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1 Model equations

1.1 Balance equations

The energy balance of a cylindrical control volume (CV) is described as [1],

Rate of energy

accumulation

in CV

 =

 Net inflow of

energy by heat flux

in z-direction

+

 Net inflow of

energy by heat flux

in r-direction

+

 Change of energy

due to changed amount of

components within CV


(S1)

Here, we rewrite all heat fluxes (Jq) into measurable heat fluxes (J ′
q) as [2, p.26, 29, 225],

Jq,r = J ′
q,r +

∑
i

(hi − href)Ji,r, (S2)

Jq,z = J ′
q,z +

∑
i

(hi − href)Ji,z, (S3)

where Jq is the total heat flux, Ji, is the flux of ith component, hi is the enthalpy of i component and
href is the reference enthalpy, and subscripts r and z specify the direction: therefore, the second term
on the RHS (right-hand side) in Eqs. S2 and S3 above shows the enthalpy flux. We reformulate the
term on the LHS (left-hand side) of Eq. S1 for the air by the cross-sectional area, Aa, the perimeter,
γa, and the width of the CV, ∆z, as,Rate of energy

accumulation

in CV

 = (Aa∆z)ρacp,a
dTa

dt
, (S4)

where ρa is the density of the air, Ta is the temperature of the air, t is the time and cp,a is the specific
heat capacity of the air subsystem. Subscripts m, it, art and ven stand for the mucus, interstitial
tissue, artery and vein subsystems, respectively, from now on. The first term on the RHS of Eq. S1 is,

 Net inflow of

energy by heat flux

in z-direction

 = −AaJq,z

= −Aa(J
′
q,z +

∑
i

(hi − href)Ji,z)

= −Aa

(
Fa

Aa
Cp,a∆zTa +

Fa

Aa

∑
i

hi∆zwi

)
, (S5)
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where Fa is the total mass flow in z-direction, which hi is the specific enthalpy of the ith component
and ∆zwi is the mass fraction of the component i change in z-direction which is the ratio of the ith
component mass to the total mass of the air including the ith component. The second term on the
RHS in Eq. S1 is,  Net inflow of

energy by heat flux

in r-direction

 = −(γa∆z)Jq,r

= −γa∆z(J ′
q,r +

∑
i

(hi − href)Ji,r)

= −γa∆z(J ′
q,a-m + Jw

∑
i

(hi − href)wi)

= −γa∆z(J ′
q,a-m + Jw(hw,a − ha)), (S6)

where J ′
q,a-m is the measurable heat flux from the air to the mucus subsystem and Jw is the water

mass flux from the air to the mucus lining which appears as positive for condensation and negative for
evaporation. Note that there is only one mass flux for a component, water vapor, which is J1 = Jw
and w1 = 1.0. The amount of components in the air has changed over time and this is shown in the
third term of RHS in Eq. S1. This is rewritten as,

 Change of energy

due to changed amount of

components within CV

 = ρa(Aa∆z)
∑
i

hi
dwi

dt
. (S7)

By Eqs. S4-S7, energy balance of the air subsystem is,

(Aa∆z)ρacp,a
dTa

dt
=− (Facp,a∆zTa + Fa

∑
i

hi∆zwi)

− γa∆z(J ′
q,a-m + Jw(hw,a − ha))

+ ρaAa∆z
∑
i

hi
dwi

dt
. (S8)

We change ∆z to ∂z and dt to ∂t here with an assumption that ∆z is infinitesimal. We omit subscript
r and z for a convenience, then,

Aaρacp,a
∂Ta

∂t
= −

(
Facp

∂Ta

∂t
+ Fa

∑
i

hi
∂wi

∂z

)
− γa(J

′
q,a-m + Jw(hw,a − ha)) + ρaAa

∑
i

hi
∂wi

∂t

= −Facp,a
∂Ta

∂t
− γaJ

′
q,a-m − γaJw(hw,a − ha) +Aaρa

∑
i

hi
∂wi

∂t
− Fa

∑
i

hi
∂wi

∂z
. (S9)

The energy balance of the mucus subsystem is,Rate of energy

accumulation

in CV

 =

 Net inflow of

energy by heat flux

in r-direction,

+

[
Net inflow of

energy by source

]
. (S10)

Here, the heat flux from the air to mucus, the heat flux from mucus to the interstitial tissue and water
supplied from the underlying tissues are considered. This is rewritten as,

