New Horizons at Pluto:
Surface — Atmosphere Interactions

John Stansberry
Space Telescope Science Institute

With many thanks to the New Horizons team
For a great mission
(and all the charts | stole...)

IAC Winter School — Tenerife — J. Stansberry



New Horizons: Science Instruments

PEPSSI

RTG Ralph:
Alice:

LORRI:

REX:

SWAP:
PEPSSI:

SDC:

Student RTG:

Alice Dust Counter
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Color Camera and IR Spectral
Imager: Composition

Ultraviolet Spectral Imager:
Atmospheric studies

HiRes Panchromatic Camera:
Geology, OpNav, Deep Searches
for Moons and Rings

Radio Science Experiment:
Atmospheric [T,P] profile and
Surface Temperature

Solar Wind At Pluto

Energetic Particles: Atmospheric
Escape

Student Dust Counter
Radioisotope Thermoelectric
Generator



Launch: 19 January 2006

Nearly perfect trajectory

» Fastest Earth departure ever
(57,000 km/hr)

« Passed Moon’s orbit in 9 hours

« Passed orbits of:

—~ — Mars on 7 Apr 2006 (< 3 months)
T — Jupiter on 28 Feb 2007 (~1 year)
— Saturn on 8 Jun 2008 (~2.4 years)
— Uranus on 18 Mar 2011 (~5.2 years)
— Neptune on 24 Aug 2014 (~8.6 years)

* Pluto system encounter on 14 Jul 2015 (9.5 years)

Jupiter / lo fly-by
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New Horizons Pluto Encounter

First spacecraft contact after closest approach:
15 July, 00:53 UT (14 July, 8:53 p.m. EDT)

14.00 Charon

Styx

Sun
Pluto == S

0.24°

Charon’s shadow

Pluto's shadow
12;

Charon-Sun Pluto-Sun
Occultation Occultation
14:17:47 ET 12:51:26 ET New Horizons

Trajectory

Pluto Closest
Approach
11:49:58 UT

12,500 km \} Last spacecraft contact before closest approach:
13.78 km/s / 14 July 01:00-03:15 UT (13 July, 9-11:15 p.m. EDT
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Pluto Before New Horizons
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Pluto in Natural Color from New Horizons
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Nomenclature - it’s informal
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Nomenclature - it’s informal
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What are we seeing on Pluto’s surface?
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Volatile Ices on Pluto,
Triton

« Ground-based spectra
— Disk-integrated composition

* Volatile ices:
— High vapor pressures
— Low melting points

« Outer solar system
volatile ices
— N2
- CO
— CH4
— Ar? 02?

2016-11-16
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LEISA Spectral Domains on Pluto
3 o000 7000 6000 5000
x-!

I/F + offset

Fig. 3. LEISA spectra of Pluto. (A) Con-

text map produced by averaging the red,

green, and blue values from each of the P T AT T T,

colored maps across the bottom row in 12 1.4 1.6 1.8 2.0 2.2 2.4

Fig. 1 and the right panel in Fig. 2. Wavelength A (um) Grundy 2015
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LEISA Spectral Maps of Pluto’s Surface

Grundy 2015
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LEISA Spectral Maps of Pluto’s Surface

volatile
Grundy et al., Science, 2016

non-volatile
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Vapor Pressures of Ices on Pluto, Triton

* N,, CO and CH, ices have
significant vapor pressures at
relevant surface temperatures

« On low-gravity, low-temperature
objects such as Pluto and Triton
they are in the ice:gas phase
equilibrium regime
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« Seasonal transport of these
Ices Is ocurring

40 45 50 55 60
Temperature {K)
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Volatile Atmosphere of Pluto (and Triton)

 Is 10 ubar a real atmosphere?

— Fully collisional to many scale
heights altitude

— Pressure is ~uniform across the
surface at a given radius / altitude

(]

— Yes — these are real atmospheres

 But — it is a different kind of real
atmosphere

— The primary constituent, N2, is a
condensable species

— Mars-like, not Earth-like | 40 45 50 55 60

— CH4 may behave like H20 in Temperature (K)
Earth’s atmosphere
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N, Ice Temperature is Constant over the Surface

