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Abstract. The composition and emission rates of volcanic 1 Introduction

gas plumes provide insight of the geologic internal activ-

ity, atmospheric chemistry, aerosol formation and radiativeVolcanoes are known to emit large amounts of gases into
processes around it. Observations are necessary for pulbhe atmosphere and contribute with 10-15% of the global
lic security and the aviation industry. Ground-based ther-anthropogenic sulphur emissiortidalmer, 2002. The gas
mal emission infrared spectroscopy, which uses the radiatiowomposition of these volcanic plumes are not well under-
of the volcanic gas itself, allows for continuously monitor- stood and differ for each volcandiippa 2009. SO, from

ing during day and night from a safe distance. We present/olcanoes has been detected by remote sensing methods both
measurements on Popoepétl volcano based on thermal from the ground and from space. Its strong absorptions in
emission spectroscopy during different campaigns betweetthe UV have been widely used by COSPEC (COrrelation
2006-2009 using a Scanning Infrared Gas Imaging SystensPECtrometer) and now more frequently by DOAS (Dif-
(SIGIS). The experimental set-up, measurement geometriekerential Optical Absorption Spectrometer) instruments to
and analytical algorithms are described. The equipment wagnonitor its fluxes. Satellite-based instruments such as the
operated from a safe distance of 12 km from the volcano aSCHIAMACHY (SCanning Imaging Absorption SpectroM-
two different spectral resolutions: 0.5 and 4¢ The 2-  eter for Atmospheric CartograpHY) and OMI (Ozone Mon-
dimensional scanning capability of the instrument allows foritoring Instrument), have also been successful in detecting
an on-line visualization of the volcanic $@lume and its  volcanic plumes from space. In the infrared, global moni-
animation. Sig was also identified in the infrared spectra toring by thermal emission measurements is now possible by
recorded at both resolutions. The $i5O, molecular ratio  sounders with enough spectral resolution such as the TES
can be calculated from each image and used as a highly us¢Tropospheric Emission Spectrometer) and IASI (Infrared
ful parameter to follow changes in volcanic activity. A small Atmospheric Sounding Interferometer) instrume@(isse
Vulcanian eruption was monitored during the night of 16 to et al, 200§. From the ground, infrared studies of the vol-
17 November 2008 and strong ash emission together with &anic plume composition have mostly used the solar absorp-
pronounced S@cloud was registered around 01:00 a.m. LST tion technique but also open-path and thermal emission FTIR
(Local Standard Time). Enhanced 60, ratios were ob-  spectroscopy.

served before and after the eruption. A validation of the re- Fourier Transform Infrared (FTIR) spectroscopy from the
sults from thermal emission measurements with those fronground has been applied in vulcanology for the last two
absorption spectra of the moon taken at the same time, adecadesNotsu et al. 1993 Mori et al,, 1993 Francis et al.

well as an error analysis, are presented. The inferred propat996 1998 Love et al, 1998 Burton et al, 2001, Goff et al,
gation speed from sequential images is used in a subsequef001, Duffell et al., 2001 and many more as for example the
paper (Part 2) to calculate the emission rates at differentecent measurements on Popéget| byGrutter et al(2008
distances from the crater. and Stremme et al(2011). Passive spectroscopy works
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276 W. Stremme et al.: Thermal emission spectroscopy of volcanic gases

difficult to obtain because of their high atmospheric back-
ground. Sikg in volcanic gas was first detected Byancis

et al. (1999 at Vulcano, which is a volcano on an lItalian
island, and the largest relative giEontent was found at
Satsuma-Iwojima volcano, JapaMdri et al, 2002. Love

et al.(1998 suggested that the increasing $dontent mea-
sured in Popocépetl might be related with the Vulcanian-
type eruptions measured then and the molecular ratio of SiF
to SQ (SiF4/SOy) is thought to be an indicator of explosive
activity (McGonigle 2005. In a recent work, solar absorp-
tion measurements of Popoepetl during an explosion and
quiescent degassing showed a systematic difference in the
HCI/SO,, HF/SG and SiR/HF molecular ratios$tremme

et al, 2011. It was suggested that SBIF ratios change
and increase in explosions due to presence of gas originated
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FTIR Layer 1 Layer 2 Layer 3 from fresh magma from the depth, while $iHF ratios can
foreground plume background . .
b) increase due to a cooling of the stored gas near the surface.
L L, L In this work we present measurements of the thermal
Ii'" 11“ """" . 2 """"""" . 3 """ volcanic-plume radiation with a fully automated Scanning

Infrared Gas Imaging Systeniérig et al, 2005 and new
retrieval strategies which allow for simultaneous monitoring
of SO, and Sikz. As the determined slant columns are cap-

Fig. 1. (a) Different measurement geometries in the infrared us- di di . i h |
ing (A) solar/lunar absorption spectroscopy, (B, C) thermal emis-tUred in two dimensional images, each scan or plume snap-

sion spectroscopy at and beside the plume, respectively.fie@ Sho_t p.roduces an average mlolleCU|ar ratip(ESDZ) with a
Popocatpetl can readily be detected from thermal IR spectra andstatistical measure of its significance. This parameter can be
imaged by performing 2-D scans around the crater. A plume-skyused to monitor changes in gas composition day and night,

difference (C-B) was used to analyze the weaksSSignal and
cope with the strong interferencegh) Sketch of the three layers

and possibly used as surveillance for future eruptive events.
As example the results from a explosive event on the night

