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A new type of instrument forin-situ detection of volcanic sulfur dioxide is presented on
the basis of non-dispersive UV absorption spectroscopy. lis a promising alternative
to presently used compact and low-cost SG monitoring techniques, over which it
has a series of advantages, including an inherent calibrati, fast response times
(< 2s to reach 90 % of the applied concentration), a measurementange spanning
about 5 orders of magnitude and small, well-known cross seniivities to other gases.
Compactness, cost-ef ciency and detection limit € 1ppm, few ppb under favorable
conditions) are comparable to other presently usedn-situ instruments. Our instrument
prototype has been extensively tested in comparison studgewith established methods.
In autumn 2015, diverse volcanic applications were invegiated such as fumarole
sampling, proximal plume measurements and airborne measaments several kilometers
downwind from the vent on Mt. Etha and White Island. General gaabilities and
limitations of the measurement principle are discussed, awsidering different instrument
con gurations and future applications.

Keywords: Sulfur dioxide, optical measurement, UV spectrosco py, volcanic degassing, NDUV

1. INTRODUCTION

Volcanoes emit a variety of gases [in order of typical abuweathe major compounds
are: water vapor (bO), carbon dioxide (C®), sulfur dioxide (SQ@), hydrogen sulphide
(H2S), hydrogen halidesiextor et al., 2004 Today emission rate estimates and composition
measurements of dierent gas species in volcanic plumes are fmediagnosing volcanic
processes and activity (e.ghjuppa et al., 2007; Burgisser and Scaillet, 2007; Oppenheimer
et al., 201} In studies of this kind, S®is one of the most prominent gases to measure.
Beside the dependence of its gas fraction and emission ratesutn surface magmatic
processes, it features properties like a high abundance iraniclplumes, a low atmospheric
background, a relatively long (typically days) atmospheifetime and favorable optical
absorption properties, which make it easy to detect and an exteplume tracer Caroll
and Holloway, 1994; Oppenheimer et al., 2011; Platt et al.8)2®Remote sensing of SO
has become well-established among volcanologists tord&terabundance and total emission
rate from safe distance and at low logistic e ort (elglo at and Millan, 1971; Oppenheimer
et al.,, 1998; Galle et al., 2003; Horton et al., 2006; Mori aodoB, 200§, however, its
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in-situ detection remains a crucial complemental tool, e.g., tanakes use of the fact that dierent gas species absorb light
achieve high spatial resolution or more accurate measurésnerat di erent wavelengths. Therefore, guiding light through a
and for the validation of remote sensing instruments. Theresample gas and measuring its attenuation at suitable wawkeng
are a series of high precision 0Ononitors commercially provides information on the gas composition. The absorption
available, but typically they are rather bulky, heavy, ane ciency of a gas species at wavelengtlis typically described
relatively complex setups, which restricts their applicapilar by its “absorption cross-section”( ), which is well-known
volcanic gas measurements for di erent reasons: (1) In manjor most atmospheric constituents and can be found in data
cases, sampling sites are not easy to access and lack aages like byKeller-Rudek et al. (2013)The characteristic
kind of infra-structure, such that instruments includindhé absorption properties of each gas originate from its molecular
necessary peripherals have to be carried over long distanca®mic structure and the resulting allowed quantum state
or even mounted to UAVs (unmanned aerial vehicles) withtransitions. In many applications the spectral absorption pate
typical payloads of few kg. (2) Instrument lifetimes are ofterof di erent gases overlap and spectrally resolved (“disp€fsive
a ected by harsh environmental conditions and corrosive péen measurements of the attenuation have to be performed to
gases, which is particularly problematic for automatizedglon separate the contribution of di erent absorbers. On the other
term monitoring stations. Thus, compact, rugged, and coshand, in a few cases the gas of interest is the only—or at least
e ective instrument designs with low power consumption andthe dominant—absorber in a distinct wavelength range. Tlaen,
low maintenance requirements are desirable. Electrocb&mi single (“non-dispersive”) measurement of the light's attetion

air quality sensors (most prominently applied in Multi-GAS in this range is su cient to determine its concentration. FEO,
instruments as described Wyhinohara, 200%r Aiuppa et al., in volcanic plumes, this is the case in the ultra violet (UV) at
2005 meet these requirements well but come along withwavelengths around 285 nm (seigure 1A).

drawbacks in the data quality. The typically applied miniature Figure 1B shows the basic setup of the PITSA prototype.
sensors (size: few centimeters at a side, weight: 20-30 @as is pumped through an aerosol lter into a sample cell
achieve suitable detection limits (few 100 ppb) when fredyent of lengthL D 27 cm, where it is exposed to the parallelized
calibrated but su er from long-term calibration drifts (reped  beam of a UV-LED (UV-TOP 280) with a well-known emission
between few %/year and 10 %/hour, strongly dependent ospectrum in the desired wavelength range around 285 nm (see
eld conditions; Shinohara, 2005; Kelly et al., 2013; LewickFigure 1A). The aerosol Iteris a 200 nm pore Iter and prevents
et al., 201y, variable cross sensitivities to other volcanic andscattering and absorption of light on particles (see sectidns53
atmospheric gases, a limited detectable concentration erandor details), assuring that SCGabsorption is the dominant light
(about 3 orders of magnitude) and slow response times (10 # 3Gattenuating process in the gas. A detector (silicon photodiod
to reach 90 % of signal, dependent on absolute signal and ditere with appropriate ampli er and readout electronics, see section

for rise and fallRoberts et al., 20)4 2.3 below) is located behind the cell, measuring the spegtrall
On the basis of a newly developed prototype—the “PITSAnNtegrated intensity
(Portableln-siTu Sulfur dioxide Analyser)—here we present an 7

alternative method fom-situ detection of S@. The prototype is
based on the principle of non-dispersive ultra violet absomptio
spectroscopy (NDUV). Detection limit, compactness and cost-
e ciency remain comparable to other small scale solutions,The integration limits 1 200nm and 1,100 nm
while signi cantimprovements are achieved regarding ldegn  are con ned by the sensitivity range of the photodiode but
accuracy, cross sensitivities, and temporal response lwhavigenerously bracket the wavelength interval where the éomiss
Therefore, it is expected to lead to improvements particulariyspectrum of the LEDo( ) has non-zero intensity. A solenoid
in the domains of long-term monitoring, high frequency valve allows to occasionally pump the sample air through an SO
investigations, and UAV applications, and therefore ilvgetibn ~ scrubber (an o the shelf gas mask cartridge), which remdkies

of remote volcanoes. The prototype has been extensivelgtieste SO, from the sample cell such that the reference intensity
intercomparison studies with instruments based on esthblls

D I()d )

1

Zz
methods like electrochemistry and UV uorescence. 2
Y oD " lo( )d @)
1

2. MEASUREMENT PRINCIPLE AND (which is una ected by S@absorption) can be recorded with the
PROTOTYPE SETUP same detector. In the following this procedure will be refdre

o as “zero point measurement.” By comparing the two intenslies
2.1. Measurement Principle andl, the SQ concentration in the cell is calculated (see below).

