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Abstract

The MAVEN/EUVM solar soft x-ray (SXR) and Lyman-o measurements are compared with analogous measurements made
from Earth to characterize the typical error introduced when phase-shifting solar EUV irradiance measurements made from
Earth to other points in the solar system according to the 27.27 day synodic solar rotation period. The phase-shifting error, ¢,
measured at SXR and Lyman-a are extrapolated to the full EUV spectrum by assuming it is proportional to the variability that
occurs over the 27-day timescale of solar rotation. Values for € as a function of wavelength are reported and used to find the
typical error for estimates of photoionization frequencies of some major species found in planetary upper atmospheres derived
by phase-shifted EUV irradiance. This study finds that the typical extrapolation error for the CO photoionization frequency is
5.7% of the solar cycle mean value, and 87% of the typical 27-day variability.
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Key Points:

e (alibrated irradiances measured from Mars are used to quantify phase-shift error at the 0-
7 nm and Lyman-a bands.

e Phase-shift error is extrapolated to the ionizing EUV spectrum assuming proportionality
to the 27-day variability.

e The phase-shift error for the ionizing irradiance and ionization frequencies of major
species is comparable to the 27-day variability.
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Abstract

The MAVEN/EUVM solar soft x-ray (SXR) and Lyman-a measurements are compared with
analogous measurements made from Earth to characterize the typical error introduced when phase-
shifting solar EUV irradiance measurements made from Earth to other points in the solar system
according to the 27.27 day synodic solar rotation period. The phase-shifting error, €55, measured at
SXR and Lyman-a are extrapolated to the full EUV spectrum by assuming it is proportional to the
variability that occurs over the 27-day timescale of solar rotation. Values for gps as a function of
wavelength are reported and used to find the typical error for estimates of photoionization
frequencies of some major species found in planetary upper atmospheres derived by phase-shifted
EUV irradiance. This study finds that the typical extrapolation error for the CO> photoionization
frequency is 5.7% of the solar cycle mean value, and 87% of the typical 27-day variability.

Plain Language Summary

Solar Extreme Ultraviolet (EUV) radiation is the major source of energy to the upper atmospheres
of the planets, and varies with time and location on the Sun’s surface. This study uses direct
measurements of EUV radiation made by the Mars Atmosphere and Volatile Evolution (MAVEN)
probe at Mars to measure the accuracy of approximation techniques for estimating solar EUV
radiation at other planets. This study finds that estimates of EUV radiation induced change in
planetary atmospheres over periods of around 30 days can be off by nearly a factor of 2, with
accuracy improving to about 6% when decade-long periods are considered.

1 Introduction

Solar extreme ultraviolet (EUV, 10-121 nm) radiation is the primary energy input to the
upper and tenuous atmospheres of most planetary bodies. As such, accurate estimates of solar EUV
irradiance are needed throughout the solar system in order to understand the dynamical, chemical
and plasma processes occurring in these regions. Most robotic missions sent to explore upper and
tenuous planetary atmospheres are not instrumented to measure solar irradiance in-situ, and instead
rely on irradiance measurements made at Earth, which are extrapolated to the location of interest.
The same methods are also needed to analyze telescope observations that depend on solar
irradiance forcing. Extrapolations of solar ultraviolet (UV) and EUV irradiance are widespread in
planetary science, having been used in studies of every planet in the solar system, as well as the
dwarf planet Pluto and comets [e.g. Killen et al., 2001; Peter et al., 2014; Ramstad et al., 2015;
Tsuchiya et al., 2011; Moore et al., 2009; Moore et al., 2011; Parkinson et al., 1990; Trafton and
Stern, 1996; Johansson et al., 2017].