(background, plume and foreground) used in the forward model topf 16 to 17 November 2008 are presented. The propagation

simulate the spectra.

velocity is calculated from the images and the emission rates

of these gases can be determined (see Part 2).

without controlling the radiation source and can be further
distinguished in (A) absorption spectroscopy, which uses the
sun, moon or hot rocks as light source and (B) thermal emis-
sion spectroscopy, using the radiation emitted by the targeThe Scanning Infrared Gas Imaging System (SIGIS) used is
gas itself, which acts therefore as the light source. Thes&omprised of an interferometer (OPAG 22, Bruker Dalton-
geometries are depicted in the sketch provided in Eig. ics, Leipzig, Germany), an azimuth-elevation-scanning mir-
While absorption spectroscopy needs the special conditiomor actuated by stepper motors, a telescope, a data and video
that source, plume and sensor are in one line, thermal emisprocessing and control system with a digital signal proces-
sion spectroscopy only requires a free sight of the plumesor (DSP), a camera and a personal computer @igFor
However, for a quantitative analysis of the gases, an accuthe visualization of gas plumes, the scanning mirror is set se-
rate radiometric calibration is needed and the temperature (Tquentially to all positions within the field of regard (all pix-
profile) along the line-of sight of the background, plume andels in the observation window). The size and direction of the
foreground should be known or well estimated. A measure-ield of regard and the spatial resolution (i.e. the angle be-
ment along the direction C shown in Fiy. which is at the  tween adjacent views) are variable. Each interferogram mea-
same elevation but barely missing the plume up-wind, as willsured by the instrument is recorded by the DSP system where
be shown in this work, can aid in the analysis significantly. a Fourier transformation is performed and the spectrum is
According to our knowledge thermal emission spec- transferred to the PC. The spectrum is analysed on-line and
troscopy to characterize volcanic emissions was applied fothe column densities are visualized as false color images laid
the first time in 1996 byove et al.(1998 2000 and Goff over the calibrated video image. For each target compound,
et al. (200)). From thermal emission spectroscopy, ;250 an image of the space-resolved Pearson’s coefficient of cor-
SiF4, H20, CO, (Goff et al., 2001) and even HCI (Love relation, the signal-to-noise ratio, the brightness temperature
et al., 2000) have been determined in volcanic gas plumesof the background and the difference between the tempera-
However, good HO and CQ results have proven to be ture of the ambient air and the brightness temperature of the

Instrumentation
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W. Stremme et al.: Thermal emission spectroscopy of volcanic gases 277

: amsscc Figure 1b illustrates the measurement set-up of the method.
: S The radiation measured by the spectrometer contains the
: spectral signatures of the background in the field of view,
the gas cloud, and the atmosphere. The propagation of ra-
diation through the atmosphere is described by the theory of
radiative transfer, Eq. (1).

L1 =1—-mn) B+ null—-r1) B+ 12L3]. 1)

11

In order to describe the basic characteristics of spectra mea-
sured by a passive infrared spectrometer, a simple model with
three layers is used (Figb). Radiation L3) from the back-
ground (Layer 3), for example the sky (or a surface), prop-

Fig. 2. (a) Schematics of the SIGIS construction with correspond- agates through the volcanic plume (Layer 2) and the atmo-

ing components an¢b) illustration of the instrument scanning a SPhere between the plume and th? spectrometer (La'ye'r 1.
2-D image represented by the field of regard (red grid). 71, T2 and By, By describe the transmissions and the radiation

due to thermal emissions (from Plank’s-function) in these

layers, respectively. The layers 1 and 2 are assumed homo-
background are also produced. Simultaneous with the analgeneous with regard to all physical and chemical properties
ysis and visualization of one interferogram by the DSP andwithin each layer. The radiation containing the signatures of
the PC, the scanning mirror is set to move to the next positiorall layers (1) is measured by the spectrometer and the spec-
where a new interferogram is recorded. After the measuretra are analyzed by the GeDetekt software developed for the
ment of the field of regard is completed, the column densi-SIGIS Harig et al, 2009. The reference spectra with dif-
ties of all directions in which a compound has been identi-ferent column densities along this path are calculated by the
fied may be calculated and an additional false-color image igonvolution of high resolution transmittance spectra calcu-
displayed Harig et al, 2005. lated by FASCODE $mith et al, 1978 using the HITRAN

For quantitative analyses of slant column densities, a raspectral compilation and an instrumental line-shape function.

diometric calibration is necessarRg¢vercomb et al198§.  The spectra measured by passive remote sensing spectrom-
The calibration was realized with spectra recorded at twoeters contain both absorption and emission signatures of the
different temperatures taken from a temperature-controlledarget gas. Baseline shifts in the spectrum that exceed the sig-
black-body. There is a trade-off when choosing the spectranal of the target compound due to the radiance of the back-
resolution in order to obtain sufficient information about the ground and emission inside the spectrometer are also con-
target and interference gases with higher resolution and looksidered. The signatures of atmospheric trace gases, and in
ing to improve the signal-to-noise ratio and speed in the dat@articular the signatures of ozone and water vapour, are of-
acquisition gained when using the smaller resolutidar{g, ~ ten greater than the signatures of the target gases. Therefore,
2004. We present two different data sets using spectral resthe algorithm is optimized to identify and quantify the com-
olutions of 4 and 0.5cmt. Fast measurements with the pounds where the mentioned interference gases and baseline
lower resolution allow for two-dimensional scans (consisting shifts are less sensitive.
of typically 35x 20 spectra) to be produced within2minand  The analysis is realized by the approximation of a mea-
still average 5 interferograms per recorded spectrum (pixelysured spectrum with a linear combination of reference spec-
With the higher spectral resolution, 20 interferograms needra, which have been converted to brightness-temperature
to be averaged so that full 2-D-scans would take too long toZbr(V) (v: frequency in wavenumbers)Ti (V) is obtained
be completed and would not reflect a snapshot of the vol-y the inversion of Plank’s functioB(v, T) assuming that
canic plume. The higher resolution spectra are taken only irthe thermal radiation is given by the measured intensity of