Sublimation Winds

Latent Heat Transport Frost cooled \

4 ! by subhn}ation
N, dominates surface ices and the )
atmosphere

)/

Large latent heat of sublimation
« small AT produces big AP

— Sublimation (L dm/dt) balances cT#
« <1.5g/cm”2 /yr of ice

Global sublimation winds require tiny
pressure gradients

— Eckmann layer, < 1km deep

I i I Vapor \
— Vying S 5 m/s (interhemispheric) et ‘ 20
- Csound =125 m/s ; controlied warmed by
| atmosphere condensation
— If AP/P = 0.1, AT emispheric = 0-2 K
« AP/P = 0.02 estimated (Ingersoll 1990 - for b Solar Solar
Triton) Thermal feom) g'?‘ba;,::f::g:gr;of ormes) Thermal

radiation radiation

— => N, ice globally isothermal
« Pertains for T 2 32 K, P 2 0.5 ub e G

cooling heating
N, ice

Summer hemisphere (sketch by L. Young) \CI:V(i)nter hemisphere

Sublimation site ndensation site
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Seasonal Forcing on Pluto

South Pole facing Sun Pluto Disc. by C. Tombaugh (1930)
(1948)
P Northern Autumn

Southern Spring
y. 7 (1907)

Northern Winter

Southern Summer

(1969), 4 L

. (1928)

Charon Disc.
by J. Christ
(3978) ¢ 1 (1887)
S}',f,f,‘;’gg%"}g;ﬁ,’ﬁf,;ﬁi north polar cap condenses slowly
in ~40years this quadrant lasts ~80 years
~Equinox & ]
~1.5W/m2  Perihelion (1990) .' Q'AA- Aphelion (1866) () 5 \y /m?
29.5AU | in ~40years subsolar point 49.3AU
crosses to 60°N
south polar cap
condenses rapidly ' - (2003)

Northern Summer
Southern Winter

Northern Spring
Southern Autumn N

(2010)

P70 2072)

(2031)
North Pole facing Sun

New Horizons (2052)

Fly-By (2015) 33AU
Emily Lakdawalla after Candy Hansen
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Pluto’s Changing Atmosphere
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Pluto’s Changing Atmosphere

|

Sicardy et al. (2003)

flash layer
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Sicardy 2015

Pluto’s atmospheric pressure increased 3x between its discovery (1989)
and the New Horizons encounter.
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Changing Atmospheric Structure
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Equatorial View/Insolation ~ Northern View/Insolation

Olkin 2015
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Atmospheric Heating & T Profiles
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Atmospheric Temperature (K
Stansberry et al. 1992

Lapse rate is adiabatic above warm areas, and is the saturated lapse rate over N2 ice.
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Radius {km)

Radius {km)

- Lower Atm
L CH, heating
Cenducticon

t (Turbulence & waves
Condensation

t ' Sublimation winds

; ?ubMﬂqHDnﬁc?ndenquDﬁ

- Lower Atm

L CH, heating
- Conduction

§:TurbMence & waves
t (Condensation
Sublimation winds

; Sublirmation /condensation

- Middle Atm

3 Large—scale waves
- GO cooling

L CH, heating/coaling
- General circulotion

; CH, phatochemnistry

Hoze praduction

Pluto’s Atmosphere: Expectation, Reality...

Uppelr At’ﬁ;‘l
Escape

Exobase

Diffusive separation

lonizatian

LY heating

L CH, heating/caying
- General circulation
. CH, photochemnistry

Hoze productian

Escape
Exobaze
Diffusive separation

lonizatian

| heatin

Upper Atm

Stern+ 2015 (Science); Gladstone+ 2016 (Science)

Is the cool upper-atmosphere seen by New Horizons consistent with the stellar occultations 1998 — 2015?
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Lower Atmosphere from REX radio occultation
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Pressure, microbar

Lower Atmosphere from REX radio occultation
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N, Ice Temperature is Constant over the Surface

Sublimation Winds

Frost cooled \

by sublimation
\ \\

)/

Vapor Pressure ~Equilibrium
atmospheres can do some
weird stuff...

Vapor ..
pressure- i Frost
controlied warmed by
atmosphere condensation

Solar Solar

(strong) global transport of (weak)
Thermal N, and energy Thermal

radiation radiation

Sublimation Condensation

cooling heating
N, ice

Summer hemisphere (sketch by L. Young) \CI:V(i)nter hemisphere

Sublimation site ndensation site
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“Global”

* N, Ice Tempera

antities
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Topography: Local Downhill Transport

Mass flux is energy-limite
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“Global” N, Ice Quantities

* N, Ice Temperature (Ty3)
— Set by globally-averaged equilibrium temperature of N, ice
S, (1-Ag) = yeoT#

« Atmospheric Surface Pressure (P,)
— N, Vapor pressure at Ty,

* N, Ice Elevation (zy,)
— Height (radius) where Pam(2) = Pyp(Ty)

What happens to N2 ice at elevations other than z, ?