Amρmcp,m
∂Tm

∂t
= γm(J

′
q,a-m +

∑
i

(hi − href)Ji)− γmJ
′
q,m-it + γmJm(hw,m − href)

= γm(J
′
q,a-m + Jw(hw,a − href))− γmJ

′
q,m-it + γmJm(hw,m − href)

= γm(J
′
q,a-m + Jw(hw,a − hw,m))− γmJ

′
q,m-it, (S11)
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Amρmcp,m
∂Tm

∂t
= γm(J

′
q,a-m +

∑
i

(hi − href)Ji)− γmJ
′
q,m-it + γmJm(hw,m − href)

= γm(J
′
q,a-m + Jw(hw,a − href))− γmJ

′
q,m-it + γmJm(hw,m − href),

ρmcp,m
∂Tm

∂t
=

1

Am
(γm(J

′
q,a-m + Jw(hw,a − hw,m))− γmJ

′
q,m-it)

=
γm
Am

((J ′
q,a-m + Jw(hw,a − hw,m))− J ′

q,m-it)

=
1

dm
((J ′

q,a-m + Jw(hw,a − hw,m))− J ′
q,m-it), (S12)

where ρm is the density of mucus and cp,m is the specific heat capacity of the mucus subsystem. Other
mucus subsystem variables (subscript m) are equivalent to those in the air subsystem, defined above.
Note that mucus water flux Jm = −Jw from mass balance of the mucus subsystem where Jw is the
mass flux of water generated from underlying tissues. The energy balance of the interstitial tissue is
described as,

Aitρitcp,b
∂Tit

∂t
= γmJ

′
q,m-it − γartJ

′
q,it-art − γvenJ

′
q,it-ven, (S13)

where Tit is the temperature of the interstitial tissue, J ′
q,it-art is the measurable heat flux from the

interstitial tissue to the artery in the r-direction, J ′
q,it-ven is the measurable heat flux from the interstitial

tissue to the vein in the r-direction, ρit is the density of the blood and cp,b is the specific heat capacity
of blood. Energy balance of artery and vein subsystems is described as,

Aartρbcp,b
∂Tart

∂t
= −Fartcp,b

∂Tart

∂z
+ γartJ

′
q,it-art, (S14)

where Aart is the cross-sectional area of artery, Fart is the blood flow in the arterial blood, Tart is
the temperature of the arterial blood, γart is the perimeter of the artery subsystem. For the vein
subsystem,

Avenρbcp,b
∂Tven

∂t
= −Fvencp,b

∂Tven

∂z
+ γvenJ

′
q,it-ven, (S15)

where Aven is the cross-sectional area of the vein, Fven is the blood flow in the vein, Tven is the
temperature of the venous blood and γven is the perimeter of the vein subsystem. The mentioned
cross-sectional areas and perimeters of interstitial tissue, mucus lining, artery and vein subsystems are
described specifically in the following section.

Similarly, mass balance of a cylindrical CV is described as follows. Mass balance of the air without
water vapor (dry air) and water vapor are written as,

∂(Aaρdry)

∂t
= −∂Fdry

∂z
, (S16)

∂(Aaρw,a)

∂t
= −∂Fw,a

∂z
+ Jwγa, (S17)

where ρdry is the density of the dry air, ρw,a is the density of the water vapour, Fdry is the mass flow of
the dry air and Fw,a is the mass flow of the water vapor. ρa is a sum of ρdry and ρw,a (ρa = ρdry+ρw,a),
and Fa is a sum of Fdry and Fw,a (Fa = Fdry + Fw,a). Mass balance of the water liquid in the mucus
layer is described as,

∂(Amρm)

∂t
= Jwγa + Jmγa = 0. (S18)

Mass balance for the interstitial tissue, artery and vein all are 0 on the RHS due to the assumption
that ρb = ρit = constant and Fart = −Fven = constant. This is written as,

∂(Aitρit)

∂t
= 0, (S19)

∂(Aartρb)

∂t
= −∂Fart

∂z
= 0, (S20)
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∂(Avenρb)

∂t
= −∂Fven

∂z
= 0. (S21)

1.2 Equations of transport

Non-equilibrium thermodynamics [3] defines the fluxes (J) and conjugate forces (X) from the entropy
production as,

σ =
∑
i

JiXi ≥ 0 for i ∈ {q, w}. (S22)