The principle of non-dispersive absorption spectroscopy itself For a setup with a single detector behind a measurement cell,
has already been developed in the 1930sh(er and Luft, LED intensity uctuations and drifts were observed to be the
1939 but has mainly been applied in the infra red (NDIR). limiting factor for the instrument's detection limit, aséy cannot

Its cost-e ective and compact application for §as been be distinguished from actual changes in the,Sfoncentration
nearly impossible until the recent developments in the eldin the cell. To overcome this, in the PITSA a part of the light is
of ultra violet (UV) light emitting diodes (LEDs). NDUV measured over a “monitoring channel” with no variable attsor
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FIGURE 1 | (A) Wavelength dependence of the SQ absorption cross section (gray shaded area) and the spectm of the UV-LED (thick blue line), as determined with
a spectrometer. The thin blue line exemplarily shows the LEBpectrum having passed a 27 cm sample cell (as applied in theIPSA prototype) containing 1,000 ppm
SO, (volume mixing ratio)(B) Schematic of the PITSA prototype setup. The UV light in the sapfe cell is solely attenuated due to S@ absorption. By comparing the
light intensitiesly and I, the amount of SO, in the cell can be calculated.

in the light path. It allows to monitor the LED intensity and to lg( ), the integrals have to be calculated numerically. However
correct for its variations, which improves the detectioniliny  for small optical depths, (Equation 5) can be linearized, to
a factor of 5. If not stated otherwise, this correction has beerobtain an approximate analytic expression (detailed derivétio
applied to data shown in this article. Supplementary Materia):

From the two intensitiedg and | the spectrally integrated

optical density D log II—O D ¢ Lc (6)
D log(lo=) 3
. Here, ¢ isthe “e ective absorption cross section,” de ned as
of the sample gas can be calculateds a convenient measure
for the light attenuation, since it is in rst approximation Z, lo( )
proportional to the SQ number concentration (see Equation e D AN ()d @)
6). It can therefore be regarded as a kind of uncalibrated o lo

instrument signal. which is the average value of ), weighted with the normalized

2 2 Inherent Calibration of the Instrument LED emission spectruny( )=lg, both shown inFigure 1A In

The PITSA setup is exceptional in a way, that it is possible t8ract|ce,_ I 'stu CIant tg]perforlrp the mtetgrjlgoln over thﬁ e 250
theoretically derive the relationship betweeand the actual S© zeroregion ofo( ). For the results presented below, we chose

concentration to very high precision, hence, a calibrationve and 330 nm as the lower and upper integration limit respectively

can be calculated without feeding test gases to the instnime |F|nally,'the SQt.nurnliﬁr (f:olr;ceptratl(;rmcagtbe C(?‘r\]/vl\ig‘?,d T[O a
The light intensity after passing the cell at a distinct waagth , volume mixing ratio [in the following referred to as N

ie A ; 3 : . inparts per million (ppm) or parts per billion (ppb)], by applying
is given according to the Beer-Lambert-Lasw(nehart, 19640: the ideal gas law, yielding:
I(()Dlo() exp ()cL 4

VMR D ke T c (8)
Here,lo( ) is the intensity of the incident UV radiation, which P
is multiplied by an attenuation factor, that depends on the
wavelength dependent absorption cross sectign), the SQ
number concentrationc (molecules per unit volume) and the
absorption path lengthL. Equivalent to the de nition before
(Equation 3), the optical depth at a distinct wavelengths

with kg, T, andp being the Boltzmann constant, temperature, and
pressure, respectively. To assure an accurate conversiorin th
PITSA, T, andp are continuously monitored by corresponding
sensors on the detector circuit board in the optical setup.
For theoretical calculations and error estimations withms

given by: article normal temperature and pressure (NTP) conditions are
lo( ) assumed, which ar@ D 293.15K andp D 1013.25hPa.
()Dlog ) D ()Lc () For other conditions, VMRs have to be scaled according

to Equation (8).
To obtain the relation betweewr and the actual instrument For a quantitative solution of the sensor response, the SO
response (calculated from the integrated intensitieandlg, as  absorption cross section( ) is taken fromVandaele et al. (2009)
de ned in Equations 1 and 2, Equation 5) has to be integratedr-urther, the shape of the LED spectrug( )=lo is required. It
Since there are no analytical expressions for eithér) nor  was observed to be very stable over time and a wide range of
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T e gl °
= Prad r 10 FIGURE 3 | Exterior view of the PITSA instrument. The front panel feaes:
8 1 ’,a” L s gas in- and outlet, on/off switch for main power (with protedt/e fuses to its
7 -7 right), an LAD screen showing preliminary real time data (SQCO»,
0 = T T T T 100 -0 temperature and pressure), a programmable push button (tyipally used to
0 2000 4000 6000 8000 10000 manually trigger zero point measurements) and connectorsf USB (real time
SO, volume mixing ratio [ppm] digital data output, rmware programming), power (battery tiarging and
external power supply), external GPL antenna and analog opit (2 channels
FIGURE 2 | Calculated response curves of the PITSA to S@ number for SO, and CO; for application with analog data loggers).
concentration/volume mixing ratio expressed in observed ofical depth/light
attenuation. Shown are the curves for the exact numerical daulation and the
linearized approach (Equation 6). For the relative deviati between them (red
dashed fine) the third y-axis on the right applies. bench is equipped with heating resistors (switchable between 4

and 8 W heating power, to obtain a typical temperature rise above
ambient of 10 and 20K, respectively), which can be activaied t

conditions (see section 2.2 arBupplementary Materia), it is ~ Prevent condensatio_n (see section 3.1.4). An ir_nage of theapti
therefore su cient to determine it once with a scientic gde  Pench can be found in th8upplementary Material Te on and
spectrometer. Insertion of these values into Equation (@) tme  1Y90n (type 2375) tubings were used to guide the air through the
numerical integration of Equation (5), respectively, yihistwo ~ S€tup. The pump is a diaphragm pump of type TM22-A12 from
response curves shown Figure 2 Equation (7) yields ¢ Tops ow. An o -the-shelf gas mask cartridge (type Eur lter
7.6 10 1%m?, meaning that intensity variations 10 4 have A2-B2-E2-K2-P3 R from Panarea) served as S@ubber and

to be resolved to achieve detection limits0.2 ppm in the S@ Millex-FG lters frqm Merc_k M|II|por¢ with pore size of 220 nm
VMR. The linear approximation is su cient (deviatiosx 1%) Were used for particle Itering at the inlet. _

for VMRs up to 700 ppm, which is suitable for most volcanic 1€ LT3092 current source from Linear Technologies (an
applications. For higher VMRs (up to 10 000 ppm), a higher ordefntegrated circuit of few millimeter outline) was used to geate
analytical solution of Equation (5) or the numerical approach? Stable supply current of 7mA for the UV-LED from the battery
should be applied. As discussed in section 3.1.2, the casculatV0!t@ge, resulting in an optical output power around 0.3 mWw.
responses are su cient to single digit percent accuracieshim t HI9Ner currents up to 40 mA can be applied to the LED to achieve
measurement. With o set drifts being corrected through the ©Ptical output powers 1.5 mW, butwere not used in the PITSA,

automated zero point measurements with S&@rubbed air, the S they decrease the LEDS lifetime. ) _
instrument features an inherent and stable calibrationfact, all A single dete_ctor channel consists of fOHOV‘_"ng _c_omponents.
data shown in this article were evaluated without ever apglyinA silicon photodiode (type PC10-2-TOS by Paci ¢ Silicon Senso

an experimental SPgas calibration to the instrument. Inc.) produces a photo current (0.7 A at negligible absorption
in the cell) proportional to the number of photons hitting the

