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AMANDA-A: scattering on air bubbles!

Analytical description (diffusive regime)
Possible due to very small scattering length

1994
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Distance between sensors 10 m
Long absorption length: 60-200 m
Short effective scattering length: 1 m

Ą Very clean ice with low impurities
Ą Scattering due to air bubbles

Air bubbles predicted to disappear
(convert to clathrate hydrates) at 1150 m



AMANDA-II: comprehensive ice model
2006
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Found transparent ice at detector depths

Confirmed absence of air bubbles, refined 
their disappearance depth to 1350 m

Fitted la and le to each emitter -receiver 
pair, had to average for each 10 m ice 
layer

Limitation of this method, later understood: 
average values did not describe well fitted 
emitter-receiver pairs. Need to fit entire ice 
depth table simultaneously from the start.

Ice cleaner than best lab ice

Concept of 10 m layered ice

Wavelength dependence

Air bubble fit



SPICE models: simultaneous direct fit to all layers

2013
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Fitted the entire la, le ice depth table to 
all calibration data simultaneously Ą this 
overcomes previous limitation in 2006 
paper. 

Developed photon propagation code 
(ppc), which re-simulates calibration data 
on the spot, allows for easy updates to 
simulation when tweaking the underlying 
ice model

In later sets, 12 LEDs on each of nearly 
5160 DOMs are flashed individually, with 
100s of receivers for each event with 
many time bins for each Ą a wealth of 
data (millions of  pairs)



Ice layer tilt
Ice at the South Pole is flowing downhill at a rate of ~10 m/year

While the surface of the ice is flat, the bottom of the ice sheet 
rests atop of bedrock, which has irregular features such as 
hills and valleys

The ice sheet deforms as it flows through these features, and 
this results in lower ice layers following the shape of the 
bedrock; the closer to bedrock, the more the ice layers deviate 
from the flat that we see on the surface

An ice layer consists of ice deposited at around the same 
time , so should have the same concentration of impurities 
across the layer, thus same scattering and absorption 
ƓƖŸƓĲƖƣŔĲƚЮШÑőĲШљĬŔƖƣŔĲƖњШũċǃĲƖƚШƽŔũũШĦƖĲċƣĲШĤċŰĬƚШŸŉШƖĲŉũĲĦƣĲĬШ
radar signal

Initially ice layer elevation changes (tilt) within IceCube were 
characterized with a special-purpose dust logger, which 
surveyed 8 of the drilled holes before the string deployment
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Illustration borrowed from RAID

https://www.rapidaccessicedrill.org/scientific-objectives/


The IceCube Array at 60 MHz
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Ice layer tilt
Ice at the South Pole is flowing downhill at a rate of ~10 m/year

While the surface of the ice is flat, the bottom of the ice sheet 
rests atop of bedrock, which has irregular features such as 
hills and valleys

The ice sheet deforms as it flows through these features, and 
this results in lower ice layers following the shape of the 
bedrock; the closer to bedrock, the more the ice layers deviate 
from the flat that we see on the surface

An ice layer consists of ice deposited at around the same 
time , so should have the same concentration of impurities 
across the layer, thus same scattering and absorption 
ƓƖŸƓĲƖƣŔĲƚЮШÑőĲШљĬŔƖƣŔĲƖњШũċǃĲƖƚШƽŔũũШĦƖĲċƣĲШĤċŰĬƚШŸŉШƖĲŉũĲĦƣĲĬШ
radar signal

Initially ice layer elevation changes (tilt) within IceCube were 
characterized with a special-purpose dust logger, which 
surveyed 8 of the drilled holes before the string deployment



Ice tilt fitted with IceCube calibration data
We have recently fitted ice layer elevations 
using the flasher LED calibration data.

Ice layer elevations relative to a point near 
center were tabulated on a hexagonal grid of 
80 xy points, 125 depth values per xy point.

Regions outside of detector hexagon outline, 
above and below +-500 m are extrapolations

Nearly 2 years of fitting to ~10k parameters 
and a correlation matrix. Regularizations, 
sparsity conditions, were needed.

