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Introduction

This supporting information provides the details of the numerical model of 1D heat

conduction to calculate the temperature response to the transits of Phobos as observed

by the InSight HP3 Radiometer in text S1. The supporting figures S1 to S4 are modified

versions of the Figures 2-3 in the main article showing all of the observed transits in

comparison.

Text S1. The numerical calculation is based on the finite difference scheme in the work

of (Kieffer, 2013), but modified to solve the equations implicitly. The finite difference

equation is:

Ti − T ′i
t− t′

= −Hi+.5 −Hi−.5

BiρiCi

(1)

where T is temperature, i indicates the ith layer, t is time, a prime indicates the previous

time-step, Hi+.5 indicates the heat flow through the top of the ith layer,Hi−.5 same through

the bottom, B is layer thickness, ρ is density, and C is specific heat capacity.

The temperatures of the top and bottom of layer interface, Ti−.5 and Ti+.5 respectively,

are:

Ti−.5 = Ti +
Hi−.5Bi

2ki
(2)

Ti+.5 = Ti −
Hi+.5Bi

2ki
(3)
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Calculating this interface starting from the layer below and substituting for Ti+.5 pro-

vides the interface heat flow (same approach for top of layer interface):

Hi+.5 =
−2(Ti+1 − Ti)

Bi/ki +Bi+1/ki+1

(4)

Hi−.5 =
−2(Ti − Ti−1)

Bi/ki +Bi−1/ki−1

(5)

At the uppermost layer (i = 1) the heat flow through the upper interface (the surface)

is the boundary condition:

H.5 = (1 − a)Hvis + e(Hir − σbT
4
.5) (6)

Here a is visible albedo, Hvis incident visible band heat flux e is infrared emissivity, Hir is

infrared incident heat flux, and σb is the Stefan-Boltzmann constant. The incident heat

fluxes are calculated using the KRC model (Kieffer, 2013) with the atmospheric opacity

derived from imaging of the sky. At the lower boundary condition at i = N the geothermal

heat flow is HN+0.5 = Hgeo. The geothermal heat flow is here assumed to be zero, since

within the range of plausible values it is not significant for the observable temperature.

The solution of the set of non-linear implicit equations 1 is found by iteratively ap-

proaching the set of N + 2 temperatures [T.5, T1, T2, T3, ...TN , TN+.5] that are the root of

the function:

Fi = −Hi+.5 −Hi−.5

BiρiCi

− Ti − T ′i
t− t′

(7)

using Broyden’s method (Press et al., 1992). To reduce number of calculations per step

this equation is simplified to:

Fi =
2(Ti+1 − Ti)

BiρiCi(
Bi

ki
+ Bi+1

ki+1
)
− 2(Ti − Ti−1)

BiρiCi(
Bi

ki
+ Bi−1

ki−1
)
− Ti − T ′i

t− t′
(8)
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In the special case of the bottom and top layer centers (i = 1, i = N) the finite difference

is evaluated at the surface and bottom interface, so half a layer thickness and constant

parameters are assumed for the heat flow calculation:

HN+.5 = −2kN(TN+.5 − TN)

BN

(9)

H1−.5 = −2k1(T1 − T.5)

B1

(10)

Thus Eq. 7 is for these special cases:

F1 =
2(T2 − T1)

B1ρ1C1(B1/k1 +B2/k2)
− 2k1(T1 − T.5)

B2
1ρ1C1

− T1 − T ′1
t− t′

(11)

FN =
2kN(TN+.5 − TN)

B2
Nρ1C1

− 2(TN − TN−1)

BNρNCN(BN/kN +BN−1/kN−1)
− TN − T ′N

t− t′
(12)

Further we define ∆t = t − t′ and Gi = Fi∆t and the following coefficients that are

calculated once per model time-step based on the previous temperature state:

fi =
2∆t

BiρiCi(Bi/ki +Bi+1/ki+1)
, for i = 1, ...N − 1 (13)

fN =
2kN∆t

B2
Nρ1C1

(14)

bi =
2∆t

BiρiCi(Bi/ki +Bi−1/ki−1)
, for i = 2, ...N (15)

b1 =
2k1∆t

B2
1ρ1C1

(16)

With the notation for the sake of simplicity of implementation: T0 = T0.5 and TN+1 =

TN+0.5 the equation for root finding is then:

Gi = fi(Ti+1 − Ti) − bi(Ti − Ti−1) − Ti + T ′i , for i = 1, ...N (17)
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The top and bottom temperatures T0 and TN+1 are determined by the heat flow boundary

conditions:

G0 =
2k1(T1 − T0)

B1

+ (1 − a)Hvis + e(Hir − σbT
4
0 ) − hconvT0 (18)

GN+1 =
2kN(TN+1 − TN)

BN

+Hgeo (19)

Broyden’s method iterates solutions to Eq. 17 and Eq. 18 to find of N + 2 temperatures

Ti for which Gi converges to zero.
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2020-04-21T14:58:53.2, Sol 498
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2020-04-24T11:27:56.7, Sol 501

Figure S1. Simulated images of the moment of smallest angular separation of Phobos and Sun

of all transits. The white + symbol indicates the Phobos Barycenter position, while the smaller

x symbol indicates an offset of the Phobos barycenter for 1 km along the rotation axis towards

the north pole.
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f

Figure S2. The simulated lightcurves in comparison to scaled solar panel currents for all tran-

sits. The symbols represent readings of the solar panel currents and the solid curves correspond

to modeled lightcurves, where the blue and red curves correspond to position of Phobos that is

±1 km offset along its rotation axis.
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Figure S3. The temperature response of the surface during all transits observed by RAD

together with several models for comparison. An offset is added to each model so that the data

and model temperatures match on average in the 20 seconds preceding the transit. The model

parameter details are described in the text of the main article.
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Figure S4. The diurnal surface temperatures observed within 3 sols of each transit. The error

bars are total uncertainty of the radiometer which is mostly related to calibration uncertainty

with only a minor contribution from atmospheric noise. Also plotted are the same models as

described in the text of the main article.
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