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S1 Region Choice for Flow Rate Estimation

To estimate the flow rate through the ChiWIS instrument, we
chose a flight leg with high natural variability. The selected in-
terval is from the fourth flight of the ACCLIP 2021 campaign
on August 17th. This interval features several large changes5

in mixing ratio approaching 5 ppmv in 5 seconds. Figure
S1 shows 62 Hz ChiWIS data (black) and 20 Hz DLH data
(cyan).

Figure S1. The subinterval of data used to generate the estimation
of cavity flush time. Data are taken from the ACCLIP flight on Au-
gust 17th, 2021. Rapid changes of ≈ 5 ppmv occur within about 5
seconds, allowing for a test of the cavity flush time of the ChiWIS
instrument. ChiWIS data are reported at 62 Hz and DLH data are re-
ported at 20 Hz.

S2 Optical Pedestal

S2.1 Pedestal Characteristics10

The pedestal radiation originates on or near the laser diode,
as evidenced by the fact that it is well-collimated. Masking
the first spot on the output mirror reduces the pedestal power
by about 60%, implying that the typical mirror reflectivity is
about 65% at the characteristic pedestal wavelength. Based on15

the mirror reflectivity curve, this radiation has a wavelength
farther from the laser line center than about ±300 nm.

Tests with filters centered at other nearby wavelengths
showed varying degrees of attenuation, suggesting a broad-
band, incoherent, non-thermal source, centered around the20

laser wavelength. A filter centered at 2750 nm (Thorlabs p/n
FB2750-500) blocked nearly all of the broadband radiation.

To establish the pedestal’s linearity, we slowly flushed the
cavity with dry air. Line centers that do not vary over a large
range of N2O values are considered optically saturated. From25

this set of points, we generate a linear function to describe
the observed pedestal power. By slightly changing the tem-

perature set point of the laser, we can shift the saturated line
centers up and down the ramp, and verify that the pedestal is
very nearly linear. 30

To test the effect of N2O absorption on the pedestal, we
conducted experiments in which the cell volume was rapidly
switched between pure N2O and dry air. During the dry air in-
tervals, the FB2750-500 filter was rapidly switched in and out
of the beamline. Using adjacent unfiltered and filtered scans, 35

we reconstructed the pedestal by modeling the unfiltered data
as the sum of a linear function and the filtered data multi-
plied by a constant, where the linear component represents
the pedestal and the constant accounts for the attenuation of
the main beam by the filter. See the supplementary material 40

for more details on this procedure. Pedestals derived using this
method were in excellent agreement with those derived from
the N2O method.

S2.2 Pedestal Correction Procedure

Another phenomenon made correcting the spectral data for 45

the pedestal effect even harder: the temperature dependence of
the detector sensitivity. Therefore, variations in detector tem-
perature caused variations in the pedestal height. We derive a
strong, nearly linear, correlation between observed power and
the detector mount temperature to account for in-flight vari- 50

ations in detector temperature and sensitivity. In the Strato-
Clim configuration, the detector was not sufficiently anchored
to a heat sink, meaning that over the course of a flight it
would warm up by several degrees, resulting in decreased sen-
sitivity. The photodiode temperature was not recorded during 55

StratoClim, but the detector mount temperature, which was
recorded, is an effective proxy.

The laboratory data used to derive this relationship are
shown in Figure S2 (SigData_RV). The black dots represent
measurements of the pedestal height at the center of the big 60

water line (3777.9492 cm−1, roughly sample number 1200 in
a typical scan) as the detector head warms from about 26.5 to
40.5 degrees C, spanning the range of detector mount temper-
atures observed during StratoClim. In the following, we derive
a linear scaling between detector mount temperature and the 65

pedestal slope and intercept.
SigData_FO provides a canonical slope and y-intercept for

the pedestal during flight, since that data set was taken in
September 2017, immediately after the StratoClim campaign.
However, SigData_FO does not span the range of detector 70

mount temperatures observed during the campaign (only 28-
30◦ C), and therefore cannot be used to generate a pedestal
correction on its own. SigData_RV spans the range of detec-
tor mount temperatures, and linear fits to the pedestal slope vs.
detector mount temperature and pedestal y-intercept vs. de- 75

tector mount temperature relationships form the basis of our
quantitative pedestal correction. However, SigData_RV was
taken in May 2019, and we must admit the possibility that the
laser aged during this period and that the pedestal no longer
has the same y-intercept or slope. To account for this possibil- 80

ity, we rescale SigData_RV to match SigData_FO over their
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common temperature range. This rescaling does not affect the
temperature dependence, since that is a property of the detec-
tor sensitivity under temperature variation.

