable. Figure 6 plots the Gaussian width of the striping noise from month to
month over the span July 2009 – June 2010. There is very little change, and at the ±0.02e!

level. Such variation is negligible when plotted relative to the 4e! readnoise.
The bias striping is not well estimated by the limited WFC overscan regions alone,

complicating stripe removal from individual non-bias frames such as science exposures and
the calibration darks. A WFC superdark calibration image (average of # 24 individual dark
exposures) is e!ectively stripe-free. However ACS/WFC science programs rarely comprise
so many frames (at a fixed orientation on the sky) to average away the striping noise. Image
structure along the Y-axis in a science (or dark) exposure runs the risk of being mistakenly
removed along with the bias stripes.

3. Mitigation Methodology

We designed and tested three di!erent codes for automated bias-stripe removal from science
images, each performing row-by-row correction with di!erent algorithms for modeling the
stripes in the presence of increasingly complex astronomical scenes.

The first method was a minimally altered translation of the code already made available
by STScI to correct a qualitatively similar bias anomaly appearing in later WFPC2 WF4
images (Biretta & Gonzaga 2005). This “wdestreak” algorithm, described in detail by
Maybhate et al. (2008), iteratively created a global mask of presumed non-sky pixels, then
proceeded with a row-by-row determination of the non-masked pixel mean, and finally
corrected each row by the di!erence between the row mean and the global mean of unmasked
pixels.

The second method treated each row of the CCD entirely independently, and deter-
mined the sky+stripe level of a given row by fitting a Gaussian to the !-clipped histogram
of pixel intensities along the row. Each row was then corrected so that all had the same
Gaussian-fit centroid.

The third method also used a row-by-row sky fitting algorithm, but in this case the
sky+stripe level was determined in a manner similar to SExtractor’s (Bertin & Arnouts
1996): iterative !-clipping to reject non-sky pixels, then a hybrid mean & median estimator
applied to the remaining pixels to compensate for slight distortion of the pixel histogram due
to low-level flux from astronomical sources and cosmic-ray hits. In detail, the algorithm
performed $ 15 iterations of 2! clipping, and then determined the sky+stripe level as
2.5 % Median ! 1.5 % Mean.

Our test suite comprised four pre-failure WFC programs spanning a broad range in sky
level and scene complexity. These include the large galaxy NGC 1300 (Fig. 7), the crowded
stellar field 47 Tucanae (Fig. 8), and long-exposure “blank field” images with wide-band
filters (Fig. 9) and narrow-band filters (Fig. 10). We seeded each of the pre-failure images
(from 8 to 40 in the four programs) with 30 independent realizations of the striping noise
as measured from post-SM4 bias frames. To better assess the stripe recovery as a function
of background noise level, we repeated the simulations with twice the signal level in the
pre-SM4 frames — treating these GAIN=1e!/DN images as 2e!/DN iamges. Figure 11
shows the total range of image complexity probed by our simulations, as summarized by
!-clipped image mean and standard deviation. Because the post-SM4 ACS/WFC readnoise
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(dotted line in Fig. 11) is lower than the pre-failure readnoise, our simulations were unable
to probe stripe removal e!ectiveness all the way down to current readnoise levels, even with
short exposures in narrow-band filters.

4. Mitigation Testing

We rated performance of striping mitigation by comparing the standard deviations of the
residual (improperly-corrected) striping for each algorithm. Figure 12 shows the results for
each of the four astronomical scenes, plotted against image complexity as summarized by
the scene standard deviation. In these plots, method #1 results are shown in red, method
#2 in green, and method #3 in blue. In some cases, an algorithm !identically recovered 30
di!erent stripe seedings of a given image to the same fidelity, resulting in pile-up of symbols
on Figure 12.

Overall the top-performing code, and the one we have chosen for public release to
the ACS/WFC user community, was method #3. Not surprisingly, the best results were
achieved for the narrow- and wide-band “blank field” images, where the injected striping
noise was reduced to 0.3e! and 0.4e!, respectively. The CCD-spanning “large galaxy” case
had uneven results, worsening the scatter to 2e! in half the trials. All the codes failed
badly for the crowded stellar field 47 Tuc, often worsening the scatter to " 10e!. Due to
these instances of poor performance, de-striping is not yet incorporated into the automated
ACS calibration pipeline (“calacs”). In September 2010, STScI is making available the
stripe-removal code as a stand-alone Python script.

