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A. Supplementary discussion on the basics of radiative transfer
A.1 Calculation of CO_ absorption spectrum based on HITRAN

The absorption cross section k,, derived from HITRAN [1] forms the basis of all CO: absorption
values in this study. By considering all CO: isotopologues and assuming the Voigt lineshape,
k, was calculated at various gas temperatures under a pressure of 101,325 Pa. Figure 2(a) in
the main text shows k, for a gas temperature Tz = 50°C, which is used in Fig. 2(c), (d), Fig.
3(a), and (d) (main text). For the calculations in Fig. 3(b) and (c) (main text), k, spectra at
various temperatures were used.

A.2 Quantification of responsivity spectrum of CO, imaging camera

The responsivity spectrum Ry (Fig. 2(b), main text) of the CO: imaging camera used in this
study was measured using the step-scan function of a Fourier transform infrared spectrometer
(FTIR). An optical system was mounted at the specimen stage for extracting a collimated light
beam from the FTIR, and the infrared light modulated by the interferometer was irradiated
across the entire image sensor. The temporal waveform (interferogram) of the average

brightness was Fourier-transformed, and the quantitative responsivity spectrum was determined

1

by comparison with the results of a calibrated detector, with a resolution of 2 cm™, placed at

the same position.

A.3 Details of discussion in Sec. 2.3

In this section, we prepare a framework of the radiative transfer equation based on Eq. (5) in
the main text, which is applicable to general cases including nonuniform gases as well as
uniform ones. To achieve this, it is first necessary to return to the monochromatic radiative
transfer equation at frequency (wavenumber) v (Eq. (3), main text).

In Eq. (3), the gas temperature Tz can be a function of position z. As shown in Eq. (2) of
the main text, the optical thickness k, is determined by k,, the total volume number density of
the gas n, and the concentration (the mole fraction) of the gas ¢. The concentration ¢ can also
be a function of z, and both k, and n depend on Tg. Therefore, Ky, can be influenced by the

spatial distribution of T as well as that of c.

ff

By defining an effective temperature Ty for each frequency v, the blackbody radiation term

iybb can be separated from the integral over Kj, in Eq. (3):

iv(K\;) = ivbb(Ts)eXp( - KV) + fOKv ivbb(Tg)eXp[ - (Kv - K\t)]dK:k)
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= iy (T)exp(—16) + ivoo (TSI [ expl — (1, — )] dic;

= Ly (T5)exp( — 1) + iy (TSH)[1 — exp(— 1)1, (S1)

where T is the light source (background) temperature, and

. 1Y iven( Tg ) exp[— (e, 1) ]dxc

fan(r3g) = fo““(exp)[—(»cv—wmd»«z ' (52)

There are two remarks regarding Eqs. (S1) and (S2). First, for a gas with uniform

temperature and concentration, TSg = Tg, and Eq. (S1) reduces to Eq. (4) in the main text.

Second, Tﬁg as given in Eq. (S2) corresponds to the contrast reversal temperature T5°' at
frequency V. This is because, the intensity difference Ai, due to the presence of gas,

Biy = iy(6,) —i4(0) = [ivob(TET) = iwob(T)|[1 = exp( — 1)1 = Avg|iuon(TEE) — o (T5)].
where Ayg is the absorptivity, becomes zero when T's = Tﬁg; this is the definition of the contrast

reversal temperature Ts®" . Detailed results are discussed in the next Sec. B and Fig. S2 for both
uniform and nonuniform cases.

Using the relation in Eq. (S1), Eq. (5) in the main text defining the intensity signal Ir(u)
(u: column number density) can be written in a more concise form:

IR(w) = [ Ryiy(k,)dv = [7 Ryivpn(Ts) exp( — k) dv +

15 Ryt (TEF) 11— exp( = 1,)]dv. (83)

For the convenience of practical applications, consider a scheme to approximate a
nonuniform gas with spatial distribution of temperature and concentration, as a uniform gas
with an effective temperature Tgff and the same column number density u. Equation (S3) can
be expressed in terms of two components: blackbody radiation and gas absorption. The
blackbody radiation function and the responsivity spectrum (except for its sharp edges) vary
slowly with respect to v, so they can be separated from the gas absorption terms. Then,
separated terms are described by experimentally measurable quantities for a uniform gas with

an effective temperature Tgff:
IR(W) = 57 Ryivo (Ts) exp( — 16,) dv + [ Ryiyon(TSH)[1 — exp( — 1c,)]dv