the spot-observation mode as described in Se2t. the radiation (v), Eq. (2).
The measurements presented in this work were done B 53 1
from the high-altitude Altzomoni site (19.1%, 98.65W, 7 ) _ h cv <| |:2h v 1:|> ' @
4000 ma.s.l.) at a safe distance of 12 km from the crater. k L)
For the calculation of the slant-column densities, a plume
3 Retrieval algorithms temperature in the volcanic layer has to be estimated. For the
analysis of spectra at 4 cthtaken on 16/17 November 2008
3.1 Algorithm for the 4 cm~! resolution the value 275 K was used and for those taken on 28 May 2009

a temperature of 280 K was chosen. Although an exact value
Passive remote sensing of gas clouds is based on the analysithe plume temperature is not known, the visualization and
of infrared radiation absorbed and emitted by the moleculesdetermination of molecular ratios between &@nd SQ are
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278 W. Stremme et al.: Thermal emission spectroscopy of volcanic gases

quite insensitive to the plume temperature as described bye estimated the temperatutBgiayer With a weighted

Love et al.(2000 and shown in Seck.l average using
An example of the retrieval results of $@nd Sik are [ T(2) pos(z) B(T(2)) dz
shown in Fig.3. The regions used for the analyses of,SO Tbg-layer = T oy BT @) dz (3
3

and SiR are 1050-1250 crmt and 980—1080 cmt, respec- _ o

tively. The strong S@ vi-band located around 1150ch ~ Where B(T'(2)) is the black-body radiation ano,(z) the

can be clearly seen in the spectrum, while that of,S& density of t.he main gas emitting in that region (for exam-
weak and slightly larger than the noise in this case. WherP!€ 0zone in the Sifretrievals). The foreground temper-
the fitting parameters from the continuum and other interfer-8ture is estimated from the instantaneous temperature mea-

ence gases are removed (blue trace), the Sghal can more sured at the observation site. The estimation of the temper-
easily be identified. ature in the volcanic layer is discussed in SdctThe for-

Th fashi lcanic ol foct th ward model considers that the instrumental line-shape results
€ presence of ash In voicanic plumes can attect i€ analg, ., 5 physical triangular apodization with maximal optical

ysis significa_n_tly preventing the possibility tolquantify the path-difference (OPD) of 1.8 cril@rig et al, 2005 Stremme
column densities. The emission and absorption of the as fét al, 2009

particles act as a continuum in the spectra similar to that o The inversion is done using the optimal estimation ap-
a solid background like the cone of the volcano. In such

- . . . roach Rodgers1976 and because the forward model is not
cases an analysis using difference spectra (sky-plume) is ncﬁ ear, a Levenberg-Marquard damping mechanism is added.
possible and a filter is introduced. The integrated intensity i

. For each parameter, an a priori value and its co-variance has
between 900 and 1000 crhis used to exclude all spectra P P

; S ; to be chosen. The choice of the number of parameters, a
which are above an empirical intensity-threshold of the re

ved IR-radiati Th h ks also t lud thgariori values and constraints is critical. The foreground, vol-
celved TR-radiation. 1he scheme WOrks aiso 10 exciude e, ;e anqg atmospheric background layers are assumed to be
pixels in which the volcano or clouds are in the field-of-view

. independent and a diagonal a priori covariance matrix was
so that more representative slant columns of the target 9aS@hosen. TheSe-matrix describes the noise in the spectrum
and a corresponding SISO, ratio can be obtained. '

but according to the work ofon Clarmann et al(2001),

a generalizeds.-measurement-noise matrix enables the re-

3.2 Algorithm for the 0.5 cm~! resolution duction of errors introduced by not fitted of poorly known

parameter in the forward model.

The instrument was designed for thermal emission spec- The s_pectral region of 1080—.12056|"nwas used for t.he
SO, retrieval and the cross-section were calculated using the

troscopy at different resolutions. For the 0.5¢hresolu-
tion, the system was set to measure in “spot” mode, WhichHITRAN 2004 databaseRpthman et a).2009. The follow-

means that it will measure continuously in one direction or'"9 tempe.ratures were assumed for the event on 17 Novem-
it can alternatively switch between two or more directions ber 2008: 300K (foreground), 280K (volcan!c layer) and
(pre-defined spots). A new code to retrieve slant columng 20K (atmosp_henc backgrount_j). A ponnc_)mlaI of order 4
from individual thermal emission spectra at this resolution &S used to simulate the continuum of this broad spectral
was developed. Using a higher resolution has the disad\-N'ndOW and the gases (03, CO, CHa, N2O and O are

vantage of a loweS/N but it helps to separate absorption taken into account. S&drom urban origin is considered neg-

features of different gases better and might therefore Iowelugible at this altitude and was only allowed to adapt freely in
systematic errors the volcanic layer, while C& CHg4, N2O and BO are fitted

) _in the foreground layer.