IAC Winter School — Tenerife — J. Stansberry
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N2 Ice Elevation and Atmospheric Pressure

Atmospheric Pressure

| | AP/Az =1pb/km (H = 15km)
il | Hemispheric AP = 0.32ub
| Energy-limited AP = 0.001pb
= 2'_ i
Zno D._ _____ Pamlz) = PralTha) N\ o il

1d 12 14 16
Fressure (pb)
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Altitude (km)

N2 Ice Elevation and Atmospheric Pressure

Atrmospheric FPressure

PambZ) = PualTya)

1d

1%

Fressure {pb)

14

16

AP/Az =1pb/km (H = 15km)

Hemispheric AP = 0.32ub
Energy-limited AP = 0.001pb
Energy-limited dm/dt = g/cm?/yr

Trafton & Stansberry 2015 DPS:

* N, ice T(z) ~follows wet adiabat

« Small departures drive mass
fluxes

« Downbhill transport occurs on the
night/winter hemisphere

« Sublimation/deposition is much
weaker than reported last year at DPS
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Large Scale Topography

* Center of mass offset?

— Global-scale bhiases in N2
distribution

« Highlands/lowlands
dichotomy

No N,
Figure
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N.-ice “Shorelines”

« Surface of volatile deposits will tend to a single height

— Localized and global-scale downhill transport
» Albedo, latitude, slope effects compete with topographic effects

— Winter/night: conduction is only energy source
» This will result in lower rates than stated above (need to quantify)

— Timescales are of order 10° years for 1km of N, ice

* N, ice will infill below a geopotential surface (“Ice Level”)
— Height defined by long-term global energy balance of the N,
— N, surface may serve as a global geological reference level

— Seasonal, diurnal transport can produce short-lived N, deposits at higher
elevations
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Sputnik Planum, Elliot Crater “Shorelines”
| CUNE R SR
L SRR RN N S 4
. Predict that thes s are all N2
dominated, at near

— Existing N2 maps consistent,

rather low
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* Predict that ti
elevations than

“Dead Seas”

IAC Winter School — Tenerife — J. Stansberry

34



The Data Sets

Altitude (km) NitrogenOAbsorption
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New Horizons data
generally supports
Red=Z .
Blue= N2 topographic
transport model

« Sputnik Planitia is the prime
example

* Other basins also show N2

» But — counter examples
clearly exist
— Series of craters SW of S.P.

— Elliot crater has strong CO, but
not much N2

» Data analysis Is progressing
— New DEM products and
—> Low, No N2 composition maps

—> Low, w/ N2 — Regional slopes are hard to
constrain via DEM methods...
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GCM Models for Pluto

Bertrand & Forget 2016

a Pluto by New Horizons b N, ice observation

Pure CH,

=4

~

N, + CH, + CO |

N, + CH,

Ice-free

Good agreement with volatile ice distribution.
Wind speeds are moderate: atmosphere is ~isostatic, so N2 ice is still expected to be isothermal
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Seasonal Forcing on Pluto

South Pole facing Sun Pluto Disc. by C. Tombaugh (1930)
(1948)
P Northern Autumn

Southern Spring
y. . (1907)

Northern Winter

Southern Summer

(1969), 4 L

__ . (1928)

Charon Disc.
by J. Christy

(1978) : (1887)

subsolar point crosses
from 60°S to equator
in ~40years

north polar cap condenses slowly
this quadrant lasts ~80 years

d ' Aphelion (1866)
 49.3AU

Perihelion (1990) i P

29.5AU  in ~40years subsolar point
crosses to 60°N

~1.5 W/m?2 ~0.5 W/m?2

south polar cap
condenses rapidly (4 b (2093)

Northern Summer
Southern Winter

Northern Spring
Southern Autumn N

(2010)

P70 2072)

(2031)
North Pole facing Sun

New Horizons (2052)

Fly-By (2015) 33AU
Emily Lakdawalla after Candy Hansen
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Emissivity and Fate

* Nitrogen a — 3 phase transition at H -
35.6K JENEEE O E—

— a phase has a much lower emissivity
« Higher equilibrium temperature for N2

— P(35.6K)=4.2 ub
* hydrostatic equilibrium, isothermal N2 ice
« 3-phase equilibrium

(&)1
(=]

* No atmospheric freeze-out? Yo pos prvaien_
— All B-N2 must disappear 15

B
w

N, Stable

.
(=]

