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Abstract

The measurement of SO, flux from volcanoes is of major importance for
monitoring and hazard assessment purposes, and for evaluation of the envi-
ronmental impact of volcanic emissions. We propose here a novel technique
for accurate and high time resolution estimations of the gas flux. We use two
wide field of view UV spectrometers capable of collecting, instantaneously,
light from thin parallel cross sections of the whole gas plume, obviating the
need for either traversing, scanning or imaging. It enables tracking of inho-
mogeneities in the gas cloud from which accurate evaluation of the plume
velocity can be made by correlation analysis. The method has been suc-
cessfully applied on Mt. Erebus volcano (Antarctica). It yields estimations
of the plume velocity and gas flux at unprecedented time resolution (1 Hz)
and high accuracy (uncertainty of 33%). During a ~2 h experiment on 26
December 2006, SO, flux varied between 0.17 and 0.89 £ 0.2 kg s=! with

a vertical plume velocity varying between 1 and 2.5 4+ 0.1 m s~!. These
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measurements provide insight into the short-term variations of the passive
degassing of this volcano renowned for its active lava lake. A cyclicity in
flux, ranging from about 11-24 min, is evident. We propose two physical
mechanisms to explain this degassing pattern, associated to periodic supply
of either gas-rich magma or gas alone into the lake. The dual-wide field of
view DOAS technique promises better integration of geochemical and geo-
physical observations and new insights into gas and magma dynamics, as well
as processes of magma storage and gas segregation at active volcanoes.

Key words: Volcanic degassing, DOAS spectroscopy, high time resolution

gas flux

1. Introduction

Gas emissions from volcanoes are measured for several purposes, includ-
ing monitoring, hazard assessment, and investigation of environmental im-
pact. For over a century, fumarole chemistry has been studied using in-situ
collection techniques. While these yield highly detailed analysis of fluid com-
position, field access can be limited and data streams are often discontinu-
ous. However, since the first application of the correlation spectrometers
(COSPEC), four decades ago (Moffat and Millan, 1971; Stoiber and Jepsen,
1973), numerous ground-based, airborne and spaceborne optical remote sens-
ing instruments and methods have emerged capable of measuring both vol-
canic gas fluxes and composition, for individual vents or an entire plume, and
with improved temporal resolution (McGonigle and Oppenheimer, 2003). As
a result, gas geochemistry has increasingly found its place among the oper-

ational techniques of volcano monitoring (Oppenheimer, 2003; Galle et al.,
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2003). Nevertheless, the time resolution of gas measurements still lags behind
what is routinely achieved in geophysical studies, limiting progress in under-
standing the links between seismicity, deformation and degassing that are
clearly of considerable relevance for understanding volcano behavior, espe-
cially the transition to explosive activity (Fischer et al., 1994; Watson et al.,
2000; Young et al., 2003). Some volcanoes clearly exhibit rapid changes in
gas composition and flux related to magmatic activity. For instance, Op-
penheimer et al. (2006) and Burton et al. (2007) have demonstrated pro-
nounced compositional differences in gas emissions associated with and be-
tween Strombolian eruptions using the technique of open-path Fourier trans-
form infrared spectroscopy. This technique enables observations at a fre-
quency of about 1 Hz. But achieving comparable time resolution for gas
flux measurements is another challenge, since the entire plume needs to be

captured.

The most widespread method used for measuring volcanic gas fluxes is
scattered light ultraviolet spectroscopy (see e.g. McGonigle and Oppen-
heimer (2003) for a review) using correlation spectroscopy or Differential
Optical Absorption Spectroscopy (DOAS). The plume is usually profiled
across its transport direction from below with a zenith-viewing telescope,
the apparatus being mounted on a moving vehicle, or by use of a scanning
system (Fischer et al., 2002; Edmonds et al., 2003). The flux is then obtained
from the product of the gas column abundance (integrated across the plume
section) and the plume transport speed. The main sources of uncertainty in