Just as for the lower resolution mode the atmosphere is A |arge source of error in the quantitative determination of
divided also in 3 layers, each containing a number of rel-the 5 slant-columns is the interference of water vapor. For
evant gases described by their partial polqm_ns and a meafhe 0.5cntl resolution the non-\oigt line-shape might be
temperature. The forward model thus is similar as the onéy minor importance, however, its strong variability and the
described in SecB.1, in Harig et al.(2009 and byGoff  hrasence of water in all three layers makes it difficult to sim-
et al.(200]. The cross-sections are calculated in a prepro-yjate. Even if one could determinate the foreground water-
cessing step using FASCODE with sufficient high resolution oo jymn using the humidity measured in situ, it would be dif-
(no apodization) gnd on a fine grid._ Depending on the widthgieyit to get rid of spectroscopic problems with the®in-
of the spectral window, a polynomial of ordéf is used 0 terference, especially with the intense water lines. Therefore,
simulate the black-body radiation from aerosol, ash particlespe spectrum was deweighted systematically using the water
or water drops in the atmosphere and the volcanic plume.  ~qss-section as presented in Fignd which, as mentioned

The assumption of a temperature in each layer is re-above, is similar like the use of a generaliZdmatrix (von
quired in the forward model. The vertical T-profile from the Clarmann et aJ.2007).
daily radiosonde launched in Mexico City and the US Stan- The SiFz cross-sections were calculated from a labora-
dard atmosphere were used for the background layer antbry spectrum 7 =300K, P=1000hPa, 55ppm, 1m, at
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Fig. 4. Thermal emission spectrum (below) around the,S@-

region, 1020-1040cr, the gases Sif Oz, CO», CHa,
N2O and BO were forward simulated, but only SiFOs,
COy, H20 and a polynomial of order 2 were fitted. Figire
shows the measured and simulated spectra with dominant O
structures, and a SiFsignature that is only slightly larger
than the residual. As we will see in the results, this signal is
sufficiently large to follow the evolution of a SjRwhich is
strongly correlated to SO

4 Validation of SO, and SiF, 0.5 cni 2 retrievals from
lunar absorption measurements

The results of S@and Sik slant columns retrieved form lu-
nar absorption spectra (spot A in Fi.are shown in Fig6.

The analysis of the data was performed as from solar absorp-
tion spectra inStremme et al(2009. The measurements
were taken on 17 November 2008 around 06:30 a.m. LST at
when the moon had a zenith angle of 2d an illumination
fraction of 76 %. The volcanic plume passed just above the
observation site and it was possible to take absorption spec-
tra for little less than an hour. As the thermal emission from

band on 17 November 2008 at 17:45 LT. The black trace is the meathe moon and that of the atmosphere including the volcanic

sured spectrum in the direction of (B) depicted in Rigand the red
trace corresponds to the fitted simulation. ThgOHcross-section

plume have the same order of magnitude, background spectra

just next to the moon were also recorded. These background

(above) is used for systematically deweighting the water lines inspectra served rather to get slant columns in thermal emis-

the analysis.

1.0 cnt ! resolution) fromHanst et al(1996 which has also
been used b¥rancis et al(1996; Love et al.(1999; Mori
et al.(2002. The same temperatures as for the;S€trieval

sion mode since the plume was just above the measurement
site. Figure7 shows that one of the lunar background mea-
surements (a thermal emission spectrum) was recorded near
the maximum of the slant columns retrieved from lunar ab-
sorption. Therefore, it is possible to subtract an individual
background obtained by linear interpolation from the ther-

were assumed for the three layers. In the chosen spectrahal emission spectra recorded before and afterwards. Since

www.atmos-meas-tech.net/5/275/2012/
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Fig. 5. Thermal emission spectrum (below) in the region used for Time (LST)

analyzing Si. The black trace is the measured spectrum in the

position of B depicted in Figl, and the red trace corresponds to the Fig. 7, Slant columns of S@retrieved from lunar absorption spec-

with a forward simulation of Sif alone with the fitted result of

4.5x 10 molec cnr2.

at 0.5 cnt1 (green). The diamonds are results when a plume tem-
perature is assumed to be 272 K and the crosses are after fitting the
SO, columns to the lunar absorption value, giving a plume temper-

3x10" . 6x10" ature of 266 K.
. L o time of the thermal emission measurement). The results of
e the sensitivity study in Figd shows a temperature of 266 K,
T 2x10" - i % for which both S@-slant columns are consistent. That is in-
13 I . 3 dicated by the green crosses (thermal emission) and blue tri-
8 . . -v' : . [ 2x10° § angle (interpolated lunar measurements) in Fig-he plume
£ LI N > . ¢ temperature is a parameter which can be obtained from the
3 10" oo -~ o i 2 comparison of both methods. The radiosonde at 17 Novem-
st ° ‘a, oo ..' o L oo ber 2008, 06:00 a.m. L.T. at Mexico City registered a temper-
s A ICRY ature of 265 K at 5000 m a.s.l., which was the approx. plume
| ‘.". *« . VoA ; 4 height. This result suggests that the volcanic plume seems to
% ° - . adapt rather fast to the temperature of the environment.
0x10° T T T T T T -2x10"
6:15 6:30 6:45 7:00 7:15
Time (LST) 5 Errors and diagnostics