Eq. 2 in the main text is the local entropy production regarding quasi-1D interpretation [4, 5], therefore,
this is obtained by multiplying the perimeter (γ); σ =

∑
i γJiXi. Subscripts q and w denote heat and

water transfer, respectively. By the linear force-flux relations,

Xk =
∑
j

RkjJj for k, j ∈ {q, w}, (S23)

where specific values for the resistivities, Rkj , are listed in Section 4. The entropy production is
calculated for each subsystem and summed as σ = σa-m + σm-it + σit-art + σit-ven where σ is the local
entropy production from all subsystems, σa-m is the local entropy production from fluxes between air-
mucus subsystems, σm-it is the local entropy production from fluxes between mucus-interstitial tissue,
σit-art is the local entropy production from fluxes between interstitial tissue-artery and σit-ven is the
local entropy production from fluxes between interstitial tissue-vein. The local entropy production
related to the air-mucus interface can be separated in two contributions, from the heat flux and from
the mass flux, respectively, as σa-m = σa-m,q + σa-m,w.

In most subsystems, there is only heat flux between two subsystems, i.e., mucus-interstitial tissue,
interstitial tissue-artery and interstitial tissue-vein. We write this as:

1

Tj
− 1

Ti
= Rq,i−jJq,i−j , (S24)

where Tj and Ti are the temperatures of subsystem j and i, respectively, and Rq,i−j is the overall
thermal transport coefficient. Rq,i−j is the sum of resistances in series [6, p.104],

Rq,i−j = Rconv
q,i +Rinterf

q,i−j , (S25)

Rconv
q,i−j =

1

T 2
i hi

, (S26)

where Rconv
q,i is the convective thermal transport coefficient of subsystem i, Rinterf

q,i−j is the conductive
thermal transport coefficient at the interface between two subsystems, i and j, and hi is the convective
heat transfer coefficient of system i. Note that Rconv

q,i is non-zero for subsystems of the artery and vein
but not for the interstitial tissue and the mucus, and we will deal with the thermal transfer coefficient
related convective flow for the air later. The hi is determined by Nusselt number, Nu, which is a ratio
between heat transfer by convection and heat transfer by conduction:

hi =
Nuλ

Di
. (S27)

The Nu is 3.66 for convective and laminar blood flow in a cylinder [7, p.676], λ is the thermal conduc-
tivity of blood and Di is the hydraulic diameter of a channel of subsystem i [8]:

Di =
4γi
Ai

. (S28)

Here γi is the perimeter of subsystem i and Ai is the cross-sectional area of subsystem i.
For the subsystem related to the coupled transport of heat and mass, for example, the air and

mucus, the coupled force-flux relation is described as regarding non-equilibrium thermodynamics [2,
p.100],
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1

Tm
− 1

Ta
= Rqq,a-mJ

′
q,a-m +Rqµ,a-mJw, (S29)

−
(
µw,m

Tm
− µw,a

Ta

)
+ hw,a

(
1

Tm
− 1

Ta

)
= Rµq,a-mJ

′
q,a-m +Rµµ,a-mJw, (S30)

where µw,m is the chemical potential of the mucus, the same as for the liquid water, µw,a is the chemical
potential of the water vapor in the air and a subscript q stands for the heat transport and µ is for
the mass transport. Onsager reciprocal relation gives the fact that the coupling coefficients are equal,
therefore, the number of independent coefficients are reduced to 3 which are Rqq,a-m, Rqµ,a-m = Rµq,a-m

and Rµµ,a-m. The same approach introduced previously for the heat transport is applied here also,

Rqq,a-m = Rconv
qq,a +Rinterf

qq,a-m +Rconv
qq,m, (S31)

Rconv
qq,a-m =

1

T 2
a h

, (S32)

and Rinterf
qq,a-m, R

interf
µµ,a-m and Rinterf

µq,a-m are tabulated in Appendix C which is the finding from [9]. To obtain
h, heat transfer coefficient (or film coefficient), Nu is calculated by the Chilton-Colburn analogy [7,
p.441]. We assume that the airflow in the maxilloturbinate is in the turbulent regime. This is because
the turbinate structure of the seal is much more complex than that of the humans, as discussed [10, 11].
The Nu is,