. . . diode's active area. A transimpedance ampli er implemented
2.3. Mechanical Design and Electronics of by using a chopper operational ampli er (AD8552 by Analog
the PITSA Instrument Devices) with a 3M feedback resistor converts the photo
The optical cell basically consists of a glass tube (27 cnmbeng current to a voltage of 2 V. A 22-Bit analog to digital converter
11 mm diameter, 26 ml volume), with air in- and outlets and (MCP3551) converts the analog signal to a digital value. The
UV transmissive fused silica windows at each end. A lens iminimum integration time of the detector is 75 ms, which is the
front of the UV-LED parallelizes the light before a beam splitte conversion time of the analog to digital converter. A skettthe
and a mirror distribute it to the measurement cell and thedetector circuitry can be found in th8upplementary Material
monitoring channel, respectively. Lenses in front of eadkcter Detector unit and solenoid valve are controlled by a
channel focus the light again (compdfegure 1B). To minimize  microcontroller (Arduino Mega 2560 R3) with GPS-capability,
the impact of mechanical strain (vibration, shock, ...) ore th which also performs data processing and logging. The recorded
measurement (see section 3.1.6), the whole optical setup data is written to a memory card. For external logging, e.g.,
mounted on a common aluminum bracket, which is in turn in multi sensor systems, data are simultaneously sent to the
placed on damping feet, for its mechanical decoupling from thénstrument's USB port and an analog output. The whole setup is
housing and less sensitive instrument components. The dpticantegrated into a polycarbonate housing ($&égure 3) together
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TABLE 1 | Overview on the measurement error sources and their approxiative impact on the detected SGQ VMR.

Error Kind Error source Order of magnitude Subsection
Offset error (absolute) Random: Photon shot noise 4 ppb’stz:p tint 3.1.1
Electronic readout noise 4ppb 2=t 311
Detector drift 3ppb min 172 P Tref 311
Mechanical impact 0-200 ppb 3.1.6
Systematic: Interference to other gases 0-400 ppb 3.1.3
Aerosol scattering < 10ppb 3.15
Condensation and humidity 0-1000 ppm 3.14
Sensitivity error (relative) Random: T and p in the cell <2% 3.1.2
Change in LED spectral shape < 1% 3.1.2
Systematic: Error in literature cross section < 3% 3.1.2
Absorption path <1% 3.1.2
Scrubber leakage <02% 3.1.2

“Offset error” comprises all error sources which induce absolutéeviations (independent of instrument reading) from the true value. “Seftigity error” comprises all error sources, which
affect the instrument sensitivity (see section 2.2), hence, whosebaolute impact scales with instrument reading. The impact of noise and dtif are dependent on the detector integration
time tip; and the intervals Tef, in which zero point measurements are performed.

with a 120 Wh rechargeable battery (HE-12V-10Ah-LiMn b
Hellpower Industries). Remaining free space in the housing 100 Fag Signal without zero Ls
allowed to add a small commercial G@etector (Senseair K30- . g:’:;le:tsr‘:ja":'r‘;;ents
FR) to the setup, which — in combination with the PITSA — 0 --- Interpolated baseline 0
allows to determine (approximate) GL5O, ratios. A small LCD — Instrument noise
screen at the outside of the box ($&gure 3) shows preliminary el L
real-time data. With a power consumption 5W (heating

disabled), the instrument runs autonomously without anstfier
peripheral equipment for about 24 h. The footprint of the housing
(without scrubber) are 40 x 20 x 13 cm, the total weight i8 kg.

SO, signal [ppb]
3
N
Optical depth [107°]

3. INSTRUMENT PERFORMANCE

Gaps in measurement due

3.1. Measurement Accuracy -60 S.Oa”“ ‘;zt e ‘Sf -3
The total accuracy of the PITSA is restricted by a seriesrof er Tirne friin]

sources, which are summarizediable 1and discussed in detail
in the following subsections. Since the impact of some errar FIGURE 4 | Instrument noise (dark blue curve) at a detector integratiotime

sources depends on the measurement parameters and conglitionsnt D 0.5s and a reference intervallre; D 5min. Red dots indicate zero point
the total accuracy has to be estimated individually for a @ive measurements from which drift can be inferred and subtracté. Top: 180 min

licati f inf ti in this chapt time interval,Bottom : zoom into a 9 min section. Additional graphs are for
application from information in this chapter. explanatory reason (see text for details).

3.1.1. Instrument Noise and Zero Drift

A fundamental constraint for the detection limit are noiseda

drift in the instrument's zero signal (regarded here withou

considering the interferences listed in sections 3.1863.As by regarding the noise contribution from the di erent detect
mentioned above and shown in the following, linear zerotdrif components (analog-to-digital converter, operational amgilj

is not an immediate problem, since it can be detected duringnd thermal noise of feedback resistor, see section 2.3) and
zero point measurements and corrected, whereas the ratemf zehe photon shot noise, which can be estimated from the photo
drift is of concern.Figure 4 shows the PITSA signal during a current. They make up about 40 and 60 %, respectively, of the
measurement with no SPOin the laboratory at two dierent observed noise. The long-term drifts originate from drifi§
time periods (10 and 180 min). A detector integration time ofthe two intensity measuring channels (sample cell channel and
tin D 0.5s per data point was chosen in this example. Thenonitoring channel) against each other. Its ultimate cacseld
ordinate axis on the right is the optical densityD log(lp=l),  not be unambiguously identi ed. A correlation with temperaéu

the left axis shows corresponding deviations of the S®IR in  was clearly visible but showed ambiguities and proved not to be
ppb. The light blue curve shows the signal, without performingsu cient to predict the drifting behavior. Drifting is thertore
zero point measurements. It basically consists of high feegy  corrected by performing zero point measurements as described
noise and long-term o set drift. The noise can be explainedn section 2 in regular interval§,es. They yield zero points from
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A Occasional zero point measurements B Continuously alternating
at interval Trer 18 9
. . — | Integration time tj,¢ |
= 60 Reference interval Trer : - 30 g 16 between valve switching: | &
S —Zm!n 2144 ) r7 o
850- —Smm. »25; ‘212_ 3s _6‘0
@4_ —10m!n _208 = —— 10s =
= 40 —— 20 min = E 10 - 30s l 5 £
£ 40 min = = b 0]
c 30 15 3 5 8- s F4°
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G O 3 64 F3 2
£ 201 rio 8 = g
kel (@] 'i 4 A L2
>) p - @]
Q10 5 » 2 F1
0 T T T 0 0 T T 0
107! 10° 10t 10! 102 103
Integration time tjn [s] Total sampling interval [s]
FIGURE 5 | Instrument detection limit (3 RMS of instrument'goise) for different measurement protods. (A) As a function of the detector integration timetj,; for
different reference intervaldef. For suf ciently short Tyes @ 1= tine behavior is observed.(B) In case of continuous alternation between measurement and ze point
measurement. Here an optimum is seen for 10 seconds integrain time between switching.