Fig. 6. Time-series of the SiF(red) and SQ (blue) slant columns

Random errors of the retrieved columns can be estimated

retrieved from lunar absorption spectra taken on 17 Novemberfrom the scattering of the results (Figs.11and12). In the
2008. Time is given in local time.

calculation of ratios, the random error obtained from the 95%
confidence intervals is small if enough spectra are recorded.
This error is used for all molecular ratios ($I60;,) reported

this subtraction eliminates most artifacts in the spectra which, this work and shown as vertical bars in Figsand 13.

occur also from self emission of the instrume8tckreiber
et al, 1996, the emission of the instrument is not taken into

account in the forward model.
The first assumption of a volcanic plume temperature of

272 K lead to a systematic lower S@olumn retrieved from

However, various parameters in the forward model affect the
results systematically and have to be discussed to evaluate
the results and to improve future measurements.

5.1 Sensitivity to plume temperatures

thermal emission spectra than the temperature independent
retrieval results from lunar absorption spectra (the blue trian-The assumed plume temperature has a strong impact on
gle in Fig.7. is the lunar absorption value interpolated to the the estimated slant columns, and is normally not measured
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SO, (molec./cm?) Fig. 10. A typical SO plume from Popocé&petl volcano mea-

sured from the Altzomoni site on 17 March 2006. The slant column
densities can be obtained with the on-line evaluation software after
proper radiometric calibration and plume temperature estimation.
The SGQ amount of a single puff in the white rectangle corresponed
to an estmated mass of f41)t.

Fig. 8. Slant columns of Sif-retrieved from lunar absorption spec-
tra (black) plotted together with SiFrom thermal emission spectra
at 0.5cnt1 (red) against the corresponding $&lumns. Temper-
ature of the plume is estimated to be 266 K (see, Fignd text).
The molecule ratios are calculated from the linear fit and its error is

indicated by the 95 % confidence interval. . . . )

sis, the SiR/SO; ratio changes by less than 5% if a 20K
L 0.0025 higher volcanic plume temperature is assumed. This is
1 confirmed from a sensitivity study performed from our re-
sults (see Fig9). Here it can be seen that although the
— 0.002 changes in the retrieved slant columns can be rather large,
the temperature dependence of the molecular ratio does not

— 3 significantly change.

g |||~ 00018 8 SO, and Sik, were analysed for this sensitivity study as-
§ _____________________ F % suming different plume temperatures from a set of six ther-
o 27 ] I L L 0001 % mal emission spectra of the volcanic plume taken some dis-
@ N 3 tance down-wind from the crater, close to the direction of

r the moon (spot A in Figl). As the moon-absorption mea-
L 0.0005 surements (see Sect. 4) were performed at the same time and
elevation angle, the volcanic-plume temperature could be es-
timated using the results from the sensitivity study and the
—T T 0 moon-absorption quite accurately. This strategy is similar
Tzzargnoperature (3}1% 330 350 to using simultaneous COSPEC-measurements as described
by Love et al.(2000, who used the S@slant column from

Fig. 9. Sensitivity of the retrieved Spcolumn to the estimated a_n independent techniqu_e_ for “calibrgting” the thermal emis-
plume temperature (black points). The red line shows the resulting©" result. Other possibilities for estimating the temperature

SiF4/SO, molecular ratios as a function of chosen plume temper-c0Uld be from strong saturated water lines or from the alti-
ature. The ratios and its error are obtained from the slope of thdude of the volcanic-plume together with the assumption that

linear fits of six thermal emission spectra taken at 0.5tmes- it adopts the temperature of the environment at that altitude.
olution near the moon and between the lunar measurements (see,
Figs.7 and8) 5.2 Plume inhomogeneity

The error discussed above considers the temperature of the
directly. Love et al. (2000 limited their analysis by us- plume to be homogeneous. However, the plume is inho-
ing molecular ratios of the volcanic gases and not the abimogeneous and dispersed over a wide area. The center in
solute slant column amounts, which would be needed forthe field-of-view might not match the center of mass of the
estimating the flux. They mentioned that from their analy- plume, and might change during the measurement. The
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Fig. 11. Left panel: on-line analysis of the $S@nd Sikz plumes displaying the retrieved slant columns in false-colored images. Difference
spectra were calculated using the outermost left pixel as background and a temperature of 280 K was assumed for the evaluation. The sum c
the slant columns within this window corresponds to 12t ob$@d 24 kg of Sif. Right panel: correlation between the column-densities

of both gases in the scanned window resulting in &&IB, ratio of (1.80: 0.034)x 103,

Table 1. Sensitivity to calibration: study with lunar-background measurements assuming a temperature of 273 K of the volcanic plume. The
calibration temperatures were 284.45 and 292.55 K.

perturbation 1 2 3 4

8 Temp. cold +1 0 +1 -1

8 Temp. hot 0 +1 +1 +1

8 SOp molec cn 2 —0.30E+18 0.02E+18 0.02E+18 0.67E+18
8 Sy % -17.2 1.2 1.2 38.7

8 SIFp™ molec cni 2 0.18E+15 —0.20E+15 -0.018E+15 -0.14E+15

8 SiFy % 12.5 —14.2 -1.2 —-9.7

3(A SOp) molec cn2 —0.180E+18 0.018E+18 0.018E +18 0.422E+18
3(A SOy) % —14.8 15 1.5 34.7

3(A SiFy) molec cni 2 —0.21E+15 0.34E+15 0.023E+15 0.66E +15
3(A SiFy) % —18.9 30.7 2.1 59.6

8(A SOp/A SiFs)  molec molec? 55.56 —244.50 —6.70 —170.07
3(A SO/ A SiFy) % 5.09 —22.38 —-0.61 —15.57

average temperature of a plume can be estimated from &3 Radiometric calibration

range of altitudes covering the plume dispersing down wind.