, d . d
~ Ryylygbb(T's)AV X fv\/lz exp( — Ky) A_: + Rvolvobb(ngfg)Av X fvvlz[l —exp(— Kv)]A_::

f:’ R, exp (—K‘,(Tgff,u)) dv
fooo R,dv

~ [ Ryiyop(Ts)dv X + I Ruiyon (755 dv X

fooo R\,[l— exp (—K\,(Tgff,u))]dv
f0°° R,dv

- ff
=1 - a(rgT)|1 L (1) + Ag(Ta) e (721,
where Vg is the center frequency in the bandwidth Av (Av = v; — V1),

Irob(T) = J;” Ryiybb(T)dv,

and

Jy Rul1=exp(=xc,(T))]dv
fom R,dv

Ag(Tw) = (S4)



Thus, the approximate expression of Eq. (6) in the main text is obtained. This approximation
was justified by confirming the following relation numerically:

o o Jy” Ry[1-exp(=1a)]dv
fO Ryiypb(T)[1 — exp(— ky)]dv = fO Ryiypb(T)dv X . f0°° Rydv >

and an agreement within 7% accuracy was confirmed.

Here, Irpn(T) can be determined by calibration experiments, measuring a uniform
blackbody at various temperatures T by the detector with responsivity Ry. Ag(T,u) is the
absorptivity of a uniform CO, gas with a temperature T and column number density u. While
Ag can also be obtained experimentally, this study uses the Ag values based on HITRAN. We
confirmed the consistency between HITRAN and our experimental results. N»>-diluted CO-
gases with various column densities of ¢ = 0-1.04x10° ppm m (25°C) were encapsulated in a
gas cell with CaF» windows and a length of L = 104 mm, and absorptivity Ag at Tg =25°C was
determined. The results are shown as open circles in Fig. S1(a). Figure S1(a) also shows Ag
values for representative temperatures derived from HITRAN. The experimental results and
those by HITRAN at Tz = 25°C show reasonable agreement. Using HITRAN, it is possible to
obtain Ag values at any gas temperature. Figure S1(a) shows that the Ag—u relationship has a
small temperature dependence.

Here, the signal difference due to the presence of the gas is

Al = I () = Ir(0) ~ Ag(T§") o (TE") = o (T
which is a generalized expression of Eq. (7) in the main text. When T's = Tgff , Al = 0. Thus,
we can experimentally determine the effective gas temperature Tgff as the contrast reversal
temperature T¢®". For a gas with uniform temperature and concentration, T5®" = Tgff: Tq
simply holds. For a nonuniform gas, as discussed in Sec. 2.4 and Fig. 3 in the main text, these
temperatures are close to the 1/e-width average temperature T;/ ¢ (Fig. S1(d)): T¥V = Tgff ~
Ty .
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Fig. S1. (a) Relationship between absorptivity Ag and column number density U at several gas
temperature T'g values. Experimentally determined Ag (open circles) at Tg = 25°C and values
calculated using Eq. (S4) based on HITRAN at representative Tg values are shown. Upper axis

shows corresponding column density § for gas at Tg = 25°C as a reference. (b) Relationship
between absorption and transmission bands within the sensitivity band of the camera. Lower
panel shows responsivity spectrum Ry with bandwidth AV of CO, imaging camera used in study,
retrieved from Fig. 2(b), main text. Upper panel shows radiation intensity spectrum iy and
blackbody radiation intensities ivbb at Tg = 50°C, light source temperature Ts = 75°C, and ¢
(50°C) = 10* ppm m, retrieved from Fig. 2(c), main text. The sensitivity bandwidth AV can be
clearly divided into absorption (width: TabSAV) and transmission bands (width: (1 — rabs)Av),
(c) Concentration profile of gas assumed in Fig. 3, main text. Gaussian distributions to achieve
specific values of column density § given in legend are considered, assuming a uniform
temperature of 25°C. (d) Temperature profile of gas assumed in Fig. 3, main text. A Gaussian

e . . . eak . i
distribution is considered with peak temperature Tg = 50°C, converging to ambient
norm

temperature Ta = 25°C at a sufficiently large distance. In (c) and (d), thickness Z is
normalized by the distance at which Gaussian function decays to 1/€ of the peak value. In (d),

1
the region within the 1/€ width is colored red. Tg/e is the average value in this region, and it is
indicated by the horizontal red dashed line.