Nu = 0.125fRePr1/3, (S33)

where f is the friction factor, Re is the Reynolds number and Pr is the Prandtl number. The f is
estimated from a study of human nasal cavity [12] as,

f =
47.78

Re
(1 + 0.127Re0.489), (S34)

and Reynolds number (Re) depends on the airflow and hydraulic diameter: the value obtained during
simulation was ∼1000. This is a variable varying in time with the breathing dynamics. Flekkøy et al.
found a slightly smaller and constant Re for flow between parallel plates [13]. We assume here that
convection can be ignored, which means that,

Rµq,a-m = Rinterf
µq,a-m. (S35)

The overall mass transfer coefficient is described as,

Rµµ,a-m = Rconv
µµ,a +Rinterf

µµ,a-m +Rconv
µµ,m, (S36)

and

Rconv
µµ,a-m =

1

Takc

∂µw,a

∂ρw,a
, (S37)

where kc is the convective mass transfer coefficient which is calculated from the Sherwood number for
turbulent air flow [7, p.757, 761] as,

kc =
ShDw,a

Da
, (S38)

Sh = 0.023Re0.8Sc1/3, (S39)

where Sc is the Schmidt number. Sc is defined as,

Sc =
ν

DAB
, (S40)

where ν is the kinematic viscosity which is the dynamic viscosity divided by the density of the air, and
DAB is the mass diffusivity of the air [7, p.724, 761].

We also tested the Nusselt and Sherwood numbers in Eqs. S33 and S39 in the laminar flow regime,
because we do not know whether the airflow within the seal maxilloturbinates is turbulent or lami-
nar [10, 11]. We found that the temperature profile in Fig. 6 of the main text does not vary significantly
if the expressions for laminar flow as follows are used [7, p.780]:
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Nu = 1.86

(
RePrDa

L

)1/3(
µa

µwall

)
, (S41)

Sh = 3.66, (S42)

where µwall is the dynamic viscosity of maxilloturbinate wall and µa is the dynamic viscosity of the
air.

1.3 Tissue characteristics

We briefly describe here how we calculate the composition of tissue for seals. We describe the input
variables related to the cross-sectional area of the air channels and the perimeter of the mucus lining.
Due to a lack of experimental data, all values are approximated by corresponding values estimated for
a reindeer [10, 14, 15, 16].

Figure S1: Cross-section of a turbinate branch section from a grey seal, Halichoerus grypus. The scale
bar is 100 µm. a stands for the lumen of an artery, v labels the lumina of veins, b refers to the bony
part of the maxilloturbinate, e refers to the epithelium and the white area above the epithelial layer is
the air cavity. The image is reproduced with permission of Folkow et al. [17], © 1988 Wiley.

Position (reduced scale by L) 0.2 0.4 0.6 0.8 1.0
γ̂art [m/m] 0.77 0.62 0.32 0.33 0.44

Âart [m
2/m] 5.8 ×10−5 3.9 ×10−5 1.2 ×10−5 1.5 ×10−5 3.8 ×10−5

rart 0.053 0.035 0.019 0.015 0.048
γ̂ven [m/m] 3.31 2.76 1.70 1.51 2.20

Âven [m2/m] 6.7 ×10−4 6.1 ×10−4 1.9 ×10−4 2.3 ×10−4 5.5 ×10−4

rven 0.42 0.38 0.25 0.20 0.26

Table S1: Cross-sectional area and perimeter of arteries and veins at various positions along the
reindeer nose [14], where the nose length is L. Fraction (rart and rven) here refers to the fraction of
the area which is occupied by arteries from the total cross-sectional area of the tissue. Cross-sectional
area (Â) and perimeter (γ̂) are proportional to the perimeter of the air cavity, γa. Units in brackets
are therefore described as per meter. All variables related to the interstitial tissue are computed from
Eqs. S45-S47.

The thickness of the mucus lining of the seal was set to 10 µm according to [15, 16]. These authors
assumed that the thickness of the mucus lining is similar in all animal species. The perimeter of the
mucus lining is similar to the perimeter of the air cavity. The cross-sectional area of the mucus lining
then is equal to the product of the perimeter and the thickness,
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Figure S2: Cross-section of maxilloturbinates with variables listed in Table S1.