Even if the average plume temperature is well estimated, ) )

the temperature variations within the plume may cause un©One of the most important error sources of the experimen-

certainties. The typical field-of-view presents a plume with tal set-up used in this work is the radiometric calibration of
a vertical thickness of around 2km. If a lapse rate of the spectrometer. The calibration changes according to the
6.5Kkm L is assumed the temperature difference betweerf€mperature of the instrument and detector during measure-

the lower and upper part and from the center of the p|u,.nen*|ents and a calibration every hour would be desired. Thus,
would be+6.5 K. According to Fig9, this temperature dif- the calibration itself might introduce errors, as the condition

ference would lead to an error of 16 % in the slant columnin the field was not always optimal for this procedure. The
of SO,. However, the error in the molecular ratios would be calibrations during the November/December 2007 campaign
was not as frequent as in May 2009, although the available

electrical power in the measurement site was not sufficient to
raise the temperature of the black-body’s resistance as high

smaller than 5 %.
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Fig. 12. Visualization of the(a) SO, and(b) SiF4 slant columns retrieved at different times during the night of 16 to 17 November 2008
(colorbar for Sify and SQ is the same as in Fig.1). The integrated intensity around 900—1000¢nis shown in(c) with colors in arbitray

units. The linear fits from the plots ifal) are calculated only from pixels with lower intensities — those with coldc)n A wind direction

change is evident from the last row and one reference spectrum as clear sky was used for all the analysis (see video S.2 in the Supplement)

as in the previous study. The instrument was installed inside The different errors shown in Tableare important if the
a building for the latter campaign looking for more stable method is applied to determine (i) the absolute values of the
temperatures and thus the conditions were better. slant column densities finally used for emission estimation

The error introduced by the calibration is evaluated assum®' (il) the differences in the slant columns (sky-plume) are
ing uncertainties in both the upper and lower temperatureget”?v_ed to calculate mole_cular ratlos_. As there are dlffe_r-
of the black-body measurements. Both temperature error€nt fitting parameters (continuum and interference gases) in-
could have the same or opposite signs. If we assume aMolved and the forward model is not linear, the error intro-
error of 1 K. the effect in the slant columns and ratios canduced through uncertainties in the calibration does not be-
be calculated. The radiometric calibration also affects theh@ve equally for all target gases. The table shows that molec-
slant columns retrieved from a clear-sky spectrum. Table Ular ratios could be affected by as much of 22%, while a
shows how the absolute slant-columns, thelant-columns ~ Wrong calibration (1K) might affect the column density by
(plume-sky) and the calculated ratio between AgiF, and ~ UP t0 60 % for Sikr and up to 35% for S@

SO, are affected. The error resulting from 1 K uncertainty
in the temperatures of the black-bodies could lead to a 20 %
error in the SQ/SiF, ratios.
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S the target gases are almost unconstrained in the volcanic
P b ‘ ‘ ‘ ‘ layer. The variance of the partly constrained interference pa-
sz E- 777777 T T T T T T T T T ] rameters characterizes the retrieval as well. Both quantities
g j - Y — AIS? and S?OZ help in the optimization process and could
s;f & [—- _ L 7 indicate if something in the forward model is not well fitted

2 *é I~ 1 7 or missing. The errors due to interference parameters can be
g5 [ 7+ et i ] minimized but not quantified in this way.

- - (b) g ]

8 5.5 Uncertainty in the geometry

The measurements are taken from a rather large distance re-
sulting in small scanning angles (maximal range was around
] 15°). This allows for geometrical approximations to be done
] and the slant columns can be thought of having constant sep-
— arations at the plume distance. Also, the uncertainty in the
5 observer-plume distance depends on both the direction and
dispersion of the plume. Larger distances have proportion-
O Sl L L ally smaller errors. To estimate the uncertainty rising from
1800 19:007 23:00 02:00 03:00 04:00 0500 06:00 this distance, the evaluation is restrained to favourable con-
Time (LT) ditions, in which the plume seems to propagate perpendic-
ular to the viewing direction. Even in these selected cases

Fig. 13. Time-series ofa) the integrated radiation collected from o plume at some distance from the crater might have a

above the crater an) the Sifa/SO, molecular ratio (squares) be- g jacement of half this distance towards or away from the
fore and after the eruptive event that took place between 01:06 anﬁ1

01:45LT of 17 November 2008. The dashed line indicates the "caourement site. Typically the center of the recorded plume
threshold chosen to filter-out data for calculating molecular ratios. IS_ around 2 to 3km east or west of t.he crater, so that the
distance to the center of the plume might be Ht &5 km.
This represents a typical error of 13 % in the distance to the
5.4 Interference parameters plume ¢), leading to an error of 28 % in the integrated area
(A= A¢-A0-r?), wherep andd correspond to the azimuth