Solar irradiance is typically extrapolated by assuming that, over short time scales, solar
EUV radiation emitted from a particular heliographic longitude (longitude of a feature on the Sun’s
surface) is constant, and the emissions into interplanetary space simply vary according to the
sidereal rotation rate of 25.38 days (not to be confused with the 27.27 synodic rotation rate apparent
from Earth), akin to the rotating beam from a lighthouse cyclically illuminating the surrounding
darkness. Under the assumption of slowly varying EUV emission, EUV irradiance at a particular
time and location in the solar system, say ®(t), with a corresponding heliographic longitude can
be estimated by averaging measurements of the solar irradiance when that same heliographic
longitude is directed at Earth before and after it passes ©(t). For example, suppose today the Earth-
Mars-Sun angle was 90°, with Mars oriented above the Sun’s West limb as viewed from Earth.
The EUV irradiance at Mars could be approximated by averaging measurements made from Earth
6.8 days ago with those made from Earth 20.45 days in the future, with the average weighted to
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bias the measurements occurring more closely in time, resulting in the earlier (later) measurement
being weighted by 0.75 (0.25). The phase-shifted irradiance would then be scaled from Earth’s
distance from the Sun to that of Mars. The method for applying this phase-shifting and scaling is
described in detail in Thiemann et al., [2017].

In reality, solar EUV radiation does indeed vary over the time-scale of solar rotation. The
hot plasma where these emissions form is constantly evolving, and often fast. The most rapid
changes occur during solar flares, during which for large flares, the solar EUV irradiance can
temporarily double for tens of minutes [e.g. Woods et al., 2004; Chamberlin et al., 2018; Thiemann
et al., 2018a]. At daily time-scales, the magnetic flux that is the fundamental source of energy to
the EUV emitting plasma emerges and decays due to processes occurring at the Sun’s surface and
below, which are difficult (in the case of decay) if not impossible (in the case of emergence) to
accurately predict [Arge et al., 2010]. These changes in the magnetic structure of the solar
atmosphere drive corresponding changes in the solar EUV irradiance, ultimately causing the
variability of the 11-year solar cycle.

In addition to being subject to spatiotemporal variability, solar EUV irradiance varies
spectrally with time. The lines and continua that constitute the solar EUV spectrum form
throughout the Sun’s atmosphere, spanning regions with distinct variability. Emissions forming in
the cooler chromosphere tend to be less variable than those forming in the hotter corona, with
variability in the intermediate transition region falling somewhere in between, resulting in changes
in both the magnitude and shape of the solar spectrum with time [e.g. Woods et al., 2018]. Further,
the opacity of a particular emission will influence its variability [Chamberlin et al., 2007;
Thiemann et al., 2018b], with optically thick emissions tending to be less variable.

At Earth, the most complete record of solar EUV spectral irradiance has been measured by
the Solar EUV Experiment (SEE; Woods et al., 2005) instrument onboard the Thermosphere
Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite and the EUV Variability
Experiment (EVE; Woods et al., 2010) instrument onboard the Solar Dynamics Observatory. SEE
has operated since 2002, but has uncorrected degradation beginning in 2012; and EVE has operated
since 2010, but lost its 6 - 35 nm channel due to an electrical component failure. The other major
solar EUV irradiance dataset was collected by the EUV Spectrometers onboard the Atmospheric
Explorer E mission, which operated in the late 1970s. To account for both spectral and temporal
gaps in the observational record, solar spectral irradiance models are used, which are driven by
solar indices that capture the dominant sources of variability. These models tend to have random
uncertainties <5 % and the same systematic absolute calibration uncertainties as the instruments
used to calibrate them. This systematic uncertainty is typically 5-15%, and can be treated as a
constant unknown bias. For a recent review of solar EUV irradiance variability models, see Section
1 of Thiemann et al., [2019].

There have been few instances of calibrated solar EUV irradiance being measured in-situ
at other planets. Brace et al. [1988] derived solar EUV irradiance measurements at Venus using
the Langmuir probes onboard the Pioneer Venus Orbiter (PVO), which were sensitive to
photoelectron emission in the ~55-122 nm range. The photoelectron emission induced
photocurrent serves as an index of solar EUV irradiance at Venus during the PVO mission and is
comparable to the contemporaneous Earth-measured 10.7 cm solar radio flux (F10.7) and the solar
121.6 H I line irradiance (Lyman-a). The Mars Atmosphere and Volatile EvolutioN (MAVEN;
Jakosky et al., 2015) orbiter, which has been at Mars from late 2014 through the present and is
tasked with characterizing variability in the Mars upper atmosphere, includes the Extreme
Ultraviolet Monitor (EUVM; Eparvier et al., 2015) to measure the solar EUV irradiance in-situ at
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Mars. MAVEN/EUVM measures calibrated EUV irradiance in three wavelength bands, soft X-
ray (hereafter, SXR), 17-22 nm and Lyman-a, which are representative of emissions forming in
the hot corona, cooler corona and lower transition region, respectively. These measurements are
used as inputs into the MAVEN/EUVM Level 3 spectral irradiance model data product, which
estimates solar spectral irradiance at 1 nm sampling from 0.5 — 189.5 nm [Thiemann et al., 2017].
The direct, calibrated measurements made from Mars provide an opportunity to quantify the error
introduced when phase-shifting EUV measurements made from Earth to other locations in the
solar system.