Am = γmdm, (S43)

≈ γadm. (S44)

Here γm is the perimeter of mucus lining, dm is the thickness of the mucus lining, 10 µm, and γa is
the perimeter of the air cavity. Arteries and veins and denoted with subscripts a and v in Fig. S1 and
illustrated in Fig. S2 also. The measured cross-sectional areas and perimeters are shown in Table S1.
We calculated the approximated areas and perimeters of artery and vein from,

γart = γaγ̂art, (S45)

Aart = γaÂart, (S46)

where γart is the perimeter of artery, and Aart is the cross-sectional area of artery. γa is the perimeter
of the air cavity, γ̂art is the perimeter of artery per unit length and Âart is the cross-sectional area of
artery per unit length. The cross-sectional area and perimeter of the vein were obtained in the same
manner.

The cross-section of the interstitial tissue contains arteries and veins, but the area of the avascular
interstitial tissue can be obtained by subtracting the cross-sectional area of the arteries and veins from
the total cross-sectional area of the tissue. The cross-sectional area of the interstitial tissue is known
if rart and rven are known, see Table S1. Variables in Table S1 are related as,

Ait = (Ait +Aart +Aven)rit,

Ait = (Ait +AaÂart +AaÂven)(1− (rart + rven)),

Ait(rart + rven) = (AaÂart +AaÂven)(1− (rart + rven)),

Ait =
(AaÂart +AaÂven)(1− (rart + rven))

rart + rven
, (S47)

where rit is the ratio of the cross-sectional area of the interstitial tissue to the cross-sectional area of
the whole tissue, while rart is the cross-sectional area ratio of the artery to the tissue, and rven is the
cross-sectional area ratio of the vein to the tissue. This is summarized below:

• Cross-sectional area of artery
Perimeter of air cavity = Âart. Therefore we can estimate cross-sectional area of artery, Aart.
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• Perimeter of artery
Perimeter of air cavity = γ̂art. Therefore we can estimate perimeter of artery, γart.

• Cross-sectional area of vein
Perimeter of air cavity = Âven. Therefore we can estimate cross-sectional area of vein, Aven.

• Perimeter of vein
Perimeter of air cavity = γ̂ven. Therefore we can estimate perimeter of vein, γven.

1.4 Heat and water recovery

The absolute amount of net water vapor we need to add to the expired air after completing a breathing
cycle is denoted Mw,add. The value is calculated as the amount of water vapor entering the nose from
the lungs during exhalation minus the amount of water vapor entering the nose (Mw,add) from the
ambient air during inhalation:

Mw,add =

∫
ex

(−Fw,a)z=Ldt−
∫
in

(Fw,a)z=0dt, (S48)

where Fw,a is the mass flow of water vapor in nasal air. The absolute amount of water recovered
(Mw,rec) in the nose is the amount of water vapor entering the nose from the lungs during exhalation
minus the amount of air flowing out through the nostrils during exhalation. This is obtained from,

Mw,rec =

∫
ex

(−Fw,a)z=Ldt−
∫
ex

(−Fw,a)z=0dt. (S49)

The fractional recovery of water is thus Mw,rec/Mw,add.
The heat recovery can be obtained similarly. The heat added to the nasal cavity (Qadd) is the sum

of the heat that is necessary to warm up the inhaled air to the body temperature and the heat that is
necessary to evaporate the water added during inhalation. This is:

Qadd =

∫
in

Facp,a(Tbody − Tamb)dt+Mw,addhw,lat, (S50)

where Fa is air mass flow and cp,a is specific heat capacity of air as 1003 Jkg−1K−1 and hw,lat is the
latent heat of evaporation of water as 2264 kJkg−1. The amount of recovered heat during exhalation
(Qrec) is given by the sum of the sensible heat that is subtracted from the air during exhalation, and
the latent heat that is released by condensing of water,

Qrec =

∫
ex

Facp,a(Tbody − Tex)dt+Mw,rechw,lat, (S51)

where Tex is the expired air temperature and the fractional recovery of heat is calculated by Qrec/Qadd.
For further details on the recovery of water and heat, we refer to the literature [10, 18].

1.5 Input data related to thermodynamic properties

All variables related to physiological and thermodynamic properties are listed in Table S2. The input
variables are used in most of the equations of the main part of the work.
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Table S2: Variables relating to physiological and thermodynamic properties.