The a priori partial slant columns and a priori values used forand elevation angles. This error is irrelevant for slant col-

the interference parameters are empirically adjusted. Errorsmn and molecular ratios, but it might be the major error

in the interference gases or fitted parameters can therefore @urce when determining the total amount and flux of a gas
large sources of error in the retrievals. The error analysis in(see Part 2 of this paper). The total error for the mass cal-
optimal estimation is described Rodgerg1990, Bowman  culation of a visualized puff of gas has an estimated value
et al.(200§ andSussmann and Borsdo¢#007). An impor- of ~ 32 %, which results from the slant column uncertainty

tant tool in the error analysis is the Averaging-Kernel matrix (* 16 %) and the geometrical error @8 %) described here.

which describes how a change in one paramefgs affects
the result related to another parametgg . For the param-
eters which are retrieved with constraint, we define their av-

erage impact A" on the target gas, for example for the Figure10shows a typical S©plume from Popocépet! vol-
S, slant column, as: cano measured by thermal emission spectroscopy at4.cm

s s i . The SQ was retrieved according to the description made in
Aljoz = Ajoz +AVG (xrer—a prior) ) Sect.3.1, considering a plume te?nperature of 2%5 K. Various
puffs are visible in the false-color image and the measured
SO slant columns can be integrated over one puff to estimate
its SO gas content. The puffin the right hand side of Hi@.
for example, contains an estimatedi{4) t of S& when the
N o o _ o area of the puff within the white rectangle is integrated, con-
Both quantities A? and Sf help in the optimization  gjdering a distance of 12 km from the measurement site and a
process as they give insight in how the target gas reacts ihixe| size of 0.028. The 2-D scans were continuously mea-
the a priori value or the constraint of a certain parameter isg;re( so that the plumes propagation could be animated over

changed. The retrieval of the target gas can be optimized effiseyeral hours (see animated videos in the Supplement).
ciently by adjusting the interference parameters, a priori and

constraint, so that the average of the volcanic gases in the
clear-sky spectra (spot C in Fig. 1) is effectively zero, while

0.001—

SiF,/SO, molecular ratio
T

T
e
ERUPTION 1:06 LT

0.000

6 Results and discussion

The variance in the impact ?famis given by:

SI2% = A% STDEV(x/ey (5)

Atmos. Meas. Tech., 5, 273288 2012 www.atmos-meas-tech.net/5/275/2012/



W. Stremme et al.: Thermal emission spectroscopy of volcanic gases 285

15 _|
6x10" — — 6x10'° 6.0x10
£ T " g
o s & 15 __|
2 3 £ 4.0x10
3 3 o
S 410" “haxtot 2 3
£ & 3 7
u E o
7] = o
. F £ 2.0x10"
Ll:l'
» ]
2x10"® — - 2x10™®
\ \ \ 0.0x10° —
17:15 17:30 17:45 18:00
Time (LT)
I T I T I T I
. . . . . 0 18 18 18
Fig. 14. Time series of the S©(black diamonds) and SiFred 0.0x10 2.0x10 4.0x10 6.0x10
crosses) slant columns obtained from thermal emission spectra SO, (molecules/cm?)

recorded at 0.5 cmt resolution on 17 November 2008.
Fig. 15. SiF4/SO, correlation plot from data in FiglO including
both plume and clear-sky spectra. Slope =@ 0L07)x 103
Volcanic Sik slant columns were analysed from differ-

ence spectra at 4cm. At favorable conditions like on
28 May 2009, one 2-D scan which lasted around 1.5min A difference between the spatial distributions of S#nd
contains enough information to calculate the molecular ra-SO, would be interesting to analyze, as recent measurements
tio with a statistical error below 5% (95 % confidence in- at Fuego Volcano in Guatemala bjadeau et a2011) with
terval). The results of this scan are presented in Elg. a UV-imaging system found SCemitted through different
The SiR/SO, molecular ratio in this particular example is vents. It is possible that just after the explosion, as seen in
(1.18+0.03)x 102 and the corresponding $Gnd Sik the third row of this sequence, the maximum of S&prop-
amounts within the measured window are f12)t and  agated earlier towards the right border thamS@Ithough
(244 8) kg, respectively. It is important to note that the near- a single snapshot does not provide sufficient arguments for
horizontal viewing arrangement produces a strong interferimaking conclusions, it can be seen from the simultaneous
ence with ozone and continuum radiation affecting the re-plume animations that this instrument is capable of identify-
trieved slant columns as well as the resulting absolute valuéng differences in the spatial distribution of the gases (see S.2
of the molecular ratios. The presence of ash and clouds proin the Supplement).
duce additional uncertainties and the reported ratios should In Fig. 13, the time series of both the integrated IR ra-
therefore be treated carefully. However, it will be shown diation collected just above the crater and the calculated
next that the relative changes in the measured ratios can b8iF4/SO; molecular ratios is presented. The time series of
important parameters when related to the volcanic activity. the integrated intensity (Fid.3a) indicates the time and du-
During the night 16/17 November 2008, an explosion oc-ration of the explosion. Only the values below the threshold,
curred around 01:06 a.m. LST and large amounts of &@ represented by the dashed line, were considered for calculat-
ash were emitted. The SjFetrieval was performed from ing the gas ratios. One reference spectrum and one radiomet-
the difference spectra and still very close to the detectiorric calibration, with a plume temperature assumed at 275K,
limit (see Sect3.1). To improve the signal-to-noise ratio in were used in the evaluation. These assumptions introduce
this event, the retrieved slant column densities of the nearuncertainties and therefore not the absolute but rather the rel-
est neighbors were averaged vertically and horizontally by aative behavior is interesting to observe. There is a clear in-
running average of 4. The results of a sequence are presentegease in the SWSO, ratio not only after the eruption, but
in Fig. 12. White areas where the integrated intensity arealso a couple of hours before. The ratio then returns to low
large (see SecRB.1) are filtered out clearly showing the pres- values several hours after the explosion.
ence of the ash-plume and the contour of the volcano in the
third row, a few minutes after the explosion (01:18 a.m. LST).
The corresponding animation of this sequence is presented as
Supplement S.2.
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Table 2. Results of the SiffSO, ratios obtained from different measurement strategies.