B. Radiative transfer at a single frequency in nonuniform gas

Figure S2 systematically shows radiative transfer at a single frequency Vv for a gas with Gaussian
distributions of temperature (Fig. S2(b)) and concentration (Fig. S2(a)). A frequency
corresponding to the wavelength of 4.26 pm (center of the CO, absorption band) is assumed.
The relationships between the intensity difference Ai, due to the presence of the gas and the
light source temperature T are very similar to those for the finite bandwidth results in Fig. 3(a)



and (b) in the main text for both the uniform (Fig. S2(c)) and nonuniform distributions (Fig.
S2(d)). The relationship between gas concentration (optical thickness ky) and contrast reversal
temperature T (= ng) for various peak gas temperature Tgeak values is shown in Fig. S2(e).
While absorption is low (i.e., concentration is low), T5%" remains constant and is close to the
1/e-width average temperature T;,/ ¢ shown by the dashed lines at any temperature. The
deviation of Te%" from T;/e begins around Ky ~ 2, i.e., where absorptivity Ayg starts to saturate
(Fig. S2(f)). Consequently, the behavior in a finite bandwidth discussed in the main text (Fig.
3) is essentially identical to the monochromatic case. The fact that Ts"" is close to T;/e suggests

the universal importance of the 1/e-width average value in systems with a temperature
distribution.
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Fig. S2. (a) Gas concentration profiles with Gaussian distributions having various optical
thicknesses Kv (legend in (c)). (b) Gas temperature profiles with Gaussian distributions having

. eal .

various peak temperatures TFg’ at ambient temperature Ta = 25°C. (c) Contrast reversal at a
certain frequency V for uniform gases with gas temperature Tg = 50°C and various Ky, during
sweeping of light source (background) temperature T's. (d) Contrast reversal at a certain V for

eak
nonuniform gases with Gaussian distributions of temperature (Tg =50°C) and concentrations
(Kv in (c)), in Ts sweeping. (¢) Relationship between contrast reversal temperature T and

eak
concentration (Kv) at a certain V for gases with various Tg (legend in (b)) with Gaussian
e . . 1/e . .
distributions. Dashed lines show 1/€-width average temperature Tg' . (f) Relationship between

.. . . peak .
absorptivity Avg and Ky for gases with various Tg  in (e).

C. Correction considering the influence of background layer
C.1 Influence of optical properties of light source

A correction that considers the influence of the background layer is discussed here based on
Fig. S3. The space is divided into three layers: the background layer between the light source



surface and the gas layer, the gas layer itself, and the foreground layer between the gas layer
and the camera [2-5]. The intensity signal at the end of each region, giving consideration to the
responsivity spectrum of the camera, is defined as I, I1, I2, and I3 at the emission surface of
the light source, the end of the background layer, the end of the gas layer, and the entrance of
the camera lens, respectively. Moreover, the light source may have an internal structure. For
example, the light source B and C used in this study had an anti-reflection-coated Si window
for vacuum encapsulation. The light source temperature Ts discussed so far should be regarded
as the equivalent temperature at the emission surface. The true emissivity and temperature of
the internal radiating surface of the light source are € and T¢ . and the window transmissivity
is Ts. The emission signal from the surface of a light source without a window (like the light
source A in this study) is Io = &sIrpb (T2 ). For a light source with a window, /o = Ts&s/Rbb
(Tgrg) + (1 — t5)€env/rRbb(T2). The second term shows the component where the
environmental radiation is reflected by the window surface and directed toward the camera.
€env and T, are the emissivity (assumed to be ~1) and temperature of the surrounding
environment. So far, such a value of o has been regarded as Irpb(Ts).

Environment  €enys T

Tsi &) Tsorg Tos Ta TQ’ TQ1/e T Ta i

Light Background Gas Foreground i
source layer layer layer i Camera

Iy

I T, I, I,
Fig. S3. Schematic diagram of three-layer model for considering atmospheric CO,

absorption/emission and optical system characteristics. Transmissivity, emissivity, and
temperature of each part are shown.

C.2 Influence of atmospheric CO, in background space

Consider the transmissivities Tp and Tr for the background and foreground layers, respectively,
and suppose that their temperatures are equal to the ambient temperature T',. The transmissivity
of the gas T is also used (Ag = 1 — Tg). The intensity signals at the end of each region are given
as

I = Rob(Ts) + (1 — ) lrob (7).