which a new baseline can be interpolated. In the example ithere is an optimum at 10s. For shorter integration times,
Figure 4, T;et was chosen to 5 min. The zero point measurementsioise becomes large, while for higher integration times th
and the resulting baseline are indicated by the red dots &ed t gap between measurement and reference increases and drift
dashed line, respectively. After subtraction of the baselthe correction becomes worse.
dark blue curve remains, which is the actual instrument zero Regarding Figure 5 following aspects shall be noted:
signal after post processing. It is obvious, that it is depehdan measurements presented in this section were performed in the
tint and Tef, Sincetin; a ects the short term noise, wheredgs  laboratory. When encountering harsh eld conditions, drdf
determines how well drift can be eliminated. Note that eaetoz the instrument may be more variable and detection limits for
point measurement leaves a data gap, as it takes time (typicaligh values ofT,s might degrade signi cantly. Further, the
10-20 s) to (1) ush the cell with scrubbed air, (2) to performresolution given here was determined by only considering@oi
the actual zero point sampling and (3) to ush the cell with and drifting of the instrument. The detection limit is mogtl
sample air againl,s is therefore always a trade-o between drift determined by other systematic e ects, which are discussed
elimination and data coverage. In the lower (zoomed) panel ofeparately in sections 3.1.3-3.1.6.
Figure 4, the gaps are well-visible and indicated by the colored
(orange and red) areas. The leftfégure 5shows the instrument  3.1.2. Sensitivity Error
resolution (4 RMS of instrument noise) as a function @f; for ~ As demonstrated in section 2, the instrument's response eurv
dierent Trer. A ushing time of 5s was assumed. For laffig;,  (hence, the sensitivity) was theoretically calculatedteins
the drift cannot be accurately corrected anymore and insesaf  of performing an experimental calibration with test gases.
tint cannot e ectively improve the resolution. When calculating S®number concentrations, the systematic
For applications where low temporal resolutions are su cient,uncertainty (neglecting random noise) of the sensitivity is
continuous alternation between measurement and zero poindetermined by the uncertainties of the factors in Equatian 6
measurement is recommended. In that case, only a singlgamely the e ective absorption cross sectian, the absorption
measurement data point with integration tintgy is recorded path lengthL and the integrated optical depth. L can easily
before another zero point measurement is initiated. Due tte determined to better than 1 % relative accuracy. The impact
the ushing time of the cell (here 5s) with this technique theof errors in  on the instrument sensitivity are negligible, as
temporal resolution is limited to> 10s, but drifts are most detector o sets can be corrected to 10 ° (of total signal)
e ciently removed. and combined non-linearities of all detector components are
The detection limit can then be further improved by < 10 4 The SQ leakage of a new gas mask cartridge used as
averaging over a series of such measurement-zero pointscycléhe scrubber was measured to be less than 0.2% (see section
The right side of Figure5 shows the detection limits for 3.4). The impact of changes in the shape of the LED emission
this measurement algorithm as a function of the number ofspectrumlg( )=lg on . were observed to be 1% over the
averaged cycle¥ (in units of the resulting temporal resolution) LED's lifetime and a temperature range ofL0 to 50 C (see
for dierent integration times between valve ﬁvlitching. The Supplementary Materia). Therefore, the uncertainty of, is
curves decrease in good approximation witk N, as it is dominated by the error of the literature cross section. Addang
theoretically predicted for statistical noise, which iraties that to Vandaele et al. (200#)e uncertainty in ( ) originates mainly
the drift is nearly perfectly eliminated. For the integratitmes  from systematic errors which are speci ed to 6 %. The impact of
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SO. The most critical gas is ozone £ due to its variable
tropospheric background, which is typically depleted in volcan

301 plumes by chemical reaction&de et al., 2005; Roberts et al.,
Offset = 3.5:107° ppb . . Y

2009; Vance et al., 201L(Bince it is at least partly absorbed by

Slope = 1,009 the SQ scrubber, it induces o sets in the signal, even at stable

O3 concentrations. In remote areass®ackgrounds are of the
orderof 1 100 ppb {ingarzan, 200y yielding an apparent SO
signal of about 3 300 ppb. Atmospheric background chlorine
monoxide (CIO) concentrations are negligibl€{ang et al.,

10 1 2009. CIO/SQ ratios around 0.05—as reported for the Mt. Etna
Plume Bobrowski et al., 200#would result in interferences

up to 15%, however, the authors themselves have expressed

20 4

Testgas SO, [ppm]

$ May 2014

0 T March 2018 substantial doubts on the reliability of these numbers, due
; . : . to di culties in the spectral evaluation. Newer dataséneral,
0 PITls(j-\ < signazlo[ppm] 30 2014; Gliss et al., 20)Lpoint to much lower CIO/SQ ratios
2 . . .
below 103, which would result in interferences 0.4 %.
FIGURE 6 | Comparison of the theoretically calculated PITSA responseutve Further, CIO/SQ ratios around 0.05 would resu“_ n deV|at|0.nS
with calibration gases of known SQ concentrations in No. The black line is an > 15 % between the PITSA and the electrochemical sensor in the
error weighted linear regression. This plot demonstratesie high accuracy of measurement presented in section 4.1, which cannot be obderv
the theoretically calculated PITSA calibration and its loagerm stability. Nitrogen dioxide (NQ) is a weak absorber with negligible rural

atmospheric backgrounds of 1-30 pphtkins and Lee, 1995;

Meng et al., 2000 But in highly polluted areas with NOVMRs
pressure and temperature dependencies(of) was calculated to  Of more than 1 ppm measurements can still be a ected. Further,
< 0.2%forT D 10:::50 Candp D 500:::1013Pa. dependent on the plume age, N30, ratios> 0.1 are reported