Event Mode Resol. (cml)  SiF4/SO, x 1073 R2 N

17 November 2008 early morning  thermal emission image 4 0692 - 1 frame
17 November 2008 early morning  lunar absorption 0.5 #6802 0.67 57
17 November 2008 early morning thermal emission spot 0.5 0005 0.66 6
17 November 2008 morning solar absorptigntvz 0.5 2.56+0.30 0.65 213
17 November 2008 morning solar absorptign 0.5 2.54+0.26 0.66 156
17 November 2008 afternoon thermal emission spot 0.5 +a07 0.96 114
28 March 2009 early morning thermal emission image 4 10803 0.80 828
28 March 2009 early morning thermal emission spot 0.5 186018 0.69 110

A general behavior is deduced from the interpretation oftaken at the same time and the plume-temperature was ad-
Figs.12 and13. There is a low emission of gases several justed according to the description presented in SecAs
hours prior to the explosion. The SIS0, ratio starts to  the systematic difference is only slightly larger than their un-
increase 2-3 h before, rises excessively during and just afeertainty, the errors are estimated with the 95 % confidence
ter the event and then drops to low values a few hours laterinterval, however, the dataset is based on only 6 measure-
The emissions of both SGnd Sik, however, remain strong ments and in fact one plume measurement and 5 background
throughout the next day probably through open-venting. measurements. As the interference gases and parameters

Slant columns of S@and Sif at 0.5¢cnT! were also  Play an important role in the SiFetrievals, a greater set of
recorded on 17 November 2008 (spot B in Fijyduring al- ~ measured spectra would be helpful. As the slant columns of
most 1 h and are plotted in Figj4. The spectrawere recorded SC: are consistent using the temperature of the environment
~16h after the explosion with optimal conditions for mea- at 5000ma.s.l., we assume that there is a small systematic
suring with thermal emission spectroscopy. A large variabil-rror in the retrieval of Sik However, not sufficient evi-
ity observed in the retrieved slant columns is consistent withdence is available to infer which of both retrievals (thermal
the puffs observed bgrutter et al.(2008. The Sik and ~ emission or absorption) remains slightly biased.

SO, columns are, however, changing synchronously. The

Pearson’s correlation of both columns including thosezfrom7 Conclusions

o et ooy T WOk s ow a ulyavtoatzedscaming FTR
emission spectrometer can be used for plume visualization

(Fig. 15). Errors are calculated with the 95% confidence . . o .
interval, assuming that the ratio is constant and errors i O.f volcanic gases, as well as continuous monitoring of emis-

the Sif retrieval are dominant. During the measurement SN ratios at favorable conditions. The instrument opera-
period no significant change iﬁ the SIS0, ratio could tion for thermal emission spectroscopy and the retrieval al-

be observed gorithms are described. The instrument can also be deployed
The res It.s from various measurement periods, howe eto monitor other atmospheric relevant sources and in the case
u variou u iods, howev

h i iation in the SIS lecul s fof continuous operation for volcanic surveillance, its autom-
showsasigni |cantvar|at!on Int eS, O molecularratios 44,0 capability presents many benefits and opportunities
during quiescent degassing of Popégatl, Table2. Not all

) allowing for:
measurements are equally reliable, as the geometry, meteoro-
logical conditions and calibration conditions might have dif- — the detection of large column densities and molecular
fered. Table2 differentiates between thermal emission mea- ratios of specific gases even during the night (with the
surements made in image mode, as shown in Hijand12, possibility to warn with an alarm algorithm during an
and the spot mode as presented in Figband15. On the eruptive event),

morning of 17 November 2008, a few spectra with volcanic
gas were recorded near the moon when the measurement site™
was almost directly below the gas cloud. On 28 May 2009,
measurements were recorded before sunrise using the scan-
ning infrared system pointing above the crater while the in-
strument was located in the hut under more stable conditions. _ the identification of opportunities for taking solar or lu-

The comparison of the molecular ratios presented in Ta- nar absorption spectra of the plume (as when validating
ble 2 between lunar absorption and thermal emission shows  results from thermal emission measurements and per-
a difference of 0.0007& 0.0005. These measurements were forming specific studies like iBtremme et a]2017),

a visual representation of the individual volcanic gas
plumes (with a large statistical significance from the
increased data collection in various atmospheric and
volcanic conditions),
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— a detailed reanalysis of special events using individualSupplementary material related to this
optimized and adapted retrieval strategies. article is available online at:

) o ) o http://www.atmos-meas-tech.net/5/275/2012/
The visualization of the S@plume and its animation from amt-5-275-2012-supplement.zip

longer sequences is presented (see the Supplement). The
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