flux measurements made in this way are generally considered to be linked
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to light scattering processes (Millan, 1980; Mori et al., 2006; Kern et al.,
2009) and to the error in the plume speed estimation (Stoiber et al., 1983;
Williams-Jones et al., 2006), which is sometimes taken to be the wind speed
measured or modelled close to the plume altitude. But even if wind speed is
measured at the exact plume altitude, it may not represent well the plume
velocity due to the complex wind-fields that develop downwind of volcanoes
due to topography. Different methods have been proposed to enhance plume
speed accuracies but are not yet widely used. One approach is to use mul-
tiple UV spectrometers sited at fixed positions some distance apart so as to
track the transport of inhomogeneities in the plume (McGonigle et al., 2005a;
Williams-Jones et al., 2006); related approaches use a single instrument car-
ried beneath the plume, with optics that enable alternating fields of view,
one at zenith, the other inclined (McGonigle et al., 2005b), or simultane-
ous measurements in two directions using a double spectrometer (Johansson
et al., 2009). Latterly, imaging UV techniques (imaging DOAS or UV cam-
eras combined with appropriate narrow band filters) have been demonstrated
(Bobrowski et al., 2006; Bluth et al., 2007; Mori and Burton, 2006), which

can achieve a high time resolution on flux measurements.

Here we propose an alternative, simple solution which is to use a system
employing two UV spectrometers equipped with wide field of view telescopes
that instantaneously collect light from two narrow and parallel entire cross
sections of the plume (Fig. 1). This obviates the need for either traversing,
scanning or imaging. We will use the acronym DW-FOV DOAS (dual wide
field of view DOAS) to refer to this technique. By using two spectrometers
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with fields of view separated by a small angle, time-series of retrieved gas
amounts can be correlated to obtain (through knowledge of the viewing and
plume geometry) the plume transport speed through time. Such a system
is capable, therefore, of accurate, highly time-resolved measurements of vol-

canic gas fluxes.

The aim of this paper is to describe this new instrumentation and method-
ology, and to apply the approach to rapid measurements of SO, fluxes at Mt.
Erebus in Antarctica. Interest in the emissions from Erebus is fuelled by the
potential impact of sulfur, halogens and NO,, on the pristine atmospheric en-
vironment (Radke, 1982; Zreda-Gostynska et al., 1993, 1997; Oppenheimer
et al., 2005, 2009a), but also because the volcano is renowned for its dynamic
lava lake and Strombolian activity. This technique provides new possibili-
ties to investigate the magma degassing of volcanoes that exhibit short-term
variability in the dynamics of magma transport and degassing, which are
reflected in changes in eruptive behavior (Oppenheimer et al., 2009b; Harris
et al., 2005). Measurements are now also much more comparable in terms
of frequency of data acquisition with observations provided by common geo-
physical tools such as seismology. At Erebus, interpretation of the observed
SO, variations in terms of magma dynamics is simplified by the limited role
of hydrothermal scrubbing of emissions (Symonds et al., 2001). Moreover,
observations of SO, flux from the volcano by scanning UV spectroscopy have
previously suggested a periodicity of ~ 10 min (Sweeney et al., 2008), which
we are keen to investigate further.

After a section describing the methodology, we will present the high res-
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olution time-series of plume speed and flux obtained at Erebus. A wavelet
analysis of these flux observations reveal distinctive patterns in degassing.
We will discuss about their interpretation in terms of gas and magma dy-
namics as well as processes of magma storage and gas sequestration. Finally,
three appendixes include some technical content and an electronic supple-
ment to this article presents an animation showing the results in form of a

7SO, fluxmeter” superimposed on video of the plume.

2. Methodology

Note that all mathematical symbols used in the following are listed in

Table 1.

2.1. Experiment description

We collected UV DOAS spectroscopic measurements at Erebus on the 26
December 2006 during conditions of clear sky and low wind, such that the
plume rose approximately vertically from the crater. Spectra were recorded
using two Ocean Optics USB4000 spectrometers spanning a wavelength range
of about 283-440 nm, with a resolution of, respectively, 0.5 and 0.6 nm
(FWHM). Hoya filters were used to reduce the amount of stray light. As
shown in Fig. 1, each spectrometer was attached to a telescope consisting of
spherical and cylindrical lenses that provide a horizontal angle of aperture
Owroy of ~22° giving an elongated horizontal field of view, and a narrow
vertical angle of aperture Onroy of ~0.5° defined by the width of the spec-
trometer’s slit and the focal length of the positive lens. The long axis of
the field of view (dx) was designed so that the projected Oy roy footprint
(equivalent to ~ 810 m at the distance of the plume of ~ 2004 m here) would

6
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sample the entire plume. The long axes of the fields of view were parallel
but displaced, so that each instrument viewed a different cross-section of the

plume, determined by the observation geometry.

