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Abstract
We present a study of the temporal variations in the ACS/WFC bias prescan level following
SM4. We found two distinct properties of the bias level over time: 1) a nearly 50 electron
loss in bias level in the 3 years immediately following SM4; and 2) periodic behavior in the
bias level. A Lomb-Scargle periodogram analysis yielded four distinct periods in the bias
level of 364.60, 54.72, 42.19, and 23.84 days. We found similar periods in the temperature
of the CCD electronics box replacement (CEB-R), which suggested that small, ambient
thermal variations near the electronics were manifesting as fluctuations in observable
properties of the WFC CCDs. We connected the observed periods, in decreasing order of
period duration, to the orbit of Earth around the Sun, the precession of the ascending node
of the HST orbit, and the β angle of the telescope. We were not able to explain the origin
of the 23.84 day period. Regarding the loss of ∼50 electrons of bias level, we conjectured
that this behavior was the result of changes in the long-term performance of one of the
CEB-R components such as the ASIC.
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Introduction

In the Advanced Camera for Surveys (ACS) data calibration pipeline CALACS, the doblev.c
code, as part of acsccd.c, is responsible for subtraction of the bias pedestal. Each of the
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ACS Wide Field Channel (WFC) CCDs has dimensions of 2048 rows × 4144 columns, where
24 columns on each end of the CCD are not exposed to the sky. These physical prescan pixels
are used to measure the bias level for subtraction of the bias from the sky-exposed science
pixels. The bias level is independent for each of the four WFC readout amplifiers, and for
each amplifier region the bias level per row is determined as the linear fit to the mean of
the six prescan columns adjacent to the science pixels plus an additional constant for bias
drift correction. The pipeline records the mean bias level without the bias drift correction
in the primary header keywords BIASLEVA, BIASLEVB, BIASLEVC, and BIASLEVD for
readout amplifiers A, B, C, and D, respectively.
In this report, we investigate the stability of the ACS/WFC bias level measured from the
physical prescan columns. In Section 2, we describe the sources of our bias level measurements. We present our analysis methods and results in Section 3. We discuss our findings
in Section 4, and our conclusions are summarized in Section 5.
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Data

We queried the aforementioned bias level keywords in the primary headers of all ACS/WFC
images taken with CCDGAIN = 2.01 between Servicing Mission 4 (SM4; May 2009) and
01 Jan 2019. Only calibrated images with the BLEVCORR switch set to “PERFORM” had
the bias level keywords populated, thus bias and extended pixel edge response (EPER) images
were excluded from our analysis. We noted that dark images obtained near ACS anneals
had systematically low bias levels; therefore, we also excluded darks from our analysis.
Golimowski et al. (2011), Golimowski et al. (2017), and Desjardins (2019) found that the
bias properties of subarray data obtained between SM4 and Cycle 24 are different compared
to the full-frame readout; therefore, we excluded subarray exposures from our analysis. We
note that subarrays made up only ∼10% of data acquired after SM4. Our final sample
consisted of 42,529 full-frame images spanning almost 10 years of nearly continuous ACS
operation2 . As an interesting comparison sample, we also qualitatively examined the preSM4 ACS bias levels. We used the same selection criteria as the post-SM4 sample with the
exception of requiring the observations were taken before May 2009. These criteria yielded
a set of 17,718 full-frame images.
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Analysis and Results

The mean bias prescan values of each readout amplifier as a function of time are shown in
Figure 1. We immediately observed two distinct features in the bias level measurements: 1)
a nearly 50 electron continuous decrease in the first several years following SM4; and 2) a
strong periodic signal. Before we examined the periodicity of the bias level, we subtracted
this baseline by fitting an exponential function of the form AeBt + C, where t was the time
1

We chose data with taken with CCDGAIN = 2.0 to exclude images with other gain settings taken during
the first few months after SM4.
2
Most safing events since mid-2009 typically lasted no more than several days. However, in October 2018,
a gyro failure caused a 21 day interruption in ACS operation.
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Figure 1: Post-SM4 ACS/WFC bias level measured from the physical prescan columns and reported by
the CALACS pipeline. The bias in each of the four readout amplifier regions is shown. The dashed lines
represent the fits to the bias level over time to estimate the systematic decrease in the bias level since SM4.
The data have been time-averaged to one day intervals for clarity.