Figure S2. Comparison of the scaling between pedestal power and
detector mount temperature in flight data and in two laboratory data
sets (green, black; see text). For this example, pedestal power is de-
termined at the center of the big water line (3777.9492 cm−1). The
red line is a fit to this relationship, which is then used to correct flight
data. The six colored points show flight data in saturated intervals
during flights 2, 3, 4, 6, 7, and 8 during StratoClim, and the blue line
is a fit to those points. The blue and red lines show near identical
slopes, validating the use of laboratory data to determine the rela-
tionship. Their intercepts differ in magnitude by ∼2%.

Comparison with In-flight Water
During brief intervals at the start of each StratoClim flight,5

the instrument samples very wet inlet air which optically sat-
urates the big water line, which allows for the estimation of a
pedestal upper bound. The colored dots plotted on Figure S2
correspond to the detector mount temperature and observed
power at the tip of the big water line during that flight’s high10

water interval. The blue line is a line of best fit through these
points. The slope of that line is not statistically different from
that of the red line fit through the lab data points, although the
magnitude is greater by about 2%.

This estimate was expected to be higher than, rather than15

equal to the pedestal due to: a) the difficulty of achieving
‘true’ optical saturation in ICOS instruments, and b) the tran-
sient nature of the very wet time intervals. ICOS output has
contributions from radiation that has made very few passes
through the optical cavity and therefore experienced little ab-20

sorption. Simulated ICOS spectra estimate that the tip of the
water line would achieve minimum transmission of ≈ 1.1% at
1000 ppmv water. Also, the very wet intervals last only several
seconds, comparable to the averaging time, making it possible
that unsaturated scans are averaged into the relevant spectra.25

S2.3 Test with In-flight Tracers

In addition to H2O and HDO, ChiWIS also measures several
very weak CO2, N2O, and CH4 transitions. These can be used
to test the quality of the pedestal correction procedure, us-

ing both a priori knowledge about the typical concentrations 30

of a tracer, and through direct comparison to measurements
made by other instruments (often with much higher precision)
aboard the Geophysica.

We test the quality of the pedestal correction for fitting
two very weak N2O transitions present in the typical ChiWIS 35

spectral regions. These fits on the corrected data pass several
consistency checks. First, the retrieved concentrations are con-
sistent with each other to within the HITRAN linestrength er-
ror of ±2-5%. Given that the N2O spectral features are spaced
quite far apart on the ramp, the presence of the pedestal can 40

introduce a signifcant disparity between concentrations re-
trieved from different transitions of the same molecule.

Table S1. Spectroscopic Parameters of ChiWIS N2O Lines

ν (cm−1) S ∆S ∆nair

3777.7730 1.085e-22 2-5% 5-10%
3778.3655 9.475e-23 2-5% 5-10%

Second, both features return concentrations consistent with
the HAGAR instrument, which measures N2O. Last, frac-
tional deviation between the ChiWIS N2O concentrations and 45

HAGAR N2O concentrations are constant from flight to flight,
meaning that the pedestal correction procedure does not intro-
duce flight-to-flight variation.

S3 Effects of Rebinning

Raw spectral data contain 50000 samples per scan, and are 50

typically rebinned prior to analysis. This saves space and
speeds up fitting of the spectral features. However, rebinning
can introduce systematic bias through line shape distortion
and by confounding retrievals of ringdown times. Both effects
are explored here. 55

S3.1 Lineshape distortion

As the rebin size becomes comparable to the width of the
spectral features, rebinning warps the spectral features and
results in biased retrievals of concentration. To quantify this
effect, we fit a section of data from the ACCLIP flight on 60

20210810 across a range of values. The results are summa-
rized in Figure S3.