This paper reports the uncertainty associated with phase-shifting EUV irradiance from
Earth to other locations in the solar system by using two of the MAVEN/EUVM bands that have
corresponding measurements made from Earth to quantify the phase-shifting error for moderately
variable transition region emissions and highly variable hot corona emissions. These results are
extrapolated to the full EUV solar spectrum, using measurements of variability as a function of
wavelength made by TIMED/SEE and SDO/EVE. The phase-shifting error as a function of
wavelength is then used to compute the error in extrapolating EUV irradiance and photoionization
frequencies from Earth to other planets. This error is put in the context of different scales of solar
variability and direct EUV irradiance measurements.

2 Data and Methods

The MAVEN/EUVM SXR and Lyman-o bands are cross-calibrated with analogous
measurements from Earth. The SXR band is cross-calibrated with a near-identical channel of the
EUV SpectroPhotometer (ESP; Didkovsky et al., 2009) instrument onboard SDO, which uses the
same detector and filter technologies with minor differences in component thicknesses. Spectral
irradiances in the SXR range are computed by driving the Synthetic Reference Spectra Model
(hereafter, SynRef; Woods et al., 2008; Thiemann 2016) with the SXR derived photocurrents,
which are scaled to the MAVEN/EUVM photocurrent calibration. The reason for working with
the measured photocurrents rather than the higher level irradiances is ensure the same spectral
assumptions are used when deriving irradiances from both measurements. The photocurrents are
first cross-calibrated by (1) phase-shifting the SDO/ESP measurements to Mars’ solar longitude
(Ls), (2) smoothing the two datasets over 55-days (to remove variability occurring at the 27-day
solar rotation time-scale) and (3) using a first-order linear least-squares fit to find the regression
coefficients relating the photocurrent measurements. The cross-calibration fit of the two
instruments’ photocurrents is shown in Figure la. The end-result is a cross-calibration of the
MAVEN/EUVM and SDO/ESP 0-7 nm sensors with the calibration uncertainty, ccal, ranging from
2% - 10% (the percent uncertainty is inversely proportional to irradiance) for the time period
analyzed (late-2014 through mid-2017), respectively. Sample results, with ESP phase-shifted to
Mars Ls and both measurements scaled to 1 AU are shown in Figure 1b.

MAVEN/EUVM measures solar Lyman-a irradiance using a broad-band (Full Width at
Half Maximum (FWHM) of ~7nm) interference filter centered near 121 nm. 90% of the solar
irradiance measured in this passband originates from the solar Lyman-a line. MAVEN/EUVM
Lyman-o. measurements are cross-calibrated with the SOLar STellar Irradiance Comparison
Experiment (SOLSTICE; McClintock et al., 2005) onboard the SOlar Radiation and Climate
Experiment (SORCE), which made contemporaneous measurements of solar Lyman-a irradiance
at 0.1 nm spectral resolution. To ensure consistency between the two measurements, the
MAVEN/EUVM solar Lyman-o measurements are cross-calibrated with measurements made
from Earth with SORCE/SOLSTICE by first convolving the 0.1 nm resolution
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SORCE/SOLSTICE spectral irradiance measurements with the MAVEN/EUVM Lyman-a filter
transmission function. The SORCE/SOLSTICE values are then phase-shifted to Mars’ Ls, where
the same smoothing and fitting process applied to the SXR datasets is applied to cross-calibrate
the two Lyman-o datasets. The fit between the convolved SORCE/SOLSTICE and
MAVEN/EUVM data is shown in Figure 1c¢ and the resulting cca ranges from 0.42% to 0.5% for
the time period analyzed. Ranges of ocaiare given in Figures 1a and 1c. Figure 1d shows the phase-
shifted SORCE/SOLSTICE data with the MAVEN/EUVM data, both scaled to 1 AU.
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Figure 1. (a) Cross-calibration fits of the EUVM and ESP SXR derived photocurrents. (b)
Comparison of SXR irradiance from EUVM and ESP phase-shifted to Mars Ls. (¢) Cross-
calibration fits of the EUVM Lyman-a band and the SOLSTICE spectra convolved with the
EUVM filter transmission function. (d) Comparison of Lyman-a irradiance from EUVM and ESP
phase-shifted to Mars. Differences between the curves in panels b and d are indicative of phase-
shifting error. The color bar at the top of panels (b) and (d) indicates the phase-angle bin, with the
bin-center angles (color) being 92° (turquoise), 185° (green) and 0° (brown).