in days since the first measurement in our sample (07 Jul 2009 22:25:25). The baseline fits
to the median subtracted data for each amplifier are also shown in Figure 1 and the fit
parameters are given in Table 1. From the baseline fits, we found systematic decreases in
the bias level of 44, 33, 43, and 44 electrons in readout amplifier regions A, B, C, and D,
respectively, in the three years immediately following SM4. For comparison, we show the
pre-SM4 bias levels in Figure 2.
To examine the periodicity of the bias level, we used the Lomb-Scargle method (Lomb
1976; Scargle 1982) implemented in Astropy version 3.1.2 (Astropy Collaboration et al., 2013;
Price-Whelan et al., 2018) as astropy.stats.LombScargle. The Lomb-Scargle algorithm
is designed to test for periodicity in unevenly spaced observations, which is ideally suited to
our measurements. After subtraction of the fitted baseline from the bias level, we used the
LombScargle code to produce periodograms for each readout amplifier region. Figure 3 shows
the results of this analysis. The periodograms of each readout amplifier region appeared
nearly identical, and the peaks in the power spectrum were located at the same frequencies.
We identified two relatively strong peaks in the power spectra plus an additional two weaker
peaks. The peaks, in order of decreasing power, corresponded to periods of 364.60, 54.72,
42.19, and 23.84 days. A similar analysis of the pre-SM4 data found no indications of periods
in the ACS/WFC bias level between 2002 and 2007.
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Table 1: Fit Parameters to the Post-SM4 Bias Level Baseline (AeBt + C)

Amplifier
A
B
C
D

A

B

C

63.67 –0.00107 4193.03
56.86 –0.00079 3999.44
69.24 –0.00089 4410.13
52.18 –0.00170 4606.17

Figure 2: Pre-SM4 ACS/WFC bias level measured from the physical prescan columns and reported by
the CALACS pipeline. The bias in each of the four readout amplifier regions is shown. The data have been
time-averaged to one day intervals for clarity. Compared to the post-SM4 data shown in Figure 1, we found
that the periodic variations were less pronounced, or even not visible within the scatter. We observed a slight
decrease in bias level over time, however the change in bias level over five years was . 10 electrons compared
to 33 − 44 electrons in a three year period after SM4. A break in mid-2006 was observed corresponding to
the switch to the Side-2 electronics and lowering of the CCD temperature from −77 to −81 ◦ C.
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Figure 3: Lomb-Scargle periodograms of the post-SM4 bias level in each of the four ACS/WFC readout
amplifier regions. The four amplifiers show identical peaks in the power spectrum suggesting a common,
external cause for the temporal variations in the bias level. Peaks were found at periods of 364.60, 54.72,
42.19, and 23.84 days.

Figure 4: The baseline-subtracted bias level (averaged across the four CCD quadrants) over-plotted with
the WFC CEB-R temperature. The CEB-R temperature y-axis range was selected to be centered on the
median temperature and to match well with the scale of the bias variations for illustrative purposes. Anneal
periods have been excluded from the temperature data. The temperature variations of the CEB-R match
very closely with the temporal variations in the bias level.
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4
4.1

Discussion
Decrease in Bias Level After SM4

From Figure 1 and Table 1, we observed a decrease in the bias level between 33 and 44 electrons in all four readout amplifier regions during the years immediately following SM4.
Between 2002 and 2007, the bias level of each quadrant of the WFC CCDs decreased by
less than 10 electrons (see Figure 2). The exact cause of the large decrease in bias level
following SM4 is unknown. We note that the rate and amplitude of the bias level decrease
after SM4 was similar in all four WFC CCD quadrants; therefore, we conclude that the cause
must be external to the CCD and readout amplifier electronics. During SM4, a Teledyne
SIDECARTM application specific integrated circuit (ASIC) was installed in CCD electronics
box replacement (CEB-R). The ASIC was included in ACS as an on-orbit demonstration of
technology designed for the James Webb Space Telescope (JWST). The ASIC was not part
of the original ACS design, and thus only very limited engineering telemetry from the ASIC
was available. Grogin et al. (2011) noted that the ASIC was responsible for the effect of bias
striping that was introduced into all post-SM4 ACS/WFC images, thus demonstrating that
the ASIC had an impact on the bias properties of the WFC CCDs. We conjecture that the
decrease in bias level may be related to the long-term performance of the ASIC, or possibly
some other component of the CEB-R, though we caution the reader that this comes from a
lack of evidence indicating another definitive source.