The new ice layer tilt model (FTP) is an 
improvement over the 1d gradient tilt built 
from the dust logger findings (which only 
accounted for tilt in the direction NE-SW) 

ice flow direction 
(10 m/year)
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Bottom of IceCube, z=-540 m

x, m

y, m elev., m



Glacial ice flow, ice layer tilt, and optical anisotropy
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N

E
Ice flow direction

41o NW

Less attenuation

41o NW

Ice Layer tilt direction

225o SW

SPICE Lea



Optical anisotropy of ice due to Birefringence
Å Early scattering and absorption-based anisotropy models 

were abandoned in favor of the birefringence-based model

Å Ice is a uniaxial birefringent material with ne-no=0.0015. This 
tiny difference builds to a macroscopic effect due to 1000s of 
ice crystal boundaries crossed per meter of distance

Å At each grain boundary every ray is split into two reflected 
and two refracted rays, one ordinary and one extraordinary 
ray each, building to a diffusion pattern after a few scatters

Å Each ice crystal has a hexagonal lattice structure, easiest to 
deform along the basal (hexagon) plane

Å Forces associated with the ice flow, and hydrostatic pressure 
at depth, result in preferred ice crystal orientations at 
ŘŜǇǘƘΣ ƛƴ ǇŀǊǘƛŎǳƭŀǊ άƎƛǊŘƭŜέ ŦŀōǊƛŎ ƻŦ ƛŎŜ ŎǊȅǎǘŀƭ ƻǇǘƛŎŀƭ ŀȄƛǎ 
orientations around the ice flow

Å This builds into 2 macroscopic effects: larger diffusion along, 
and slow bending of the photon path towards the ice flow 9



Scattering patterns in birefringent ice

Diffusion is largest on flow axis and smallest orthogonal to it

Photons on average get deflected towards the flow axis

Ҧ ǇƘƻǘƻƴǎ ŜŦŦŜŎǘƛǾŜƭȅ Ŧƭȅ ŀ ŎǳǊǾŜ ǘƻǿŀǊŘǎ ǘƘŜ Ŧƭƻǿ ŀȄƛǎ

2024
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(assuming no conventional scattering and absorption)

Running MC simulation with realistic crystal size, elongation, 
and orientation distributions (correlated to flow direction):

With birefringence

No birefringence

~ 20 т 30 m
(Upgrade) 



SPICE model vs. statistical floor

Latest ice model, SPICE FTP v3 represents our latest and best 
understanding of the IceCube ice.

It incorporates the birefringence model of anisotropy from the 
previous model SPICE BFR, refines our model of the scattering 
function, and describes ice layer undulations everywhere in 
the detector with unprecedented precision.

It also comes with a full covariance matrix and thus a model of 
statistical uncertainties. However, the g.o.f. improvements 
from the previous ice model (BFR) go far beyond what is 
expected from these uncertainties, and thus a question was 
raised: how much more improvement is possible?

We simulated the complete flasher dataset with the best ice 
and detector description. The g.o.f. and model error, calculated 
in the same way as for data, are indicated as άǎǘŀǘƛǎǘƛŎŀƭ ŦƭƻƻǊέΦ
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Many special devices for precision studies.

IceCube Upgrade т also a new tool for precision calibration
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Onboard cameras and LED flashers

Directional video cams ΠШ͗ШÂĲŰĦŔũШ
beams,
Pulsed LED, 
lasers, 
UV to green 

Onboard cameras and LED flashers

IceCube Upgrade т also a new tool for precision calibration

There purpose is also to resolve 
details of the local (refrozen) ice
near the DOMs.



Summary and Outlook

Much progress over 30 years

From air bubbles in AMANDA-A to ice anisotropy due to birefringent ice crystals

Improvements can be gauged with llh, model error, and average waveform plot

We have a full description of statistical uncertainties of ice layer properties

However, interpretation of uncertainties is complicated since we have not yet reached the 
statistical floor

Are we still missing a major piece of the ice model puzzle?

Special calibration devices in IceCube Upgrade may shed light on this.
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Average llh (over all LEDs) on each string.

Overall average for the entire detector is 0.664

Cf. reconstruction of simulated data:

range of 0.42 to 0.45 with the average of 0.439.

Quality of description of data is worse than 
simulated data everywhere but also varies in 
different parts of the detector.