Symbol Description Value Unit Reference
hw,lat Latent heat of evaporation 2264 kJkg−1 [10, 19]
cp,a Specific heat capacity of air 1003 J kg−1 K−1 [7, 10]
cp,b Specific heat capacity of blood 3620 J kg−1 K−1 [20]
ρb Density of blood 1000 kg m−3 [10]
kb Thermal conductivity of blood 0.50 J m−1 s−1 K−1 [10]
cp,m Specific heat capacity of mucus 4186 J kg−1 K−1 [10]
ρm Density of mucus 1000 kg m−3 [10]
km Thermal conductivity of mucus 0.60 J m−1 s−1 K−1 [10]
dm Mucus thickness 1.0×10−5 m [21, 22]
Fb Mass flow rate of blood 2.2×10−4 kg min−1 [10]
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2 Numerical verification of the solution

2.1 Grid size and residual analysis

The effect of grid size and its effect on variables’ residuals were investigated. The length of the nose
was divided into a Ns number of control volumes. The air temperature profile, Ta, and the entropy
production profile were computed with varying Ns. The temperature profile and the local entropy
production are presented in Fig. S3a and b as a function of Ns. We see that results have not converged
for Ns = 6. Figs. S3a and b both imply that Ns should be larger than 12 to obtain grid convergence.
We therefore chose 24 for the proper grid discretization number.

Specifically, the error regarding grid convergence index (GCI) is calculated based on [23, 24, 25].
GCI is an index to determine mesh refinement. By calculation processes introduced in [23, 24], we
obtained an error band of the grid convergence of the solution as 2.83 % for the expired air temperature
and 0.03 % for total entropy production. This is described as,

Ta,ex ≈ 297.1± 2.83 %, (S52)

Σirr ≈ 0.007± 0.03 %. (S53)

Residuals of the total entropy production (Σirr), the air temperature for a cycle (Ta), the expired
air temperature (Ta,ex) and the water content for a cycle (wa) were computed for various iteration
numbers. The residual of a value of any parameter A at the ith cycle is given by,

Residual of A =
|Ai+1 −Ai|
|A2 −A1| , (S54)

for matrices, i.e., wa and Ta, we replace the absolute value by matrix norm, ||...||2. In our results, a
residual in the range 10−1.7 ∼ 10−3.8 was considered to be sufficient (see Fig. S4). The residuals of
Σirr, Ta, Ta,ex and wa started to oscillate after about 180 cycles for temperatures at 283 K. From this,
we infer that a number of iterations larger than 200 is needed.
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z∗, Scaled position
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Figure S3: Time-averaged (a) air temperature profile and (b) local entropy production of the sub-
tropical seal at 10 ◦C ambient temperature as a function of scaled position, for discretization numbers
Ns ∈ {6, 12, 24, 48}. Time-averaging was done during the last half of the breathing cycle, referred to
as exhalation.

The model is time-dependent and the discretization in time (time step) is decided by the MATLAB
Integrated routine ‘ode15s’. In the ‘ode15s’ routine, the optimal time step is decided within a range
of user-defined minima in every cycle (a single respiration cycle).

2.2 Computation time

The total time required to complete one simulation set with a discretization number in space, Ns ∈
{6, 12, 24, 48}, is listed in Table S3. The value Ns = 24 gives results very near grid convergence, still
with a reasonable computation time.
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Figure S4: Residual of total entropy production (Σ), air temperature (Ta), expired air temperature
during exhalation (Ta,ex) and water mass fraction (wa) in a cycle as a function of iteration number at
Tamb = 10 ◦C.

Table S3: Discretization step and corresponding computation time with 10 ◦C and the geometry of
the subtropical seal’s turbinate.

Discretization in space Computation time (dd:hh:mm)
Ns = 6 10:03:54
Ns = 12 10:08:26
Ns = 24 11:09:36
Ns = 48 12:21:55

3 Heat and water fluxes

Through the video of temperature profiles described in Fig.6-7 of the main text and Section 5, we
have shown the temperature profiles of each subsystem. In this section, we present the heat and water
transfer between subsystems in terms of flux profiles at -30 ◦C.
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Figure S5: (a) Heat flux as a function of scaled position, z∗, averaged over inhalation, exhalation
and both. (b) Water flux as a function of position, z∗, averaged over inhalation, exhalation and
both. Inhalation (blue line) captures flux profiles during inhalation only, and exhalation (orange line)
captures flux profiles during exhalation only. Inhale & Exhale (green line) shows time-averaged profiles
over both inhalation and exhalation. Both fluxes are from the Arctic seal at -30 ◦C.
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When cold air enters the inlet of the nose, heat is transferred from the mucus layer to the air,
which will warm up the cold air and protect the lungs. This heat transfer is shown as a negative
heat flux (blue line) in Fig. S5a. During exhalation, the absolute value of the flux shows a maximum
around z∗ ∼ 0.03, which means that heat transfer takes place in a region behind the inlet of the nasal
maxilloturbinate, and not only exactly at the inlet. The heat flux during exhalation is positive for
z∗ < 0.7 (see orange line); in contrast, heat flux during inhalation appears negative. The averaged
heat flux during a total breathing cycle shows a maximum at z∗ ∼ 0.1.