The phase-shift error, gy, is found for both the SXR and Lyman-a measurements and
defined as the standard deviation of the percent difference between the MAVEN/EUVM
measurements and the phase-shifted Earth measurements (i.e. the measurements shown in Figures
1b and 1d). All days where data are available between 1 January 2015 and 31 December 2017
are used to calculate gps. The data are partitioned according to phase-angle to control for its
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influence. The three phase-angle bins span 0° £ 40°, 92° + 40° and 185° + 40°. The color bars at
the top of Figures 1b and 1d show the phase-angle, where turquoise, green and brown correspond
with the bins centered at 92°, 185° and 0°, respectively. For each partitioned dataset, &ps is found
by resampling the data (with replacement) 1000 times using the Bootstrap Method [Efron, 1979].
The resulting values, in percent units, are €ps0= 1.0 £ 0.3 %, &ps02= 2.1 £ 0.4 % and gps,185= 1.9 =
0.1 % for the Lyman-a band; and &pso= 12 + 2 %, gps00= 21 + 4 % and gps,185= 31 £ 3 % for the
SXR band, where the subscript indicates the phase-angle for each value of &,s. Since values for g
are much larger than ocal, the reported values are statistically significant.

Since g5 arises from variability occurring at time-scales shorter than the 27.27 synodic
solar rotation period, it is assumed that it is approximately proportional to variability occurring
over a solar rotation. We can use this assumption to extend the &,s values found at the SXR and
Lyman-a bands to the full EUV solar spectrum. The solar rotation variability, A27, is found by first
constructing the following time series of percent variability, V(?),

E(t)—E(t+27)

V(t) = £

x 100%, (1)

where E(?) is the irradiance on day ¢ A»7is defined as the standard deviation of V(). Ay is
calculated for the solar spectrum at 1 nm binning using spectral irradiance measurements from
TIMED/SEE and SDO/EVE. SDO/EVE data from 30 April 2010 through 20 May 2014 are used
for the 6 to 30 nm range and TIMED/SEE data from 8 February 2002 through 1 January 2008 are
used for the 30 to 190 nm range. The resulting A>; values are shown in Figure 2a.

By assuming proportionality between Az7 and &, their values at the SXR and Lyman-a
bands can be fit to find the functional relationship between the two and, hence, enable the
calculation of eps from Az7. Values for A7 are calculated for the MAVEN/EUVM SXR and Lyman-
o bands and fits are found between A»7 and the three phase-angle partitioned &ps values. This fits
are shown in Figure 2b, yielding the following relationships between Az7 and &ps:

SpS,O = 0.42 X A27 + 0.06% (2.a)
SpS,O = 0.71 X A27 + 0.44% (2.b)
SpS,O = 1.11 X A27 - 0.62% (2.C)
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Figure 2. (a) The solar rotation variability (A27) at 1 nm sampling derived from EVE and SEE
measurements. (b) The linear relationship between the phase-shift error (g,s) and A7 derived from
the EUVM SXR and Lyman-o bands.

3 Results

Equations (2.a) — (2.c) are used with the results in Figure 2a to estimate €,s as a function of
wavelength for the three phase-angle bins, the values for which are plotted in Figure 3a. This figure
shows that g, tends to decrease with increasing wavelength. For example, €ps92 decreases from a
maximum near 20% at the shortest wavelengths to below 3% at 121 nm. Although these values
appear small, they should be considered in the context of typical variability as a function of
wavelength to understand the impact of extrapolating Earth measured irradiances on a given
application. Figure 3 also shows the ratio (in percent units) of gpsto (b) typical variability occurring
over an 11 year solar cycle, osc, and (c¢) typical variability occurring over solar rotation time-
scales, osr. oscis defined as
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__ StdDev[E(D)]
T <E@M®>

osr is found by first decomposing the solar variability into solar cycle, Esc, and solar rotation, Esz,
variability components where

Esc(t) = (E(t))ss aay 4)
and
Esr(t) = E(t) — Egc (). Q)

With these values defined,
s = StdDev [%] x 100%.  (6)

E(t)sc

Over the wavelength range shown, gps92 is approximately one-quarter to one-half of osgr, and
exceeds osr below 30 nm, decreasing to ~75% of osg near Lyman-a.