This is seen in a variety of metrics (flasher LED 
brightness, DOM sensitivity, hole ice quality)

Not explained by deployment order or time/fuel 
spent on string deployment

Uniformity in quality of 
detector description
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Why do we care about ice
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IceCube detector uses Antarctic ice as its detection medium

Charged particles moving through its volume generate Cherenkov light

Need to describe light propagation in both simulation and event reconstruction

This is a major source of systematic uncertainties of IceCube analyses

Links to other fields: glaciology, climate science



Impact of ice improvements to data analysis
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For data simulated with the best current ice model a large improvement 
is observed in angular resolution of reconstructed cascade directions 
with the same ice vs. older model.

For real data (2 HESE cascades shown above), systematic shifts may go 
beyond statistical uncertainties as seen from the updated ice model.

As we get closer to the statistical floor with our ice model description, we 
gain more confidence that the reconstruction direction and associated 
uncertainty contours are accurate.

3.2.1 vs. ftp-v1 3.2.1 vs. ftp-v1
Simulation:  SPICE FTP

SPICE FTP

SPICE Mie



Timeline AMANDA ice models:         model error
 bulk, f125, mam, mamint, stdkurt, sudkurt, kgmΣ Χ
 millennium (published 2006) Ą AHA (2007)     55%

IceCube ice models:
 WHAM   (2011)        42%
 SPICE 1   (2009)        29%
 SPICE 2, 2+, 2x, 2y (2010) added ice layer tilt
 SPICE Mie  (2011) fit to scattering function   29%
 SPICE Lea   (2012) fit to scattering anisotropy  20%
 SPICE (Munich) (2013) 7-string, LED unfolding   17%
 SPICE3 (CUBE)  (2014) llh fixes, DOM sensitivity fits  11%
 SPICE 3.0   (2015) improved RDE, ang. sens. fits  10%
 SPICE 3.1, 3.2  (2016) 85-string, correlated model fit <10%
 SPICE HD, 3.2.2 (2017) direct HI and DOM sens., cable, DOM tilt
 SPICE EMRM  (2018) absorption-based anisotropy  single
 SPICE BFR (v1, v2) (2020) birefringence-based anisotropy  LEDs
 SPICE FTP (v0, v1) (2022) precise fit to tilt across detector volume
 SPICE FTP (v2, v3) (2023) w/precise covariance matrix calculation

Model error (precision in charge prediction): <10%
Extrapolation uncertainty: 13% (sca) / 15% (abs)
[ƛƴŜŀǊƛǘȅΥ ғ н҈ ƛƴ ǊŀƴƎŜ лΦм Χ рлл p.e. 18



llh and model error

¢ƘŜ ǉǳŀƴǘƛǘȅ ǘƘŀǘ ǿŜ ǳǎŜ ŘǳǊƛƴƎ ǘƘŜ Ŧƛǘ ƛǎ άllhέΣ ǿƘƛŎƘ ƛǎ ŎƻƴǎǘǊǳŎǘŜŘ ŀǎ ŀ saturated Poisson likelihood for data 
and simulation ǿƛǘƘ ǘƘŜƛǊ ŜȄǇŜŎǘŀǘƛƻƴ ǾŀƭǳŜǎ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǘƘŜ άmodel error termέΥ

For each flasher LED configuration, this quantity is summed over Bayesian-blocked time bins in receiving 
DOMs and normalized by their number. Then this normalized quantity is summed for all flasher configurations 
(of which we have 60614 ς 12 LEDs times 5160 DOMs minus broken and cDOMs and minus some failed LEDs).

We have made multiple improvements to llh over the years, with each new ice model much better than the 
previous one. Naturally, a question arises: how far are we from the best possible llh? Say, if the physics of 
flasher LED events is modeled perfectly, in the absence of any (known or unknown) systematic uncertainties, 
what is the expected value of the llhΚ ²Ŝ Ŏŀƴ ǊŜŦŜǊ ǘƻ ǎǳŎƘ ŀ ǾŀƭǳŜ ŀǎ ŀ άǎǘŀǘƛǎǘƛŎŀƭ ŦƭƻƻǊέ ƻŦ llh.

19



Model error
The size of s in the model error term in the llh construction 
is estimated from plots as shown here. A logarithm of 
charge ratio in simulation over data is histogrammed for all 
receiving DOMs for all flasher configurations. The charge we 
use in this construction is integrated over the time window 
used by this analysis (i.e., full charge per receiving DOM).

The plot shows 5 histograms (with their rms and width of 
fitted gaussian listed in the caption) for different threshold 
value of accepted charge: (1) no cut, (2) 1 p.e., (3) 10 p.e., 
(4) 100 p.e., and (5) 400 p.e.