For the conversion from number concentrations to VMRs,at Mt. Erebus Oppenheimer et al., 20)5which would result

temperatureT and pressurep and related uncertainties have in measurement error in the percent range. However, such high
to be taken into account (see Equation 8). In the PITSA, th&alues could neither be reproduced in later measurementspno
absolute accuracy of the applied combined sensopfand T~ @ repeated evaluation of the underlying dataset with an imedov
are 200Pa and 1K, respectively, as specied by the suppliégtrieval @oichu et al., 2011 The cross sections of s0and
Since their measurements inside the instruments housirgg a C!O decrease faster with increasing wavelength than thg SO
not necessarily representative for the sample gas (tempesatul@0ss section. Thus, the cross interference can be mindriize
not acclimatized, pressure variations dependent on pumghoosing anLED with a higher peak emission wavelength, at cost
performance), enhanced uncertainties of 5K and 1000 Pa wefd S sensitivity. Besides the listed gases, absorption by &serie
assumed instead. These uncertainties can be improved ingfutu©f background polycyclic aromatics and ketones can lead to up
setups by installing the temperature sensor closer to the sampie @ few ppb of apparent SOVMR, depending on air quality

cell and the pressure sensor with a direct connection to the and nearby vegetation, such that there may be conditionsevhe
ow path. detection limits below a few ppb cannot be achieved. It shall be

Summing up these uncertainties yields a total systemati@med that in the case of NDUV the cross sensitivities are well-
error in sensitivity for S@ VMRs of ~ 7%. The sensitivity predictable and stable over time and environmental condgio
was validated in the lab with di erent calibration gases SO Which is not the case for many other measurement principles
in N») and ambient air [assumed to contain (05)ppb SQ]  (€.9., electrochemical).
in 2015 and 2018. The results are shown Rigure 6. The ) o
error weighted linear regression deviates from the ideal 1:3-1.4. Condensation and Humidity Interference
line only by 1%. This suggests, that the average error(oj When trying to resolve optical densities 10 4, it is obvious,
over the LED emission range is much smaller than speci edhat water condensation in the optical setup must be avoided.
by Vandaele. From this validation we estimate the uncetyain Feeding steam from boiling water to the instrument for instan
in the PITSAs sensitivity to be better than 5% over the€asily leads to optical depth signals ofl, corresponding

instrument lifetime. to 2,000 ppm of apparent SOTo avoid condensation, the
temperature of the optical setup must be kept above the
3.1.3. Cross Sensitivities to Other Gaseous Species sample air temperature. When heat generation of the electronic

In the spectral range of the UV-LED, $@ the dominant but components is not su cient in the PITSA, the setup can be
not the only absorber in volcanic plumes. Even though nelglégi  actively heated to 20 C above environmental temperature.
in most applications, optical densities of other gases canecauBirect sampling, e.g. at the very proximity to the vent of hot
signi cant false signals, when going to low detection lsnfsee fumaroles is not possible without any further drying mechams
for instance section 4.2)Table 2 shows the most prominent or dedicated setups, withstanding the required temperatures
interfering species and their impact on PITSA measurement&ven when avoiding condensation, depending on the condition
Figure 7 shows their absorption cross section in comparison taa positive o set of a few 100 ppb in the PITSA signal was
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TABLE 2 | The most important cross interfering gas species.

Gas eff = eff ,SO2 Background Plume abundance Max interference
[Ppb]

O3 3.2 1-100 Usually below background 320 ppb

clo 3.7 <01 CIO/SO, probably < 10 2 4 10 4

NO, 0.1 1-30 NO,/SO, 10 1 10 4

The ratio eff= eff,s02 Was chosen here as a measure for the interference strength. Multiphg the VMR of an interfering species by this ratio yields the corresponding appent SO,
signal. Background values are given for remote areas, with lownghropogenic pollution. Plume abundance values are rough estimates and canftér widely in distinct cases (see text).

le18 Scattering occurs on molecules (“Rayleigh scattering”) and

NE 8 12 particles (“Mie scattering”). At 280nm and NTP conditions,
S, | = UV-LED spectrum Cross sections: oy the Rayleigh scattering optical depth is 5 10 © (Bucholtz,
56 =0 %5 s 1995. This is close to the instruments detection limit but
g 830 r0.8 g cancels out in the optical density D lg=I to negligible
24 NO, x10 | 0.6 £ contributions, since measuremenand zero point measurement
5 ] lop are both a ected. Mie scattering is largely suppressed by the
é 5 04 2 particle lter on the instruments inlet. Its maximum pore size
= -0.2 € is specied to 200nm. The lters capability to Iter smaller
§ 5 - 2 particles (radiiR < 100 nm) is not known. According to the Mie
270 280 290 300 310 scattering theory, particles with radit < 50 nm (approaching
Radiation wavelength [nm] the Rayleigh molecule scattering regime) are very ine tien
scatterers (scattering cross sectigiecomes much smaller than
FIGURE 7 | Cross sections of the most important interfering gas specigin the geometric cross sectionRZ) and can be neglected, whereas

comparison to SO, in the LED's spectral emission interval.

for larger particles, , can be assumed to be equal to RZin
a rst approximation (Roedel and Wagner, 20)L' Hence, for the
PITSA there remains a potentially critical size interval 50 fm

observed, which correlates with relative humidity. Thesea R < 100nm, where scattering by particles might become
for this interference is not yet clear. Certainly it is not UV @ Signi cant light attenuating factor. Particle concerttcans
absorption by water vapor, since water does not have absorptidH1=d10g;¢(R) in the remaining particle size range may exceed
structures in the wavelength range of interest. Also thetiea  10°cm *in polluted urban areas and volcanic plumésoperts

of the PITSA to humidity is much slower than the actual &t al., 201R During experiments in the atmospheric simulation
ushing time of the cell. Candidates for possible causes arghamber (see section 4.4), a corresponding scenario could be
(1) thin water layers, which are existent on surfaces even &mulated with arti cial aerosol (sea spray aerosol, comsti
non-condensing conditions and whose thickness change witAf NaCl, NaBr and HSQ;, injected with a Venturi-Nozzle) at
humidity and (2) water uptake of mechanical components likeZ€ro SQ to investigate the impact on the PITSA measurements.
seals, which might lead to deformations in the setup. Th&igure 8Ashows the particle size distribution inside the chamber
correlation appeared to be very variable, probably since th@S measured by a scanning mobility particle sizer (SMPS), over
scrubber's water uptake is dependent on its conditions ané€ course of the experimerftigure 8Bshows time series of the
scrubbing history. Further, memory e ects of the tubing arbt PITSA and an estimated expected signal. The latter was atécul
lter system cannot be excluded. In a zero measurement cgmnby integrating the SMPS size distributions over the criticaé s
the atmospheric simulation chamber experiments described ifterval (assuming sharp cuts at 50 and 100 nm for simplicity)
section 4.4), the humidity interference could be observeded- ~assuming the particle absorption cross sectiopgo be equal
controlled conditions. The chamber was stabilized at 265 ¢, t© . This very simpli ed approximation predicts well-visible
the PITSAwas heated to 33.5 C. Relative humidity was varied Cross interference of up to 800 ppb, whereas the actual PITSA
between 15 and 45 % over about 10 h, revealing a correlatidgh€asurements do not seem to be a ected 20 ppb increase).

of about 20 ppb apparent SOper % relative humidity (see This suggests that even particles wikk: 100 nm are su ciently
Supplementary Materialfor the corresponding plot). Further Itered, such that aerosol cross sensitivities are negligible

investigations are necessary to understand and eventeaflgye  COMmMon volcanic applications. Nevertheless, possible aeroso
this e ect. interference should be kept in mind when exposing the PITSA

to extreme aerosol loads.