1
I, = Tg[TbIRbb(Ts) +(1— Tb)IRbb(Ta)] + (1 - Tg)leb(Tg/e)’
and

I3= Tf{Tg[Tbleb(Ts) + (1 —w)Irob(Ta)] + (1 - Tg)IRbb(T;/e)} + (1 =t rob(Ta)-

In the absence of gas,

1375 =ty lrun(Ts) + (1 = ) rob(Ta)] + (1 = ) rob(T).
The signal difference due to the presence of the gas is
1
Al3 = Tng[IRbb(Tg/e) — Tplrbb (Ts) — (1 — Tb)IRbb(Ta)]' (85)

The property of the foreground Tr has no effect on the contrast reversal temperature at Al3 = 0.



C.3 Influence of transmission/absorption regions within imaging bandwidth

For the CO: camera used in this study, another factor must be considered. As shown in Fig.
2(a) and (b) in the main text, there is a designed mismatch between the responsivity band of the
camera and the absorption band of the CO. gas. Therefore, even if the column density of the
gas is sufficiently high and the gas becomes totally opaque, a certain amount of light still enters
the camera through the transmission band. As a result, gas absorptivity A does not reach 1.
Since the signal due to the transmission band does not change regardless of the presence or
absence of the gas, it is canceled when obtaining the difference between I3 and [ r310 8% and does
not contribute to Al3. Therefore, intensity signal I3 must be further divided into absorption and
transmission band components, denoted with superscripts abs and tra, respectively. The
absorption and transmission bandwidths within the total camera bandwidth Av are written as
r3SAv and (1 — r2bs)Av, respectively (Fig. S1(b)). At Tg=25°C, based on Ag for = 10° ppm
m in Fig. S1(a), 7S is taken as 0.636. Within I3, the intensity signal of the absorption and
transmission bands are Tab513 and (1 —rabs)13, respectively. Here, it is assumed that the
blackbody radiation intensity spectrum has a flat v dependence (Fig. S1(b), upper). For the
absorptivity A and transmissivity T (A = 1 — 1) for the total bandwidth Av, the absorptivity
A?bS and transmissivity TP within the absorption band are expressed as A2PS = A/r2bS and
13 = 1 — A/r35S respectively.

I3 can be separated into each band as follows:

Igbs — T?bs

{Tgbs[TﬁbSTabsl Rbb(Ts) + (1 — TfP)rabsIppy (T | + (1 - rgbs)rabsl Rbb (T;/e)} +

(1 — 1)1 Irp (T),

I3% = (1 — r25)Ippb (Ts).

In the absence of gas,
a

bs,
I SN0 gas _ T?bs [Tgbsrabisbb(Ts) + (1 _ T%bs)rabisbb(Ta)] + (1 _ T?bs)rabisbb(Ta),
tra,
I3ra no gas _ (1 _ Tabs)leb(Ts) — I%ra.
Therefore, the signal difference due to the presence of the gas is
Al = (I%bs + It3ra) . (I;bs,no gas + Igra,no gas)

= T?bSAngTabS[I Rbb(Té/e) — TS IRpb(Ts) — (1 — )1 Rbb(Ta)]

— -ab 1
= 12 Ag T (T3/) = T T (To) — (1 = ) I (7)) (S6)
In comparing this Eq. (S6) with Eq. (S5), even after correction for the transmission and

absorption bands, Ag remains the same (absorptivity defined for total bandwidth Av). However,

Tr and Tp must be replaced by T2 and Ti°%. By defining

Irob (TEF) = T Irbb(Ts) + (1 — T8 IRbb(T),
as in Eq. (8) in the main text, Eq. (7) is modified as
— ~ab 1
Al =1¢ SAg[I Rbb(Tg/e) — IRbb (Tgff)}
When Al3 = 0, we can determine the 1/e-width average temperature of the gas as T;/e =Tef,

In summary, if the effective transmission source temperature Tgff is considered according to
Eq. (8) in the main text to account for the effect of background CO-, the conclusion stands that

1
the contrast reversal temperature T ' can be regarded as the gas temperature Tg/ €.



In this study, the Irpb(T) needed for Eq. (8) was measured at various temperatures for the
system, including the camera lens. Therefore, Ir in the main text is equivalent to I3 in this
section, which can thus be read as Ir.

The transmissivity of the background layer in the absorption band Tﬂbs can be determined
from absorptivity Ap, corresponding to column density ¢ in the background layer (Fig. S1(a))

abs

and then by applying 25 = 1 — A}, /r2bs,

The contrast reversal method is essentially a null method: The measurement error is
determined by the accuracy of the light source temperature. However, only in the case of CO2
measurement, background correction in Eq. (8) (main text) becomes necessary due to the
substantial amount of CO: contained in the atmosphere. Therefore, temperature accuracy could

be affected by the estimation of T{f_‘,bs discussed here. The correction by Eq. (8) in this work

ranged from 0.1°C (at T;/ ¢~ 25°C) to 8°C (at T;/ ¢ ~ 100°C). Temperature error due to

improper estimation of Tﬁbs would be only a fraction of these values (a few °C at most).