The rms/width at each threshold level depends on statistics 
of data and simulation (i.e., how many events in data and 
simulation for each configuration). Typically, data has more 
than 100 events, while simulation (shown here) has only 10. 
We usually take the middle value (10 p.e. cut ς 12.9% here). 
This number will reduce to 11.8% for 100 simulated events. 
We had previously estimated (for SPICE 3.2) that after 
subtracting statistical contribution the model error is 9.8%.20



Time waveform binning

Nominal Bayesian block binning

(25 ns bins) (25 ns bins)

Modified Bayesian block binning

21

Waveform from a calibration 
flasher LED data event



Relative in-ice DOM efficiencies: correlation to FAT
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Ice layer parametrization

10 m

In each 10-meter layer define:
ω scattering 
ω absorption
ω ice crystal density

Source is 
blurred

Source is
dimmer

a = inverse absorption length (1/˂abs)
b = inverse scattering length (1/˂sca) 23



AMANDA-II: comprehensive ice model

Ice is extremely transparent between 200 nm and 500 nm at depths below 1350 m
Scattering and absorption are determined by dust concentration

Wavelength dependence of dust scattering and absorption follow power law
Wavelength dependence was verified with IceCube, but is still used basically unchanged

24



AMANDA-era ice models

1995-2003

Models with an 
IceCube wiki page

Kurt
KGM (Kurt-Gary)
MAM (modified absorption)
Millennium/Y2K

AHA  2006-2007

Lordi

WHAM! (Water Hardened Antarctic Measurement)

Comparison with 
SPICE family (lea)

2011

25

https://wiki.icecube.wisc.edu/index.php/Ice_models
https://user-web.icecube.wisc.edu/~dima/work/IceCube-ftp/ppc/lea/LEAvsWHAM/


fit region (inside detector)extrapolation region (outside detector)

black line: fit to flasher data gray band: scaled merged dust log

(m-1) (m)

Correlation of fitted optical properties with dust logger data
SPICE 2
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Dust logger

Dust logger mapping of the ice tilt

The ice layers (i.e. layers of ice with similar optical properties) change in depth by 
as much as 60 m when going from NE to SW corners of the detector 

N

E

ice layer tilt 

direction: 
225o SW
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Dust logger

Dust logger mapping of the ice tilt

The ice layers (i.e. layers of ice with similar optical properties) change in depth by 
as much as 60 m when going from NE to SW corners of the detector 

N

E

ice layer tilt 

direction: 
225o SW

2013

28



Models of optical ice anisotropy in IceCube
1. Scattering (mainly): direction dependent scattering function (ICRC 2013)
2. Absorption (mainly): direction dependent absorption (studied in 2018)

Introduced depth-dependence (2017)

Discrepancies between data and simulation remain

Cannot simultaneously fit total charge and
arrival time distribution to statistical precision

prolate oblate

scattering-based

absorption-based

Absorption driven

Scattering driven

SPICE Lea, 3.2.x

SPICE EMRM
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Scattering patterns birefringent ice
Running MC simulation with realistic crystal size, elongation, 
and orientation distributions (correlated to flow direction):

Diffusion is largest on flow axis and smallest orthogonal to it

Photons on average get deflected towards the flow axis

Ҧ ǇƘƻǘƻƴǎ ŜŦŦŜŎǘƛǾŜƭȅ Ŧƭȅ ŀ ŎǳǊǾŜ ǘƻǿŀǊŘǎ ǘƘŜ Ŧƭƻǿ ŀȄƛǎ

along flow orthogonal to flow

towards flow

after ~ 1 m of propagation:
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Scattering patterns birefringent ice
Running MC simulation with realistic crystal size, elongation, 
and orientation distributions (correlated to flow direction):

Diffusion is largest on flow axis and smallest orthogonal to it

Photons on average get deflected towards the flow axis

Ҧ ǇƘƻǘƻƴǎ ŜŦŦŜŎǘƛǾŜƭȅ Ŧƭȅ ŀ ŎǳǊǾŜ ǘƻǿŀǊŘǎ ǘƘŜ Ŧƭƻǿ ŀȄƛǎ

along flow orthogonal to flow

towards flow

after ~ 1 m of propagation:
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Average (at ~125 m) waveform
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Per-DOM flasher fits
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