The top panel shows concentrations derived from data re-
binned by ten samples. The bottom shows deviations from
that data under greater rebinnings. Rebinning-induced errors 65

are generally less than about 1% up to 125 samples rebinned,
which is roughly comparable to the size of the spectral fea-
tures in question. Final data are derived from fits to data re-
binned by 10 or 20 samples.

S3.2 Improper Ringdown Time Retrievals 70

Accurate ringdown time retrievals are nessary to ensure accu-
rate concentration retrievals from the raw spectra. A typical
ringdown scan (black) is shown in Figure S4, along with a fit
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Figure S3. Data from Flight 2 of the 2021 ACCLIP campaign out of
Houston on 20210810. The top panel shows H2O mixing ratio data
derived from fits to spectral data rebinned by 10 samples. The bot-
tom panel shows deviats from that mixing ratio under various other
rebinnings.

to the scan (blue). These scans are taken 2-3 times in each
flight.

Figure S4. A ringdown scan from the Osan flight on August 15th,
2022. The laser abruptly turns off about 23 microseconds after the
trigger signal which initiates data acquisition. The data (black) here
are averaged by 5 seconds and rebinned by 20 samples. The fit to the
data (blue) yields a ringdown time estimate of 24.9 microseconds.

Rebinning mixes samples from before and after the laser
turns off, introducing uncertainty into the ringdown time re-
trieval. This extra uncertainty reduces the constraint on the5

cutoff time and the ringdown time parameter, resulting in poor
ringdown time retrievals. Figure S5 shows the effect or rebin-
ning on retrieved ringdown times. We take the ringdown time
retrieved with no rebinning (26.04 microseconds) to be the
true value, and the fractional deviaton of all subsequent val-10

ues are referenced to this one. Final data in the StratoClim
campaign were generated from data that was rebinned by 10

samples, resulting in an under reporting of ringdown times of
less than 0.3%. Ringdown times in the ACCLIP campaign will
be generated from raw, unrebinned data. 15

Figure S5. Retrieved ringdown times are sensitive to the number of
samples rebinned.

S4 Data Availability

Failure to return satisfactory data occurred during Flights 1
and 5 of the StratoClim campaign. During Flight 1, a loose
contact in the TRB connector carrying the trigger pulse to ini-
tiate signal acquisition resulted in a data acquisition rate of 20

about one-tenth of normal. Although the returned spectra are
of good quality, to date no effort has been made to analyze
this data, partly due to flight through fairly uninteresting air,
and partly due to data dropout from other instruments on the
flight. This issue was mitigated in the field before Flight 2 by 25

swapping the trigger pulses for ringdown and signal acquisi-
tion.

Rolling blackouts in the flight hangar were an issue
throughout the StratoClim campaign in Kathmandu. While on
ground power before Flight 5 during a pre-flight flush with 30

dry air, one such blackout occurred. Flushing the instrument
requires both top and bottom valves to be open, and when
the power failed, they both remained open. This allowed wet
hangar air to rush into the optical cavity through the bottom
valve. Fortunately, the high-reflectivity cavity mirrors were 35

not impacted, and did not require cleaning afterwards. How-
ever, data returned from Flight 5 show clear evidence of out-
gassing throughout the entire flight. To date, no significant ef-
fort has been made to analyze or make a correction on data
from this flight. 40

During the third flight of the Summer 2021 ACCLIP cam-
paign, the instrument failed to return satisfactory data due to
an issue with the software controlling its top valve. In this
case, the new external inlet for the ACCLIP campaign proved
to be more difficult to heat than the StratoClim inlet due to 45



4 CLOUSER ET AL.: ICOS INSTRUMENT FOR WATER ISOTOPES

the absence of a fairing surrounding it. The under-temperature
condition eventually caused the control software to close the
top valve. This feature was programmed into the control soft-
ware to prevent icing within the instrument, but the experience
of in-flight conditions during StratoClim has shown that this5

feature is unnecessary in almost all conditions. Other, internal
sources of heat on tubing internal to the instrument are more
that sufficient to sublimate any ice particles that are able to
enter the inlet before they reach the optical cavity.