4.2

Bias Level Periodicity

In addition to the bias level decrease, we also found periodicity in the post-SM4 bias levels. We constructed periodograms of the bias data (see Figure 3), and found a strong peak
at 364.60 days. This period is very similar to the orbital period of Earth; therefore, we
hypothesize that the cause of this period in the bias level is small temperature variations
in the spacecraft due to the eccentricity of Earth’s orbit. We observed that the minimum
bias level of each cycle coincided with aphelion, while the maximum occurred near perihelion. In Figure 4, we plotted the post-SM4 WFC CEB-R temperature from the engineering
telemetry keyword JWCEBBXT on top of the baseline-subtracted bias level. For plotting
clarity, we averaged the bias level from all four readout amplifier regions. The CEB-R temperature tracked very closely with the variations in the bias level, supporting our argument
that small temperature variations associated with Earth’s orbit around the Sun were driving
the strong periodic signal in the prescan bias levels. In Figure 5, we constructed a periodogram for the CEB-R temperature using the Lomb-Scargle method that we used for the
bias level measurements. We disregarded the very low frequency peaks as likely due to poor
baseline subtraction of the temperature data. We found the power spectrum of the CEB-R
temperature exhibited a peak at a period of 368.24 days.
Examination of Figures 4 and 5 shows additional temperature variations with periods
shorter than 1 year. One such period in the bias level was observed at 54.72 days. This
corresponded closely with the period of the ascending node of the Hubble Space Telescope
(HST) orbit. Assuming an average altitude of 538 km, an inclination of 28.469◦ , and neg-
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Figure 5: Lomb-Scargle periodogram of the WFC CEB-R temperature from the JWCEBBXT engineering
telemetry keyword. The CEB-R temperature periodogram is shown in purple, while the bias level periodograms of the four readout amplifier regions from Figure 3 are shown as gray curves for comparison. After
disregarding the very low frequency peak near f ≈ 0 day−1 , which we attribute as due to poor baseline
subtraction, we found four peaks with periods similar to the bias level data. The four observed peaks in the
CEB-R temperature periodogram corresponded to periods of 368.24, 54.62, 42.13, and 23.80 days.

ligible eccentricity3 , we calculated the period of the ascending node to be 54.34 days using
the following equation for nodal precession:
ωp =

2
J2 ω cos(i)
−3R⊕
,
2[a(1 − e2 )]2

where ωp is the precession rate, R⊕ is the radius of the Earth, J2 is the second dynamic form
factor for the Earth, ω is the angular velocity, i is the inclination, and a is the semi-major
axis of the orbit (Vallado, 2001; Fortescue et al., 2003). Rearranging this equation to solve
for the period of the ascending node PΩ and combining constants yields:
PΩ =

360◦
.
|(−2.06574 × 1014 )(a−3.5 ) cos(i)|

Given the previously discussed results for the 1 year bias level period, we found it likely
that the period of the ascending node of the HST orbit was similarly causing temperature
variations in the electronics. From the Lomb-Scargle analysis, we found a period of 54.62
days in the CEB-R temperature, which matches almost exactly both the period observed in
the bias levels and the period of the ascending node of the HST orbit.
A weaker peak in the bias level periodograms with a period of 42.19 was also observed.
The 42.19 day period closely resembles that of the period in the HST β angle of approximately
3

Taken from https://www.heavens-above.com/orbit.aspx?satid=20580.

7

45 days (C. Long, private communication). The β angle of the telescope describes the fraction
of each orbit spent in direct sunlight, and is related to the period of the ascending node and
the orbit of the Earth around the Sun. Thus, it is reasonable to expect thermal effects within
the satellite on a similar timescale. The CEB-R temperature similarly also exhibited a peak
with a periods of 42.13.
Finally, we found a weak peak in the Lomb-Scargle analysis of the bias levels with a
period of 23.84 days. A similar peak in the CEB-R temperature analysis had a period of
23.80 days. At the time of writing, the origin of this nearly 24 day period was unknown,
though one possibility may be the ACS anneals. However, we note that the observed periods
in the bias levels and CEB-R temperature were slightly shorter than the average anneal
interval after SM4 (28.05 days); therefore, it is still unclear what mechanism caused this
almost monthly period in ACS bias level and CEB-R temperature.