In Fig. S5b, mass flux is negative during inhalation, representing water transfer from the mucus
lining to air (see blue line). During exhalation, however, the mass flux is positive in the given z∗

domain and water in the air is transferred back to the mucus lining (see orange line). In other words,
water vapor in the saturated air from the lungs is liquefied in the nose. The averaged flux during a
whole respiration cycle is large at the nostril but close to zero at z∗ > 0.2.

These results show directly how heat and mass transfer occur between subsystems when ambient
air enters and exits the nose. The fluxes determine the local entropy production, which accordingly is
large near the nostril, and decreases steeply at z∗ → 0.03 in Fig. 8a of the main text. Variations in
the local entropy production profile along the nose position have their origin in the interplay of heat
and water transfer.

We examined the sensitivity of the fluxes and the local entropy production to changes in resistivity
coefficients and mucus thickness. With a larger mucus thickness, the heat and mass fluxes increased
significantly at the maximum. The entropy production also broadened in the nose’s anterior part and
became less concentrated at the nostril (not shown).

4 Transfer coefficients

Interface transfer coefficients (known as interface resistivities) were used to describe heat and water
transfer. Their values are listed in Table S4. We used coefficients taken from Wilhelmsen et al. [9].

Temperature [K] Rqq [m2s/JK] Rµq [m2s/kgK] Rµµ [Jm2s/kg2K]
260 4.24E-07 3.68E-02 4.73E+03
265 3.56E-07 3.16E-02 4.17E+03
270 2.98E-07 2.71E-02 3.66E+03
275 2.49E-07 2.32E-02 3.22E+03
280 2.08E-07 1.98E-02 2.82E+03
285 1.73E-07 1.68E-02 2.46E+03
290 1.43E-07 1.43E-02 2.14E+03
295 1.18E-07 1.20E-02 1.86E+03
300 9.66E-08 1.01E-02 1.60E+03
305 7.86E-08 8.42E-03 1.37E+03
310 6.35E-08 6.97E-03 1.17E+03
315 5.10E-08 5.74E-03 9.94E+02
320 4.07E-08 4.69E-03 8.37E+02

Table S4: Interface transfer coefficients related to water-evaporation.

5 Temperature profiles of a breathing cycle (video)

This section describes the details of a video showing the temperature profile at any moment of time
in the breathing cycle, based on the model derived in this study.

The video shows the temperature profiles of the five subsystems of the Arctic seal, Eb, under Arctic
conditions (-30 °C) at various moments. The upper panel of the video shows the temperature profiles
which are indicated by the red vertical line on the panel below. The panel below shows the air flow
rate variation during the breathing cycle. The left half describes the inhalation, and the other half
describes exhalation. The flow rate of air is at its maximum value at t∗ = 1/4 and 3/4.

We consider the temperature profiles at various times in a breathing cycle. At the start of the
inhalation, the -30 °C air enters the nostril. As a result, the air temperature near the nostril end
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(z∗ < 0.05) is lower than the water temperature in the mucus lining. The temperature profiles of
mucus, interstitial tissue, artery and vein subsystems are almost in thermal equilibrium. The air
temperature shows a deviation due to the given boundary condition, z∗ ∼ 0. For further discussion,
see the main text.

At the end of the inhalation (t∗ → 0.5), the temperature of the air, mucus lining, interstitial tissue
and vein are also almost at equilibrium. The change in the temperature profile of the air is larger
than the variation of water temperature in the mucus lining. This can be expected considering that
the thermal capacity of water is much larger than that of the air. When the inhalation is over, and
the exhalation begins, the temperature of the air is higher than the temperature of the mucus lining
(t∗ > 0.5). The warm air comes out of the lungs, and moves toward the nostril; heat and water vapor
are adsorbed by the mucus.
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