During the fourth transit flight west between Adak and Mi-10

sawa before the ACCLIP 2022 campaign, a computer failure
required the restart of the instrument. Some data was lost at
the beginning of the flight. During the fifth flight between Mi-
sawa and Osan the same issue occurred, and the decision was
taken not to power cycle the instrument due to the very short15

nature of the flight.
At the end of the second flight out of Osan Air Base on

20220804, a DC-DC converter powering the laser driver board
failed, resulting in the loss of a small amount of data. The
component was replaced and there were no further issues.20

No data was recorded on the third Osan flight. The data
acquisition computer failed to boot at the beginning of the
flight, and did not respond to power cycling. The cause was
ultimately determined to be a poor connection between the
PXIe computer and its backplane. The board had likely be-25

come loose due to vibrations and repeated thermal cycling,
and simply reseating the board solved the problem.
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Table S2. Flight Data, Key Metrics and Notes

Date Campaign Duration (hours) Altitude range (km) θ range (K) Notes

20160830 SC-Test – – – Main power supply failure
20160901 SC-Test – – – Main power supply failure
20160906 SC-Test – – – Main power supply failure

20170727 SC – – – No data due to loose electrical contact
20170729 SC 3.35 12.6 - 20.0 359.2 - 474.0
20170731 SC 2.58 11.2 - 20.0 355.6 - 475.9
20170802 SC 3.31 11.0 - 20.0 358.9 - 471.8
20170804 SC – – – No data due to valve malfunction at

ground level during flight preparation
20170806 SC 2.83 10.8 - 16.3 358.5 - 380.8
20170808 SC 1.99 12.1 - 19.0 360.4 - 437.0
20170810 SC 2.68 9.5 - 18.7 354.5 - 424.8

20210806 HOU21 2.42 11.7 - 18.6 347.0 - 435.0
20210810 HOU21 4.48 11.0 - 19.1 343.9 - 453.6
20210816 HOU21 – – – No data due to valves not opening prop-

erly
20210817 HOU21 4.51 11.3 - 19.1 346.1 - 453.5

20220714 HOU22 2.77 10.8 - 17.8 341.1 - 417.0
20220716 HOU22 5.10 9.8 - 18.9 340.1 - 445.1
20220718 HOU22 5.13 13.0 - 19.1 350.7 - 445.1

20220721-L1 TW 4.37 10.9 - 14.7 336.3 - 376.5
20220721-L2 TW 2.98 11.1 - 14.4 341.8 - 392.5
20220724 TW 1.98 8.7 - 15.9 321.5 - 426.8
Table20220725 TW 4.20 11.4 - 17.6 345.0 - 423.2 Data loss at the beginning of the flight

due to computer malfunction and power
cycling necessary to reboot

20220727 TW – – – No data due to computers not booting
properly

20220802 OSAN 3.53 14.7 - 18.2 359.4 - 417.5
20220804 OSAN 3.68 13.7 - 18.6 355.3 - 428.2
20220806 OSAN – – – No data due to a computer malfunction
20220812 OSAN 4.63 10.2 - 19.1 344.9 - 445.5
20220813 OSAN 3.67 13.4 - 18.7 354.4 - 429.7
20220815 OSAN 3.83 13.6 - 18.9 360.6 - 440.5
20220816 OSAN 4.28 12.5 - 18.9 354.6 - 444.8
20220819 OSAN 4.97 13.7 - 18.6 360.5 - 414.8 Short data loss due to accidental power

cycle from cockpit
20220821 OSAN 4.82 11.0 - 19.2 352.0 - 447.7
20220823 OSAN 5.27 12.4 - 19.2 353.6 - 439.1
20220825 OSAN 4.75 13.3 - 19.0 355.5 - 442.1
20220826 OSAN 5.02 11.0 - 18.8 344.1 - 444.9
20220829 OSAN 5.10 13.2 - 18.7 353.3 - 432.0
20220831 OSAN 4.08 9.9 - 18.7 348.6 - 434.9
20220901 OSAN 5.03 9.9 - 19.0 344.6 - 448.8

20220909 TE 1.50 10.2 - 14.6 335.4 - 370.9
20220912 TE 4.42 10.7 - 16.1 327.7 - 414.8
20220913 TE 4.57 9.5 - 15.9 326.5 - 425.7
20220914 TE 3.65 11.1 - 14.6 344.8 - 381.8

Duration, altitude, and potential temperature (θ) are noted for periods where ChiWIS reported H2O values < 100 ppmv.