Table 1. Error in photoionization frequency (PIF) calculations due phase-shift error for 5 species
of aeronomic interest. epiris the error in absolute units. Columns 3-5 report epir relative to the solar
cycle mean, solar cycle variability and solar rotation variability, respectively, in percent units.

Value | gps,92 (abs) €ps,92 €ps,92 /6sc (%) | €ps,2  /OSR | €EVE geuvm | &L (%)
(%) (%) (%) (%)
Eo-103 0.321 mW/m? 7.87 38.2 95.3 1.66 5.27 9.79
PIFco2 | 6.15x 10%¢! 5.72 33.0 87.6 1.66 5.1 7.83
PIFn2 3.66 X 10% s! 5.95 33.6 88.7 1.33 5.41 8.13
PIFo 2.46 X 10 ! 5.98 33.1 88.5 1.35 5.17 8.27
PIFm> 5.84 x 10 5! 4.3 29.4 79.7 1.10 4.94 10.6
PIFu 8.1 x 10" ! 7.47 29.4 89.9 3.13 5.39 6.11

It is not clear from Figure 3 how the wavelength dependent error impacts parameters of
aeronomic interest. To gain further insight, €592 (A) is propagated through calculations of the total
ionizing irradiance (using the O ionization threshold potential of 102.8 nm as the long wavelength
cutoff) and photoionization frequencies (PIF) for major species in many upper and tenuous
planetary atmospheres. Four values are reported for gps for each parameter: (1) Absolute units
assuming solar-cycle mean irradiance, (2) percent units relative to solar-cycle mean irradiance,
and percent units relative to the photoionization variability over (3) solar cycle and (4) solar
rotation time scales. Additionally, other sources of error are reported in the rightmost 3 columns
of Table 1: eeve is the error due to the random uncertainty of the SDO/EVE spectral irradiance
measurements; eguvm is the error due to the random uncertainty of the MAVEN/EUVM Level 3
spectral irradiance measurements; and eLpis the random uncertainty of the MAVEN/EUVM Level
3 spectral model driven by the Brace et al., 1988 Langmuir probe derived EUV spectrum. grpis
found by first creating synthetic photocurrent measurements using the photoemission response
curves reported in Brace et al., 1988 and SDO/EVE measured irradiances. A spectral irradiance
model calibrated to be driven by this synthetic photocurrent is then developed applying the same
methods that were used for the MAVEN/EUVM Level 3 spectral irradiance model described in
Thiemann et al., [2017].

It is important to note that s is only the random uncertainty due to the phase-shift error
and the total random uncertainty is the quadrature sum of &,s and the random uncertainty inherent
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in the irradiance spectra to be phase-shifted. For example, if SDO/EVE measured irradiances are
phase-shifted to another planet, then the total random uncertainty is /€ps + €gyi -

30 : T I T T T I T T T I T T T I T T T I:
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Figure 3. (a) The phase-shift error (gps) for extrapolating Earth measured irradiance to other
heliographic longitudes in units of percent irradiance. (b) gpsrelative to the variability over long (>
~1 year) timescales. (c) gpsrelative to the variability over short (< ~ 1 month) time-scales.

4 Discussion and Conclusions

The practical import of &,s depends on the context in which the EUV irradiance estimates
are being used as well as the time scale of the analysis. For studies investigating average
phenomena over the course of a solar cycle, €,s may be negligible compared to other sources of
error. However, many studies that consider solar EUV irradiance are concerned with
understanding whether a causal relation exists between solar EUV irradiance and some other
phenomenon. For studies such as these, gps may be a major source of uncertainty. From Figure 3
and Table 1, gpsis 20 to 50% of the variability occurring over an ~11-year solar cycle, which is
applicable to studies involving multiple years of data, while gps is comparable to the size of the
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variability occurring over a ~27-day solar rotation. This is particularly relevant for analyses of
ground-based observations, which often focus on observations spanning a few weeks.