3.1.5. In uence of Light Scattering by Molecules and

Aerosols 3.1.6. Mechanical Impact

Apart from absorption, the light intensity is also attenuatedDeformation of the optical setup due to mechanical impact
due to scattering away from the initial propagation direction (heavy vibrations, mechanical shock, ...) can lead to agdan
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FIGURE 8 | Atmospheric simulation chamber experiment to investigatéhe impact of nano particles on PITSA measurementgA) particle size distributions in the
chamber, measured by an SMPS. Only aerosol in the “criticabize interval are of interest (see text]B) time series of the PITSA signal, which is much lower than the
expected signal, as estimated from the size distributions mthe left, assuming geometric absorption cross sections (y D Rz).

corresponds to the time interval in which the VMR dropped to

1500 ® @ ® Measured 10 % of its initial value. Dashed lines show calculated resg®n
m— Spline fit for the given cell volume and air ow, assuming laminar owen
12.5 1 === Laminar turbulent mixing, respectively. As expected, reality is atorix
£ 1001 = Ll of both. These short response times are a major improvement
% 75 compared to conventional eld sensors, as they allow to detect
2 oo ) short time variations in volca_mc gas compositions which are
: recent eld of research (e.gRering et al., 20)4Furthermore, gas
2.5 - compositions are often derived by evaluating data from npugti
001 () collocated instruments against each other. In such setugis fa
- 0 1 3 3 a : responding sensors are desirable, since long response timdes a
Time [s] di erent response behaviors of the individual instrumentsica

cause severe complications and artifacts during data evatuat

FIGURE 9 | The drop in SO, concentration after switching to reference mode (Roberts et al., 20)2
(zero air, marked by the gray shaded area) during a measuremeat Etna

volcano. The blue points represent the actual data points, Wereas the blue 3.3. Measurement Range

line is a quadratic spline interpolation, to allow determation of tgg. Theoretical e . .
calculations for perfect laminar ow and turbulent mixing iside the cell are The measurement range Is Ilmlted' mamly because for hlgh
depicted by the dashed lines. SO VMRs, the light intensity reaching the detector becomes
too low and the contribution of electronic noise exceeds the
sensitivity error specied in section 3.1.2. When applying the
numerical solution of Equation 5 (which takes non-linea#

in the light throughput and thus the instrument signal. This of the instrument response into account), the PITSA provides
is a major drawback compared e.g., to electrochemical sensofeasonable results up to VMRs of about 1 % (10 000 ppm) at any
Despite the mechanical decoupling of the optics from the rest ofiata rate, which is su cient for most volcanic applications. If
the instrument (see section 2.3) slight deformations wessfily ~ desired, the measurement range can be shifted to higher VMRs
observed during the measurement ight presented in sectiomby reduction of the instrument sensitivity, which can eithee

4.2, which caused deviations of about 15 ppb in the S®IR.  achieved by using shorter absorption paths or by changing the
However, we expect that this e ect can be signi cantly reduced ED peak emission wavelength ($égure 1A).

by optimizing the design. In particular for setups with smaller

outlines, similar stability should be achievable at lesste o 3.4. Maintenance Requirements
_ The most critical expandable parts are the scrubber, the akros
3.2. Instrument Response Time lter, the UV-LED and the pump. For the scrubber and

The response time of the instrument is limited by the ushingthe particle lter, lifetimes are strongly dependent on the
time of the sample celFigure 9 shows response of the PITSA measurement conditions. The capacity of the gas mask cggrid
while switching from plume air with 15 ppm SOVMR to  (Panarea Eur Iter A2B2E2K2P3) is specied to 3 | (ca. 8g) of
scrubbed reference air (gray area), which causes a neaply stpure SQ. Unless this limit is exceeded, a leakayge0.5% is
shaped decrease in 86t the sample cell inlet. From the responseguaranteed by the supplier to meet regulatory requirements.
the ushing time can be determined tdgg 1.3s, which Assuming an average SO/MR of 10 ppm, a PITSA air ow
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of 1.5I/min and typical reference measurement intervals (5estimated to about 10,0@. However, it shall be noted that a part
duration, performed in 300 s intervals), a life-time>»®f20 years of the cost charges o, since the optical setup has a longsirtie

is obtained. However, this simple scaling of the scrubberagpa than electrochemical cells.

neglects the impact of other gases and may not apply, since

the life-time of an unused cartridge in its sealed packagsg i4. APPLICATION AND COMPARISON

speci ed to 6 years only. Our observations are not su cient fo STUDIES

a clearer statement: for a new scrubber the leakage was found

to be < 0.2%, which is in agreement with the speci cations.the p|TSA has been successfully applied at volcanoes in Italy
Further, we derived an upper limit of 2% leakage (limited byt Etna, Stromboli), New Zealand (White Island), Ecuador
the uncertainty of reference instrumentation), after 0 88mg)  (Guagua Pichincha), Colombia (Nevado del Ruiz), and Argentin
of S had been supplied to a single scrubber over a peri_oéPeteroa, Copahue). Further it was used in atmospheric
of 4 months during cloud chamber experiments (see SeCtiodjmyjation chamber experiments in Bayreuth (Germany). la th
4.4). Further investigations are necessary in this domalte {6 10wing a few exemplary measurements are shown, of which
particle lter lasts for several hundred hours of operation ingyme were performed in parallel to other-situ instruments
quiescent degassing plumes at low background aerosol, véhergg, comparison and validation, to demonstrate the PITSAs
hourly exchange can be necessary when ash containing plumgsyjicapility in the eld and laboratory.

are sampled (Marco Luzzio, personal communication). On the

lifetime of the UV-LED, there is only sparse information given4.1. Crater Rim Measurements at Mt. Etha

by the supplier. During the atmospheric simulation chamberOn the 239 of September 2015, measurements at the rim of the
(see section 4.4) experiments in the laboratory, a linearedse  North East Crater of Mt. Etna (Italy) were performed in parallel
in optical output power due to ageing of 40% over 1,000 ho a freshly calibrated electrochemical sensor (CiTiceL 3BT

of operation was observed, at a supply current of 7mA ands itis usually applied in Multi-GAS sensor systeRigure 100n
instrument temperatures of (40 3) C (heating enabled). Even the left shows an excerpt of the total 40 min time series. Tate li
though the exact scaling of lifetime with current and temggra  blue curve shows the original PITSA signgl(D 0.5s), which

is not known, it is likely that lifetimes of 5,000 h can be eded  reveals variation in S£on very short time-scales, which are not
at few mA and typical environmental temperatures. The typicakeen by the electrochemical sensor, due to its slower response
lifetime of higher grade miniature pumps are of the orderFor better comparability, the PITSAs temporal resolutionswa

of 10000 h. degraded by convoluting the signal with an exponential decay
function (decay time otgec D 105s), which mimics the pulse
3.5. Cost Ef ciency response of a sensor withy D tgec=log(2)  14s. This yields