Spectra from each instrument were recorded on to separate laptop com-
puters, whose clocks were synchronized using a GPS unit so as to yield a
time-stamped series of data. All observations were made from Lower Erebus
Hut, a horizontal distance D of ~ 1960 m from the summit of Erebus, and
mostly viewed the vertically-rising plume during periods with very low winds.
The elevation of the lowermost field of view («) was ~ 12° and separation of
the two fields of view () was 2.0°, precisely adjusted thanks to a goniometer.

The distance dy between the two fields of view is then:

dy =D [tcm (%(a + ﬁ)) - t(m(lﬁﬁa)] (2.1)

and was equal to ~72 m at the summit. The plume was thus crossed
at respectively ~78 and ~150 m above the crater. Spectra were collected
with an exposure time of 130 ms, maximizing their amplitude but avoiding
saturation below 350 nm, and 8 spectra were averaged resulting in a time-
step of ~1 s between measurements. ’Background’ and ’dark’ spectra were
recorded at the start of each set of observations. Background spectra were
collected by rotating both spectrometers about the vertical axis so as to point

out of the plume.
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2.2. Spectroscopic retrieval

SO, column amounts were retrieved following differential optical absorp-
tion spectroscopy (DOAS) procedures (Platt and Stutz, 2008). The reference
spectra included in the nonlinear fit were obtained by using Windoas convolv-
ing high-resolution SO, (293K, air) (Bogumil et al., 2003) and O3 (246K, air)
(Burrows et al., 1999) cross-sections with Gaussian instrumental line shapes
estimated using a mercury lamp (FWHM = 0.5 and 0.6 nm for the lower
and upper spectrometers, respectively). A Ring spectrum calculated using
DOASIS was also included in the fit as well as a third order polynomial to
remove broad band structures from measured optical densities. The same op-
timized fitting window (307.6-330.0 nm) was selected to analyze data from
both spectrometers, yielding a near random fit residual structure with min-
imal standard deviation. As a result, the fit residual was between ten and
twenty times smaller than the SO, fit. Spectra recorded with the upper spec-
trometer are slightly noisier than those from the lower one leading to an error
of a few percent higher on the retrieved column amounts. The obtained time
series of the SOy column amounts for both instruments are shown in Fig. 2.

We are using wide field of view UV spectrometers capturing instanta-
neously the whole horizontal plume cross-section at two different altitudes.
Hence, the retrieved gas amount for one W-FOV DOAS instrument can be
approximated by the mean column amount along the different directions in-
side the wide angle of observation, as shown in Appendix A. The relative
error on this approximation (Eq. A.18) depends on plume optical densities
of the studied volcano. As illustrated by Fig. 8, this relative error is of a

few percent for a weak gas emitter like Erebus, and could reach in the worst
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case up to 45% for a strong gas emitter like Kilauea volcano (assuming SO,

column amounts up to 5 x 10'® molec.cm™2).

2.8. Plume speed retrieval

Inhomogeneities, induced by turbulence or variations in volcanic degassing
rate, give characteristic structures to the plume, which can be observable
through the time series of the gas column amounts obtained for each spec-
trometer. Correlation analysis is used to estimate the transport speed of
these structures, representative of the spatially averaged plume velocity over
the distance separating the fields of view of each spectrometer and of the

mean plume speed on the time window used for correlation.

2.3.1. Principle of the cross correlation analysis

Estimating the plume speed (with a time resolution of ~1 s) at time
t requires calculation of the cross correlation coefficients between segments
of the two column amount time series selected using a sliding window of a
given duration AT, centred respectively in ¢ for the lower spectrometer and
in (t + 7) for the upper spectrometer, where 7 is the time shift between
the two windows (see Fig. 4 for symbols). Cross correlation coefficients
CCF(t,7,AT) consequently depend on three variables.

The time lag 7,4 between the upper spectrometer signal and the lower
one, corresponding to the time for an inhomogeneity to travel from the first
to the second instrumental FOV, is a prior: equal to the time shift, giving
the absolute maximum of the cross-correlation coefficients calculated at time
t, with 7 varying in [0:A7:7,,4,] where AT represents the incremental time

step of the cross correlation (equal to 2 s here) and 7,4, the maximum value
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of 7 associated with the minimum expected plume speed taken equal to 0.1
m s~ L.