D. Experimental methods
D.1 Details of CO, imaging camera

The FLIR A6796 is an InSb camera equipped with a bandpass filter having the transmission
profile shown in Fig. 2(b), main text. Although both the image sensor and filter require cooling
to 80 K, the camera can be operated by battery power. The image resolution is 640x512 pixels,
and the maximum frame rate is 480 fps. A variety of FLIR lenses (F2.5) can be mounted, and
various data analyses are possible. The intensity resolution is 14-bit, and signals exceeding 10°
counts can be obtained without saturation. On the other hand, signal differences as small as <
10 counts can be distinguished. Therefore, the dynamic range of intensity is 10° or higher. The
signal can be adjusted to fit this range by selecting the exposure time texp. The noise equivalent
differential temperature (NEDT), an important metric for infrared cameras, was measured at 28
mK at 25°C. This value is inferior to that of the original InSb camera (18 mK), but it is
reasonable considering the reduction in signal due to the bandwidth limitation.

Although a CO, imaging camera, the GF343 from FLIR [6,7], is commercially available, it
has limitations in pixel count, available settings, and lens choices. Therefore, we asked FLIR
to provide a custom-made A6796 that combines a scientific-grade InSb camera with a built-in
cooled filter for CO, [8].

D.2 Instruments used in this work

Two types of thermocouples, with 13-um and 50-um diameters, were used (Anbe SMT, KFT-
13-200-100 and KFT-50-200-100, respectively). Thermocouple temperatures were recorded
with a data logger (Hioki, LR8431). The following CO, sensors were used depending on the
target: Hodaka, HT-1300Z type D and Kane, KANE455 for concentration and temperature of
hot and high-density CO,, Vaisala, GMP252/MI70 for environmental CO, concentration, and
a capnometer, Medtronic, Capnostream35 for CO, concentration in human breath. We also used
a spirometer, Chest, HI-801 for emission rate of human breath and a radiation thermometer,
Tanita, BT-54X for body temperature. The blackbody radiation surface temperature was
calibrated with a calibrated temperature sensor (Lake Shore, DT-670-CU-HT-1.4H). The
emissivity (absorptivity) of the blackbody paint and the transmissivity of the silicon window
were measured using FTIR (JASCO, FT/IR-6200) equipped with a microscope unit, IRT-5000.

E. Temperature measurement of intermittently emitted gas



The intensity in the CO, image of intermittently ejected gas is discussed in accordance with
Sec. 2.3 in the main text. For simplicity, it is assumed that gas with constant CO- concentration
and temperature is emitted as rectangular pulses. As shown in the bottom and middle panels of
Fig. S4(a), the absorptivity changes between 0 and its maximum value, and the temperature
changes between room temperature T3 and its maximum. Under these conditions, according to
Egs. (6) and (7) in the main text, the signal difference AlR varies in a rectangular manner
between 0 and a certain peak value, as shown in the top panel. When the gas is not being
emitted, the concentration and thus the absorptivity are 0, so AIr becomes 0. The height of
nonzero AlR, as shown in Eq. (7) (main text), is given by the difference between the blackbody
radiation functions of the gas temperature Tg and the light source temperature Ts. As shown in
Fig. 9(d), main text, when T (Tgff) is varied, the height of the rectangular signal changes and
the sign of AIR reverses at a certain Tgff. This Tgff is equal to the gas temperature T'g. Therefore,
by selectively observing the nonzero AlR, the same discussion as the contrast reversal method
for continuous gas emissions applies.

Next, the exhaust gas of the internal combustion engine in Sec. 5.2, main text, is considered.
Each cylinder of a diesel engine completes one cycle in two rotations (720 degrees). Assuming
that the exhaust valve is open during the final 180 degrees of the second rotation, the timing of
gas emission during one cycle of a three-cylinder engine is shown in Fig. S4(b). The image
exposure cycle at 30 fps is also shown. The exhaust frequency (22.5 Hz) for 900 rpm rotation
and this frame rate have similar values. The exposure time is sufficiently shorter than the
exhaust cycle, so each frame captures either the emission or halt phase. It is probabilistically
determined whether an emission or halt scene is captured; in the case of Fig. S4(b), about 75%
of frames (33.3 ms/44.4 ms) are expected to capture the emission phase and 25% (11.1 ms/44.4
ms) the halt phase.