This section is intended to give a rough impression on thesostthe dark blue dashed curve, which is in very good agreemetht wi
of the used components. We regard this as an important aspetite electrochemical sensor data. The scatter plot on the ogh

to consider, when it comes to the application of instruments inFigure 10con rms the agreement. It shows 10s average values
harsh meteorologic conditions and acidic environmentsteyt over the whole 40 min time series.

are encountered during volcanic plunie-situ measurements. . .

A fully functional setup like the PITSA instrument can be 4-2. Airborne Plume Scans at White Island

realized at material costs of about 2,3D0At this price, for Volcano

instance electrochemical sensors are already availalflealli During a measurement campaign on White Island (New
necessary peripherals assembled and ready to use. Congiderfealand) in cooperation with the Institute of Geological
development and construction costs, the costs for the PITI®A aand Nuclear Science (GNS), airborne measurementskm

60
: {'Slope: 1.04 /
—— Electrochemical Sensor 40 1 Ottset: -0.18 pom (2P
. PITSA = R?:0.991 Y
E "V == PITSA thed i
5 smoothe § /
= o < 20 4
Q <Y1 E
o a
0 0
0 1 2 3 4 5 6 7 8 0 20 40
Time [min] Electrochemical [ppm]
FIGURE 10 | Parallel measurements of the PITSA and a freshly calibratedeetrochemical sensor on the rim of Mt. Etna. Gray shaded ass mark PITSA data gaps
due to zero point measurements.Left: Excerpt of the time series. After arti cially degrading th&ITSA' response time, the two instruments are in good agreeent.
Right : Scatter plot of 10 s average values. Darkness of points repsents the data point density. The red shaded area indicatethe uncertainty of the electrochemical
sensor as speci ed by the supplier.
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FIGURE 11 | Aircraft measurements at White Island volcano, New Zealanduling December of 2015.(A) Flight path of the propeller machine, with respect to the
position of the White Island crater(B) Corresponding time series of the raw PITSA signal. The indiliial plume transects can be identi ed by the peaks on top of the
baseline signal. The baseline was calculated by tting a 4thmler polynomial to the SG free reference region(C) Parallel measurements of the PITSA and the
Interscan 4000 electrochemical sensor during the gas ight. Tie left plot shows an excerpt of the time series. After arti @lly degrading the PITSASs response time, the
two instruments are in good agreement when the plane penetrias the plume. When leaving again, there are large deviatienmost likely due to an asymmetric
response behavior of the Interscan. The scatter plot on theght shows 10 s average values. Darkness of points representthe data point density. The red shaded
area indicates the uncertainty of the Interscan as speci ed byhe supplier.(D) The plume cross sectional SQ VMR, as measured by the PITSA. The map was
interpolated from the actual sample points, which are reprgented by the small black dots.

downwind from the crater were performed with the PITSA on point measurements were disabled, to avoid potential loss of
a small propeller aircraft on of December 2015. At such valuable measurement time during the short plume crossings.
distances from the source, plumes are already well dilutetl arinstead, gas free regions were identi ed during post processin
in the case of White Island SOVMRs rarely exceed 1ppm. and used to calculate a baseline (Begure 118. Compared to
The ight path is shown on the left inFigure 11A A series zero point measurements with a scrubber it has the advantage
of 17 plume transects were own perpendicular to the windthat undesired o sets caused bysCcross interference (see
direction. Altitude was increased successively in steps@®@ m, section 3.1.3) and water vapor in uence (see section 3.1et) a
to obtain cross-sectional 2D distributions of the measugades. removed to a large extent. The baseline was determined by
Among others, a very sensitive electrochemical sensoeidoan  tting a 4 order polynomial to the presumably gas free data.
4000, measurement range of 2—2,000 ppb) was installed in tiégure 11Cshows the baseline corrected PITSA measurements
aircraft. In this particular case, the PITSAs automatedozerin comparison to the Interscan data. Similar as for the PITSA a
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was used (see section 2.Bjgure 12 shows the recorded time
series. Here, also data of the integrated.@nsor are shown
(see section 2.3). Measurements outside the plume just before
entering and after leaving were assumed as background ared we
subtracted. Observed peak values inC&hd SQ were 9,800

and 1,400 ppm, respectively. The data in the gray shaded area
yield a CQ/SQO;, ratio of 6.8. This is in good agreement with
ratios measured during sampling at the crater rim on the same
day (6 2) and as measured by GNS on the gas ight 5 days
later (8 4).

4.4. Application in Atmospheric Simulation

Chamber Experiments
From November 2017 to June 2018 the PITSA was applied in
FIGURE 12 | Gas VMRs of the measurement inside the Fumarole Zero plume| Bayre_Uth (Germa_ny)’ during at_mos;_)henc _SImU|atlon chamber
over time with backgrounds subtracted. From the data in the gey shaded area experiments (Slmllarly as described in detail Blyxmann etal,
a CO,/S0,, ratio of 6.8 was derived. 2019 for the investigation of reactive halogen chemistry in
volcanic plumes. The chamber consists of a%RAFE bag with
a diameter of 1.4m and 2.5m height, and with a sun simulator
baseline was also subtracted from the Interscan data (et  made of 7 x 1200 W Osram HMI lamps. Beside the PITSA, several
45 ppb). Cross sensitivities of the Interscan to hydrogen sdiph other instruments were connected to the chamber to monitor
(H2S) were avoided by scrubbing8 from the sampled air. The the conditions and gas concentrations inside, among otlzers
plot is equivalent taFigure 1Q For the smoothing (see section uorescence S@ instrument by Enivronnement S.A., type AF
4.1), this timetgecwas chosen to only 2.5s. Again, the PITSA i0M. Figure 13 shows times series of the PITSA and the AF
the faster instrument, but also exhibits larger noise. Tlighdy ~ 20M (1 min average values) during an Si@jection event in the
negative VMRs between the transects coincide with the curgatuchamber. The AF 20M and the PITSA both showed o sets of
of the ight path and may indicate anin uence of the forceawi 680 and 370 ppb, respectively, before S@as injected. These
on the instrument, leading e.g., to slight bending of the oglti o sets were subtracted.
setup and causing relative changes in the light throughput of