Plume speed v is deduced from this time lag according to the relation:

dy

Tlag

v = (2.2)

Because spectrometer’s fields of view do not cross perpendicularly the
plume but are slightly inclined, the distance dy separating them at the en-
trance of the plume is a bit different than at its exit, depending on the plume
depth (less than 400 m at Erebus which is the crater size seen by pointing
from Lower Erebus Hut). This uncertainty on dy is taken into account in the
estimation of error on the speed, developed in the result section, by assuming
an uncertainty of & 50 m on the horizontal distance D between spectrometers

and plume.

2.3.2. Influence of the correlation window length

As shown in Fig. 3a, estimated plume speeds depend on the length of
the sliding correlation window, compared with the time interval between two
structures in the degassing. Velocities are smoothed with a long window,
while a narrow window yields estimations closer to the instantaneous plume
speed. However, very low velocities obtained with the narrow window (close
to ~0.1 m s7') do not have a physical meaning but show the limit of the
correlation analysis and the need for a refinement of the method to remove
them. Indeed, recurrent structures can exist in the observed degassing and
lead to a periodicity in the cross correlation function, relative to the time-
shift, which is more pronounced with a narrow window (Fig. 4). In this case,

the speed estimated from the absolute maximum of the CCF' coefficients,

10
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over the range of 7 values, can yield a match between a structure recorded
at the first spectrometer, not with the time-delayed corresponding structure
at the second instrument as desired, but with a translated structure result-
ing from a consecutive inhomogeneity in the plume. An additional criterion
is thus required to determine a relevant time-lag by selecting the first local
maximum of the CCF function. Moreover, this maximum is retained only if
it presents a significant amplitude above a given threshold, which needs to be
determined. If these criteria are not fulfilled, velocity cannot be estimated.
Note that the longer the window, the less likely this artifact will arise, given
that secondary peaks are more flattened due to the larger number of points

taken into account for the correlation calculation.

A threshold is imposed on the local maximum in the cross correlation
function, which has to exceed 0.5 to be retained. Indeed, a threshold of 0.8
removes irrelevant very low velocities of ~0.1 m s™!, but also some relevant
output speed values. With these additional criteria (considering a threshold
of 0.5), we mainly observe velocities ranging from 1-2.5 m s™!, with values
very similar for both narrow and long windows (Fig. 3b). Estimates are not
identical. Narrow window speeds are more dispersed because they represent
near instantaneous velocities rather than the averaged ones obtained with the
long window. Some limits of the correlation analysis using a narrow window,
associated with characteristics of the gas plume, remain and explain large
discrepancies with the speeds estimated using a long window. They lead to
velocities mostly below 0.5 m s~! or higher than 2.5 m s~!. These limits in

the method are explained in Appendix B.

11
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3. Results

3.1. Time-series of SOy column amounts

SO, column amount time-series obtained for both spectrometers (Fig. 2)
reveal similar patterns, with a time delay expected for the upper instrument
dataset corresponding to the time for an inhomogeneity to travel from the
first to the second spectrometer FOV. The slight differences in amplitude
between the time-series can result from various processes.

The sensitivity of both instruments can be assumed to have a multiplica-
tive effect on the measured light intensity. Optical depths and gas column
amounts are consequently independent of it. On the other hand, the error
in the column amount from the DOAS retrieval, resulting from the fitting
procedure (Stutz and Platt, 1996; Hausmann et al., 1999), is between 3 and
12% for both instruments. It explains a part of these differences.

Additional errors in the column amount are linked to the scattering of
light by air molecules and particles (Millan, 1980; Platt et al., 1997; Mori
et al., 2006). The modelling work of Kern et al. (2009) gives a quantification
of this effect, including in-plume multiple scattering and the ’light dilution
effect’. Given the low SO, column amounts and aerosol load (with an aerosol
extinction coefficient assumed to be less than 0.5 km™', as at Etna (Fiorani
et al., 2009)), the very limited ash content in the Erebus plume, and the
distance (~2 km) between plume and spectrometers, the error on the esti-
mated column amount is less than 10% over the wavelength range used for
retrieval (308-330 nm). Nevertheless, the impact of the light dilution effect
may be underestimated with this study which does not consider a wide spec-

trometer angle of observation, especially when the plume is far from filling

12
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the whole field of view. More experiments would be required to quantify
this phenomenon. Finally, light scattering influences the absolute amount of
gas but should have a negligible impact on the differences identified between
spectrometers because they are both pointing at about the same altitude,
equivalent to just 75 m apart when projected to the crater, leading to negli-
gible differences in light path lengths.