Individual frames are displayed in Fig. S5. Of the 30 frames captured in one second, 7 did
not capture any gas (23%). Two were transitional. The discussion given in Fig. S4(b) closely
corresponds to the actual situation.

Figure S4(c) is a schematic representation of exhalation, which produces slow intermittent
emissions. In each emission and halt period, a number of images are recorded; consequently, a
clear selection of only those images during exhaust is possible.
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Fig. S4. Fundamental discussion on temperature measurement of intermittently emitted gas. (a)
Changes in gas absorptivity Ag (corresponding to concentration) and temperature Tg are
presented in bottom and middle panels, respectively. Absorptivity is assumed to change between
0 and its maximum value, and temperature between ambient temperature Ta and its maximum
value, both in a rectangular shape. Light source (background) temperature T's is shown as a blue
line in middle panel. Corresponding signal difference AIR is shown in top panel. (b) Time chart
showing engine gas emission and image acquisition. Cylinders C1, C2, and C3 emit gas
sequentially at equal intervals. Images are acquired at a similar frequency. (c) Time chart for
exhaled breath emission and image acquisition. Breathing is slow relative to image acquisition.



11

11

1

- -

.
N N - -
(o) w o] w
\' ‘

N
N

!

Hl

2

-

Fig. S5. Consecutive images (frames 1-30) of diesel engine exhaust at effective light source

temperature Tgff = 31.8°C as discussed in Sec. 5.2, main text. Gas is nearly absent in seven

frames 1, 7, 14, 16, 18,27, and 29. Thin residual gas is seen in two frames 12 and 25. Mushroom-
shaped emission patterns in frames 2, 4, 15, 17, 28, and 30 suggest origin of temperature peak
at 30 mm from exhaust outlet.

F. Detailed discussion related to human exhalation

The temperatures of exhaled breath measured at a position 10 mm from the mouth or nose using
a 50-pm thermocouple are shown in Fig. S6. The measurement results for mouth exhalation
(Fig. S6(a)) were stably obtained. In contrast, the temperature of the nasal exhalation (Fig.
S6(b)) fluctuated greatly. We considered the average of the top 20% data points (shown in red,
measured from the valleys defining individual peaks) as the exhalation temperature. The
average was 31.9°C for the mouth and 31.0°C for the nose. The result that exhalation from the
mouth was 0.9°C higher than that from the nose was consistent for both imaging and
measurement by thermocouple.

Careful observation of the signal difference Alr of exhalation from the mouth and nose
revealed a number of interesting findings, as shown in Figs. S7 and S8. Breathing starts between
frames 1 and 10, and frames 10-44 show monotonic exhalation. Exhaled breath from both the
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mouth and nose appear bright in Fig. S8. However, at frame 45, nasal emission stops once (A,
Fig. S7), although the mouth continues exhalation. In the next moment (frame 46), nasal
emission resumes and exhibits a large, bright exhaust from the nose at frame 47 (B, Fig. S8).
Then, at frame 49, both nasal and oral emissions stop (C), as indicated by the vertical line in
Fig. S7. Nevertheless, exhalation from both the nose and mouth resumes at frame 50, reaching
another peak in frame 53 (D, Fig. S7). After this, exhalation weakens and emission ends.
Previously exhaled breath remains in the nasal area as a dark cloud (Fig. S8). This corresponds
to the invalid region of the nose shown in gray in the upper panel of Fig. S7.

Sudden stops and resumptions of breath occurred within a single frame, i.e., within only 40
ms. Such quick changes within a single frame were frequently observed. Although medical
discussion is beyond the scope of this paper, it is important to note that these observed
phenomena, which can only be captured by this method, merit further study.
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Fig. S6. Results of measuring breath temperature by thermocouple: (a) mouth and (b) nose, both
at a distance of 10 mm.
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Fig. S7. Temporal variation in mouth and nose signal difference AIR for breath B21.
Representative frame numbers corresponding to Fig. S8 are denoted. For the nose after 77.6 s,
values are invalid due to overlapping with previously emitted, cooled breath (gray). Other clear
features, A, B, C, and D, represent meaningful findings.
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Fig. S8. Representative images during breath B21 at effective light source temperature Tgff =
30.9°C. Correspondence between important features in Fig. S7 and frame numbers are as
follows: A: frame 45, B: 47, C: 49, and D: 53.
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