4.3

Comparison with WFC3/UVIS

Khandrika & Desjardins (2019) investigated the temporal variations in the Wide Field Camera 3 (WFC3)/UVIS detector bias levels. The UVIS detector shares many of the same design
principles as the ACS/WFC detector, thus may be a useful comparison. The authors found
that the UVIS bias level had also decreased since SM4, though only by 1.2 − 2.2 electrons
over nearly 10 years. The much smaller decrease in bias level with time observed in WFC3
compared to post-SM4 ACS may give credence to the conjecture that the ASIC, which was
not part of the WFC3 electronics, was responsible for the more dramatic loss of 33 − 44 electrons in the ACS/WFC bias level within 3 years following SM4. Furthermore, the loss of
1.2 − 2.2 electrons matches better the pre-SM4 ACS bias level decrease seen in Figure 2.
The WFC3/UVIS bias levels similarly exhibited a 1 year periodic variation in the prescan
bias level, though the effect was much less pronounced compared to ACS/WFC. We note
that only WFC3/UVIS readout amplifier regions C and D showed strong evidence of a 1 year
period compared to such a period being present in all ACS/WFC quadrants. Further, LombScargle periodogram analysis of WFC3/UVIS amplifiers C and D also yielded a 54.7 day
period, corresponding to the period of the HST orbit ascending node, similar to ACS.
In Figure 4, the amplitude of the ACS/WFC bias level variations are approximately
50 electrons from minimum to maximum over the 1 year period. In WFC3/UVIS, the
variation in bias prescan level was found to be much smaller, and typically within ∼1 electron
(see Figure 2 in Khandrika & Desjardins 2019). The much smaller amplitude of bias variation,
and the lack of strong evidence of periodic behavior in the bias level of WFC3/UVIS readout
amplifier regions A and B suggested that the location of WFC3 in the HST spacecraft was
more shielded against thermal variations compared to ACS. Alternatively, it may be the case
that one or more components of the ACS/WFC electronics are more sensitive to thermal
changes compared to WFC3/UVIS.
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Conclusion

We presented an analysis of the temporal variations in the ACS/WFC bias level with particular emphasis on its behavior after SM4. We found a loss of 33−44 electrons in the bias level
8

measured using the physical prescan columns within 3 years following the servicing mission.
The decrease in ACS/WFC bias level in 3 years following SM4 was found to be much larger
than pre-SM4 losses, and was was a factor of ∼ 20−30 larger compared to WFC3/UVIS over
a 10 year period. We conjectured that the decrease in the bias level was due to performance
of the ASIC or some other element in the WFC CEB-R. After this 3 year period following
SM4, the bias signal in all four readout amplifier regions levels off, which may indicate that
the cause of the bias loss has settled into a steady operating state.
We also found periodicity in the prescan bias level with evidence of periods equal to
364.60, 54.72, 42.19, and 23.84 days. Similar periods of 368.24, 54.62, 42.13, and 23.80 days
were found in the temperature of the WFC CEB-R using engineering telemetry data. The
periodic behavior of the WFC bias levels and temperatures indicated that small changes
in the ambient temperature of the electronics manifested as measurable changes in CCD
calibration measurements. We found that temperature variations caused by the slight eccentricity of Earth’s orbit, the precession of the ascending node of the HST orbit, and the
variation of the β angle of the spacecraft accounted for the 364.60, 54.72, and 42.19 day periods in the bias level. The origin of the 23.84 day period remained unexplained. Compared
to WFC3/UVIS, the variations in the ACS/WFC detector were found to be much more pronounced. Additionally, the UVIS detector did not exhibit the same periodic behavior in all
four quadrants of the CCDs, perhaps suggesting that ACS is not as well-shielded as WFC3
against thermal effects, or that some components of the ACS electronics are more sensitive
to temperature changes.
We emphasize that the bias level variations that we have presented in this report did
not affect the quality of the calibration of ACS data. The CALACS data pipeline correctly
subtracted the bias level by fitting the prescan columns. Furthermore, the observed decrease
of 33 − 44 electrons in the bias level remained well within the operational specifications
of the WFC detector (T. Wheeler, private communication). We hope that future space
observatories may find this information regarding the effects of thermal variations on the
performance of CCD electronics useful.
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