The plume studied in this experiment was mainly vertical. Contrary
to horizontal plumes, which are principally advected by the wind, vertical
plumes rise due to buoyancy. They can be influenced by the local wind field
at an altitude where their vertical buoyancy-induced velocity is smaller than
the horizontal component of the wind. At this stage, they expand laterally
forming a bend. If the two fields of view intersect such a bend, gas molecules
are effectively ”counted” more than once, leading to an over-estimation of
the column amount. It can explain differences in column amount time-series,
the higher spectrometer being potentially the only one affected. We checked
video footage recorded during our experiment and observed occasionally a
bend in the plume at a height less than 200 m above the crater, i.e., below
the altitude of the upper spectrometer’s FOV. It happened during three time
intervals (0-939,1464-1866,3354-3791 s after the start time of 20:24 h GMT),
and the column amounts measured with the upper instrument were only 2—
10% higher than those obtained with the lower spectrometer (see Fig. 2).
Consequently, this issue only weakly affects the results.

An additional process is associated with the presence of stagnant, dif-
fuse SOy around the plume, which sometimes forms a thin veil as seen on

the video. This background pollution is hard to quantify but is certainly
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negligible compared with the previously mentioned processes.

Errors on column amounts (CA) are less than 10% for each spectrometer.
The main differences between the two CA time-series are of higher magnitude
and cannot be due to any of theses artifacts but result from atmospheric
phenomena to be discussed later. The lower field of view is likely to present
the time variations in column amount the closest to those of the emission of

gas at the magma source. It is consequently chosen for the flux estimation.

3.2. Plume speed time-series

We have seen in Section 2.3.2 some issues encountered when the plume
speed is evaluated with a narrow correlation window (here of 2.5 min), due to
limits of the correlation analysis method. When evaluations are available, es-
timated speeds are closer to real-time values, which is of considerable interest
when studying very short-term eruptive behaviour such as explosions. There
was no Strombolian activity during our experiment, and we are primarily
interested in exploring periodic behaviour with cycles around 10 min. For
this reason, the SO, flux is calculated from the speed estimated with a longer
correlation window of 10 min (Fig. 5b). Cross correlation coefficients used
for wind speed determination are shown in Fig. 5c¢ with values most of the
time significantly higher than the chosen threshold of 0.5. The average plume

1. By a basic differential

velocity varies smoothly over the range 1-2.5 m s~
calculation from Equation 2.2, the uncertainty in the speed is estimated as
0.1 m s~! considering uncertainties in the distance between the two spec-
trometer’s fields of view (Ady) and in the time lag between the upper and

lower column amount signals (A7y,,) of respectively 9 m and 2 s. Ady is

dependent on, respectively, the uncertainties in the angle 3 between the two

14
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spectrometers’ fields of view, taken to be 2 £ 0.2° (our goniometric stage
has a precision of 0.1° but the resulting uncertainty is considered greater
considering imperfections in the structure supporting both spectrometers);
the elevation angle « of the lowermost field of view which is 12 4+ 0.5°; and
the horizontal distance D between observation site and plume which is 1960
+ 50 m. ATy results from the common width of the cross-correlation func-
tion maximum, which provides an estimate of the time-lag. It is important
to note that the obtained velocity represents an average value of the plume
speed between the two spectrometer FOVs. In reality, a deceleration of the
plume rise is expected due to a loss of buoyancy with ascent. Moreover, the
speed is also averaged over the length of the correlation window, used to

estimate the time-lag, as mentioned above.