Ll
[

« Difficult to test
— a-N2 confined to winter/night side

Temperature (K)

[£]]
(=]

oM, Stable

]
w

40 60 a0
S{1-4)/7 (erg cm™® s7")
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Methane: Overabundant in Atmosphere

MAX mixing ratios

CH, : N, solution
depresses P,,, and
X

%)

(

CH, : N, ~1:100
CH, ice <50 K

CH, ice supplies
atmosphere
— photolysis

2016-11-16
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N2 : CH4 Phase Diagram

N2 and CH4 are
soluble as liquids and e
(slightly) as solids NN

"'*x

e At Pluto’s temperature . oL+ O~

their ices will be either
CH4:N2 (few % N2) or
N2:CH4 (few % CH4)
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Methane: Overabundant in Atmosphere

Detailed Balancing Model Patch Model

Atmosphere:
18ub N,, X CH, =0.05-5 %

N, sublimation weak, CH, lag warms up

! Lawad

Patchy CH, lag deposit

99% N,, 0.5% CH, "?"QEA)SEIPZ(’ 0.5% CH,

Irafton, ‘90 T~40K Stansberry et al. ‘96

» Upper atmosphere X CH, = .5% (CH, thermostat; spectra)
— ~ 10 - 103 enhancement over vapor pressure ratio (pure or Raoult)
— Patch model: warm CH, patches, inefficient condensation
— Detailed balancing: ~10 molecule CH, layer throttles N, sublimation

2016-11-16 IAC Winter School — Tenerife — J. Stansberry
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Sublimation of CH4:N2 Ice Sample (Lab)

e N2:CH4 mixture

— Saturated composition (~5%
CH4)

— Shifted CH4 band
dominates at the start

— As the sample sublimes the
shifted CH4 band weakens,
and the un-shifted band of
‘pure’ CH4 grows

[ dissolved CH4 (band shifted)
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Stansberry et al. 1996
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Abundance Maps for Volatile Ices on Pluto

Grundy 2015
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N2:CH4 Ice: Solid-state Dilution Effects

Protopapa et al. 2015

 CH4 rich solid solution

— Band shape changes as e o am am ™
N2 concentration grows A

* N2 rich solid solution
— Band shape changes

— CH4 bands are shifted,
and the shift is larger for
lower CH4 concentrations
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Protopapa et al. 2017

N,:CH,
N2-rich grains
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Sublimation: CH4 enriched to

rated composition

Sunlit Fraction

Condensation: CH4 is
highly under-saturated

CH, in N,:CH,

0.6 0.8
Average Flux in W/m?
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Vapor Press
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Triton’s Sublimation Driven Winds

- TR

‘ ’ oy .III ““*
& [ T

& Y '.‘i"i‘

+ SOURCE

— DIRECTION

P PLUME (=8 k)
S CRESCENT STREAK (1-3 km}

Surface winds trend NE, Streaks at 1km trend E (anticyclonic)
Plumes at 8km trend west (cyclonic) from Hansen et al. 1990

2016-11-16 IAC Winter School — Tenerife — J. Stansberry



Triton’s Lower Atmosphere Circulation

After Yelle et al., 1995

Surface & 1km winds driven by sublimation flow / polar high,
8km winds require hotter atmosphere over equator
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Composition of Pluto's Upper Atmosphere

No Data

6000 4000

-4000 -6000

2000 -2000

G000 4000 : : -4000 -6000
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Composition and Chemistry

Wong et al. Icarus sp. issue
Chemical models,
* ~500 g/cm?/Gyr
mostly C,H,, C,H,
e condensation

dominates destruction of
at 200-400 km.

2016-11-16

% "% Kammer 306.02 C,H,

-3
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““Current densit

C ) y C2H6
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Some Basic Parameters

Quantity
g
Rotation period
P (surface)
column mass
T (nitrogen frost)
H (surface)

Triton

75
59
16
0.2
38
15

A (bolometric, N2 frost)
€ (bolometric, N2 frost)

N2 sublimation rate
sublimation wind spee
Atm. recycle timescale
A (hemispheric, bare g
T (bare ground)

[ (diurnal)

[ (seasonal)

[ (water ice)

d 5
8
rnd) 0.6
50

~1007?
3007
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0.8
~0.6
1.5

pA0[0]0)

Pluto
65
6.4
30
0.5
39
17

2
17
0.4
55
15

2000

units
cm/sN2
days
microbar
g/cm”2
K
km

g/cm”2/yr
m/s
local days

K
1/m~2/s"0.5/K
MKS
MKS

55