10 5. E ects of O; depletion and water vapor enhancement in
the plume seem to be too small to be observed, such that in thie2- CONCLUSIONS AND OUTLOOK
particular case detection limits of 20 ppb were achieved. The
asymmetric peak shapes in the Interscan data (independent
ight direction) suggest that the Interscan su ers an asyntriee

n the basis of the PITSA prototype, it has been shown,
that NDUV is a promising alternative measurement technique

response behavior, reacting much faster to, S@reases than 0" IN-Situ detection of S@ in applications where SPlevels

to declines. This explains the change in instrument agreemenex,ceed'ngl 10ppb are encountered. Beside volcanic degassing,
which gets signi cantly worse when leaving the plume. Witle th this comprises leo elds like Sh',p, or |qdustrlal plant emisgio

fast response a highly resolved 2D, §ume cross section could The calculated instrument sensmv_lty IS accu_rate and stabl

be recorded, which is shown iRigure 11D. Wind speed and better than 5%_. Instrumeqto set drifts can reliably be renedy _
direction were obtained using the wind circle methddoukas, when automatic zero point measurements are performed in

2003. Integration over plume cross section and multiplying byregular _intervals (i'e'f between 10__seconds_and sever_ats,hou
the wind speed yielded a total S@mission rate of 28085td *. depending on the desired o set stability). The instrumenttien

This is in agreement with results from simultaneously peried inherently calibra_ted, which i_s a major advantage c_ompar_ed 0
remote sensing measurements (320160 td , derived with most other established techniques. Sub-ppm detection liaris

a zenith DOAS instrument, also installed on the plane) anoeaSin achieved and can be further improved to few tens of ppb
reported literature values\(erner et al., 2008 under favorable conditions (see section 4.2) at responsestiof

1 2s. Cross sensitivities to other gases are small, well-known
: ) and stable over the instrument’s lifetime. The fully fuioctal
4.3. Fumarole Sampling at White Island PITSA is somewhat larger and heavier (50cm, 8kg, including
Volcano batteries for 24 h operation, all required electronics faydimg,
On the 39 of December 2015, the plume of a fumarole on theand Iter for automatic zero point measurements) than e.g.,
White Island crater oor (‘Fumarole Zero' with a degassing electrochemical sensors of similar functionality but stdllinto a
temperature of 170C) was sampled. To reduce the impact ofbackpack, for easy access of remote sampling sites withidagjist
condensation and the risk of damage inside the PITSA, theestrictions. The large measurement range makes the imsn
sample air was drawn at 5 m distance from the vent, the samplingery exible in its application: as shown in section 4.3 and, 4.2
time was limited to 10s and the instrument's internal heaterespectively, the instrument is capable of sampling fumarolic
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FIGURE 13 | Left: Parallel measurements of the PITSA and the AF 20M uorescencmonitor during an SGQ, injection event in the atmospheric simulation chamber.
Right : Corresponding scatter plot. Darkness of points represerst the data point density. The red shaded area indicates the urertainty of the AF 20M, as estimated
from earlier chamber experiments.

plumes with> 1,000 ppm S@ VMRs, as well as carrying out abandoned, such that very small (5 x 5 x 10 cm), light1 kg)
airborne measurements of diluted plumes wikh 0.3ppm at and fast {go0 < 1s) instruments with detection limits around
several kilometers distance to the vent. Possible drawkereks 1 ppm become possible, which would be su ciently sensitive
data gaps due to zero point measurements, the strong in uehce éor applications close to the vent (typical $©@oncentrations
condensation and currently the not well-understood ineggnce 1 ppm) and which could be carried even by small quadcopters
with air humidity. Performance and applicability have beenwith little payload.
validated in a series of volcanic eld applications and comgami
studies as described in section 4. DATA AVAILABILITY

For future NDUV instruments a number of modied
setups are conceivable, depending on the requirements. The raw data supporting the conclusions of this manuscript will
measurements at low SO/MRs (< 10ppb) are desired, a be made available by the authors, without undue reservatmn
general limitation of the principle are the numerous smallany quali ed researcher.
cross sensitivities, which become signi cant at detecliarits
of few ppb. Therefore, modi cations like an enhancement ofAUTHOR CONTRIBUTIONS
the absorption pathL to increase instrument sensitivity are
unlikely to lead to notable improvements. However, usuallyJP invented the instrument. He came up with the basic
(e.g., in typical volcanic plumes) detection limits around 1 ppmidea of using NDUV for volcanic S detection in the
are su cient. Then shorter or folded light paths would allow way described. He supervised and consulted J-LT throughout
much more compact and lighter devices. Since most systematiés work. J-LT was the executing student. He realized the
e ects in rst approximation scale witi. and instrument noise instrument, measured in the eld, evaluated most of the
is not the limiting factor, a reduction of. by a factor of 2— data, and wrote the rst draft of this article. DP supervised
5 can probably be realized without strongly impacting on thethe realization of the PITSA with his long-time experience
instrument's detection limit. Photon shot noise %ecream in scientic instrument development. NB organized and
the LED optical output poweP_gp according to ¥ P gpand coordinated measurement campaigns to Mt. Etna and Strobili
can therefore be reduced by applying larger currents to the.LE@nd was strongly involved in the evaluation and scientic
Maximum values for the supply current and resultifgep of ~ classi cation of the data shown in this article. BC organize
the UV-TOP280 are 40mA and 1.6 mW, respectively, whicland coordinated the measurements performed at White Island
corresponds to an increase of factor 6 in optical output Vvolcano in New Zealand and provided the corresponding data
(decrease in noise by factor 2.4), compared to the resultaisho for instrument comparison. He had a role in motivating the
in this study. A further option to reduce the instrument size a project, seeing a need for such spectrometry in the application
costs of performance is to remove the monitoring channelgihi to volcanological pursuits. JR and SS performed the cloud
would degrade the instrument's detection limit by a factbr 05.  chamber experiments during which a row of characterization
Note, that by reducing the cell size also the response behaviand comparison measurements were conducted. All authors
improves, as ushing of the cell takes less time. If largels@e  contributed to manuscript revision and read and approved the
required, an increase of the pump ow rate can be used to aghievsubmitted version.
the same e ect. Regarding the scrubber, alternative approaches
to zero point measurements like a partial evacuation of thElUNDING
sample cell should be considered. In applications, where gas fr
air is reliably sampled in regular intervals (e.g., sectio?),4 We  acknowledge nancial  support by Deutsche
scrubbing is not even necessary. For UAV based plume scannif@rschungsgemeinschaft within grant PL 193-19/1, grant 83
for instance, scrubber and LED monitoring channel could bel6/1 and the funding programme Open Access Publishing, by
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the Baden-Wirttemberg Ministry of Science, Research and thée theory of spectroscopy, Jonas Kuhn for taking the instrumen
Arts and by Ruprecht-Karls-Universitat Heidelberg. on further campaigns, Agnes Marzot for the accommodation in
New Zealand.
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