Plume velocities estimated with the DW-FOV DOAS are similar to speeds
evaluated using video techniques. To estimate speed from the video, we
tracked clearly defined fronts of ascending puffs (on a time scale of 30 s) and
used for a distance scale mapped asperities on the crater rim (clearly visible
in the video). Decreasing velocities (averaged at 30 s) were seen, in the range
2.8-2.1 + 0.4 m s~ ! for altitudes ranging from 165 to 230 m above the crater,
which correspond approximately to the heights of the spectrometers’ fields
of view at ~78 and ~150 m (note that speeds were estimated with video
at slightly higher altitudes than spectrometer FOVs, where puff fronts were
better defined). The uncertainty in this speed arises from the difficulty in
locating precisely the gas puff front (at 10 m), the error on the distance
scale seen in the video field of view (estimated at 260 + 5 m) being negligible

15
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by comparison. It is also in agreement with theoretical estimations of the rise
rate of a buoyant gas puff, which are in the range 0.6-3.2 m s~* at Erebus

as shown in Appendix C.

3.3. SOy flur time-series

Given that the gas column amount C Ay roy measured with a wide field
of view spectrometer approximately represents the average column amount
along the different directions in the wide angle of observation (see Section 2.2
and Appendix A), the gas flux (in kg s7!) estimated with this new technique
is obtained from:

104 M D

X
N 4y coso

¢ = (CAWFOV 9WFov) v, (3.1)

considering a column amount in molec cm~2, M the gas molar mass in kg
mol~! and N4, Avogadro’s number. At Erebus, the SO, flux measured during
~1.7 h on the 26 December 2006 varies between 0.17 and 0.89 kg s~ (Fig.
5a). The uncertainty in the flux is estimated at 0.2 kg s™! (~33% on the mean
flux). This low value represents a considerable improvement in the accuracy
of flux measurements. It depends on the different uncertainties, listed by
order of magnitude, linked to the elevation angle of the lowermost FOV, the
column amount (assumed equal to 10%), the plume speed, and the wide
angle of FOV aperture (assuming an uncertainty on @y roy of 1° resulting
from the adjustment of the lenses mounted on the telescopes) leading each
of them to an uncertainty in the range 0.03-0.06 kg s~ on the flux. Note

that this obtained flux may include some gas emitted from a secondary vent
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within the crater known as Werner vent, though no lava was present within
it during the experiment.
Estimations of the gas flux with the DW-FOV DOAS are similar to pre-

vious measurements:

e measurements of 0.86 4= 0.20 kg s*

carried out in December 2003 by
Oppenheimer et al. (2005) by the traverse method beneath a horizon-
tally advected plume travelling at 5.1 m s™! (the plume speed was

derived from two DOAS spectrometers aligned along the plume axis).

e the mean flux between 1992 and 2005 of 0.7 &+ 0.3 kg s~ !, estimated
by scanning vertical plumes each field season over two to five days in

December, with plume speeds obtained from video methods by Kyle

et al. (1994).

The SO, flux from Erebus is low compared to many volcanoes but is
similar to Erta ’Ale in Ethiopia, which also hosts a persistent lava lake (Op-
penheimer et al., 2004). An animation showing the results in the form of
an 7SOy fluxmeter” superimposed on video of the plume, is available as an

electronic supplement to this article.

3.3.1. Time-series analysis of flux data for Erebus

In view of the likely non-stationarity of SO output from Erebus, we
use wavelet analysis to explore any frequencies present in the signal, as well
as their variability with time. Analysis of the flux time-series is achieved
here using a continuous transform with a complex Morlet wavelet (Fig. 6).
This wavelet analysis is particularly suitable to study our non-stationary

time-series, where smooth variations in the frequency content are expected.
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Moreover, the Fourier transform of a complex Morlet wavelet presents an
analytical expression, simplifying calculations of the wavelet transform. Full
details concerning the method of analysis are given in Appendix D. Concern-
ing our time-series, high-frequencies are associated with variations of smaller
amplitude of the signal than lower frequencies, and are consequently less en-
ergetic and visible in the wavelet analysis. We broadly distinguish three pop-
ulations of distinctive periods, associated to approximately the same power

at both spectrometers, which can be listed by decreasing energy as follows:

e Pattern 1: periods in the range 700-1300 s (~11-22 min) for upper spec-
trometer; and in the range 800-1400 (possibly more) s (~13-24 min)

for lower spectrometer, which are energetic during the whole dataset.

e Pattern 2: periods in the range 300-600 s (~5-10 min) for upper spec-
trometer, energetic until ~3200 s; periods in the range 400-600 s (~6.5—
10 min) for lower spectrometer, less energetic than at the upper instru-

ment, present until ~2000 s.

e Pattern 3: periods in the range 100-200