5. Conclusions

Although the eye easily picks out the row-correlated striping in post-SM4 ACS/WFC im-
ages, we emphasize that the standard deviation of this striping noise is < 25% of the
WFC readnoise. Our post-SM4 observations of WFC photometric calibration fields show
no measurable impact upon aperture photometry of compact sources with local background
estimation.

In the case of science programs where low-level, row-correlated noise may be a severe
systematic contamination, such as weak-lensing or faint-isophotal analyses, we recommend
the use of the STScI-tested de-striping algorithm. This algorithm may also be generically
useful for cosmetic improvement of image mosaics, as can be seen for the large galaxy NGC
6217 observed in the H! filter (Fig. 13) as the post-SM4 first-light target.
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Figure 1: A single post-SM4 ACS/WFC bias frame, which has been superbias-subtracted
to remove fixed bias structure. The linear stretch shown at bottom is in units of DN, for
gain setting 2.0 e!/DN. The row-correlated 1/f “striping noise” is easily detected by the
eye, though the standard deviation of this noise is less than 25% of the pixel-to-pixel read
noise.
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Figure 2: Identical post-SM4 bias frame as shown in Figure 1, but now with the de-striping
algorithm applied. Given the near-perfect stripe removal, only pixel-to-pixel read noise re-
mains, along with a few bad columns and sparse, CTE-trailed cosmic ray hits that occurred
during read-out.
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Figure 3: (Left)Stripe intensities from 319 ACS/WFC bias frames (4096 stripes in each) in
the first year after SM4. The best-fit Gaussian to the peak (red dashed line) has a width
of !G = 0.74e!. The full distribution, with negative skewness, has ! ! 0.9e!.

Figure 4: (Right)Power spectrum of the Y-axis bias striping, averaged from 16 bias frames.
Simulated white-noise spectrum matched to the 4e! WFC readnoise is shown as blue dots.

Figure 5: (Left) Data points illustrate the ! N!1/2 reduction in striping noise measured
from N averaged post-SM4 bias frames. The STScI calibration superbiases and superdarks
currently mitigate striping noise via large-N averaging, rather than frame-by-frame stripe
removal.

Figure 6: (Right) Long-term stability in the Gaussian width of the striping amplitude, !G,
as measured from bias frames in successive "monthly ACS anneal cycles following SM4.
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Figure 7: Representative ACS/WFC large galaxy field (NGC 1300) exposures, from pre-
failure Program 10342, used in the testing of optimal de-striping algorithms. The upper
two exposures are 380 sec with F435W (left) and 340 sec with F814W (right). The lower
two exposures are 380 sec with F658N (left) and 340 sec with F555W (right).
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Figure 8: Representative ACS/WFC crowded stellar field (47 Tuc) exposures, from pre-
failure Program 10775, used in the testing of optimal de-striping algorithms. The upper
two exposures are 3 sec (left) and 50 sec (right) with F606W. The lower two exposures are
3 sec (left) and 50 sec (right) with F814W.
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Figure 9: Representative ACS/WFC wide-band blank field exposures, from pre-failure Pro-
gram 10809, used in the testing of optimal de-striping algorithms. The upper two exposures
are 513 sec (left) and 514 sec (right) with F606W. The lower two exposures are 513 sec (left)
and 514 sec (right) with F814W.



490 Grogin, Lim, Hook, Maybhate, & Loose

Figure 10: Representative ACS/WFC narrow-band blank field exposures, from pre-failure
Program 10843, used in the testing of optimal de-striping algorithms. The upper two
exposures are 357 sec with F660N. The lower two exposures are 1437 sec with F658N.
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Figure 11: Image complexity among the astronomical scenes chosen to test stripe-removal
algorithms. Simulations were run twice, at (actual) GAIN=1e!/DN and at 2e!/DN.

Figure 12: Fidelity of recovered bias striping for the three estimation methods (labeled red;
green; blue) described in the text, measured as standard deviation of residual striping for
high-noise (squares) and low-noise (crosses) realizations of: a large galaxy (upper left); a
crowded stellar field (upper right); a wide-band blank field exposure (lower left); and a
narrow-band blank field exposure (lower right). The standard deviation of the simulated
striping, ! = 0.9e!, is shown as the horizontal dotted line in each plot.
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Figure 13: The ACS/WFC post-SM4 first-light mosaic, galaxy NGC 6217 in F658N (H!),
with extreme stretch to contrast corrected (right) and uncorrected (left) bias striping.