Considering shorter timescales, the impacts of solar flares are not fully captured by the
uncertainties reported in Table 1 because the daily averages from which they are derived suppress
the transient enhancements that occur during solar flares. This can be mitigated to some extent if
a flare is also visible to Earth via the National Oceanic and Atmospheric Administration (NOAA)
Geostationary Operational Environmental Satellites (GOES) X-Ray Sensor, but only in situ
irradiance observations can conclusively identify solar flare occurrences [e.g. Thiemann et al.,
2015], including Langmuir probe photoemission currents, which have also been demonstrated as
capable of observing solar flare occurrences [Johansson et al., 2017; Edberg et al., 2019].

€euvM 1s representative of the random uncertainty of typical spectral irradiance models
driven by direct EUV measurements. For example, the state-of-the-art EUV Sensor (EUVS) Model
onboard the GOES-R series satellites maintained by NOAA for space weather operations has
comparable uncertainties [ Thiemann et al., 2019]. As such, when spectral irradiances are estimated
by a spectral irradiance model driven with Earth measurements and then phase-shifted to a
planetary body of interest, the random uncertainty approximately doubles. Since spectral
irradiance models have been used during the majority of the Space Age to predict spectral
irradiances at Earth (to compensate for a lack of direct spectral measurements), and this trend is
expected to continue with the availability of the NOAA EUVS Model, it generally holds that
measuring EUV irradiance in situ, as in the case of MAVEN/EUVM, reduces the random
uncertainty by approximately half. From Table 1, it is evident that even the Langmuir probe
derived spectral irradiance model has random uncertainties less than 2 X &, o, , indicating even
relatively crude in-situ irradiance measurements are an improvement upon phase-shifting
irradiances from Earth.

The F10.7 solar index is a widely used proxy for solar irradiance; however, it is important
to note that F10.7 is only loosely correlated with solar EUV irradiance when used directly. For
example, Chamberlin et al. [2007] showed that EUV irradiance model random uncertainty between
30 and 90 nm increases by a factor of ~15 when the F10.7 index is used directly versus EUV
measurements as the model input. As such, g is only a secondary contribution to the random
uncertainty associated with the F10.7 index when used directly as a proxy for EUV irradiance.
Note, this only pertains to models that use F10.7 directly such as the EUV for Aeronomic
Calculations (EUVAC; Richards et al. 1994) model. More sophisticated models such as that by
Hinteregger et al., [1981] decompose the F10.7 index into short and long term components, and
these models have random uncertainties that are approximately twice that of models driven with
EUV measurements [Cesseteur et al., 2011].

Solar Lyman-o irradiance is an important constraint for analyses of planetary and
interplanetary hydrogen observations [Anderson and Hord, 1971; Quemerais et al., 2003;
Gladstone et al., 2004; Chaufray et al., 2012]. Hydrogen is observed by measuring resonantly
scattered Lyman-a photons of solar origin. In many applications, hydrogen emissions are optically
thick (due to the large abundance of hydrogen in the solar system), resulting in a nonlinear relation
between the retrieved hydrogen densities and the assumed incident solar Lyman-a irradiance, and
an increased sensitivity to the absolute irradiance calibration. Chaufray et al., [2008] showed that
in the case of retrieving hydrogen densities from Lyman-a emissions at Mars, a 10% error in the
assumed solar Lyman-a irradiance changed the retrieved hydrogen densities by a factors 0.4 to
3.25 for the 7 orbits analyzed. As such, the impact of gps on H density retrievals may be much
larger than the ~2% magnitude of g, at 121.6 nm, and ¢, likely needs to be propagated through
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the relevant retrieval algorithms on a case by case basis in order to quantify its relative impact on
hydrogen observations.

€ps increases for larger phase-angles as is to be expected. For phase-angles near 180°, &ps
varies by 100-140% of the typical 27-day variability below 100 nm. This decreases to 50% for
phase-angles less than 40°, and obviously approaches 0% as the phase-angle approaches 0°. This
implies that correlations between a quantity of interest and solar EUV irradiance may be
significantly masked by phase-shifting error when the phase-shift angle exceeds ~135°.
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