
P
o

S
(

A
R

E
N

A
2

0
2

6
)

0
1

5

Precision Measurements of the Firn Refractive Index for
RNO-G

Nils Heyer𝑎,∗ for the RNO-G Collaboration
𝑎1 Dept. of Physics and Astronomy, Uppsala University, Box 516, S-75120 Uppsala, Sweden

E-mail: nils.heyer@physics.uu.se

We present a measurement of the refractive index of firn ice at Summit Station, the site of the
Radio Neutrino Observatory in Greenland (RNO-G). The refractive index profile was determined
without relying on density data using absolute time-of-flight measurements with sub-nanosecond
precision. We establish the consistency of these findings across several locations near Summit
Station and different signal polarizations. From these findings, we derive a parametrized model
of the firn ice with uncertainties. Furthermore, we test the consistency of the derived models
with additional pulser measurements and compare the results to independent measurements of the
density.
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1. Introduction

The Radio Neutrino Observatory in Greenland (RNO-G) [1] has instrumented the glacial ice
sheet using radio antennas, with the dedicated goal of detecting ultra-high energy (UHE) cosmic
neutrinos. The long absorption length of radio waves in ice allows for neutrino detection via a
sparsely populated array of radio antennas catching the Askaryan radiation emitted from a neutrino-
induced particle shower. However, convincingly claim a neutrino detection and to reconstruct the
neutrino’s characteristics, the properties of the ice through which these radio waves propagate for
several kilometers have to be understood to a high degree.

The refractive index of the ice is of particular interest for this detection method [2], as it
determines the timing with which a radio pulse arrives at the antennas which, in turn, allows us
to reconstruct its arrival direction. This can, for example, indicate if the pulse originated below
the surface (potentially a neutrino candidate) or above (various background sources). In addition,
previous studies have shown how an uncertainty of a few percent of the ice model parameters
can have a major impact on the energy and direction reconstruction capabilities of in-ice radio-
based neutrino detectors [3–5]. As the Greenlandic glacier grows naturally and steadily via snow
accumulation, there is a growing pressure with depth, resulting in a density gradient in the vertical
profile of the ice. The top ∼100 m can be characterized by a transition from loosely packed snow
compactifying into solid ice. Understanding the refractive index profile in this region, called the
firn, is of particular interest as the rapid change from 1.3 to 1.78 results in a bending of trajectories
of radio signals following Snell’s law. An ad hoc approximation of this transition can be made
using a simple exponential parameterization as seen in Eq. 1, where 𝑛(𝑧) is the refractive index as
a function of the depth 𝑧. 𝐴, 𝐵, and 𝐶 are free parameters that can be estimated from data.

𝑛(𝑧) = 𝐴 − 𝐵 · exp (𝑧/𝐶) (1)

Recent studies have shown that a more accurate description of the ice can be made by using
a 3-stage exponential function [6] as seen in Eq. 2. Here, different exponential functions describe
different sections of the ice where again, 𝑛(𝑧) is the refractive index as a function of the depth 𝑧,
but instead using 9 free parameters: 𝐴1,2,3, 𝐵1,2,3, 𝐶1,2,3. However, four of those parameters (𝐵2,3,
𝐶2,3) can be estimated directly from the other five by enforcing continuity and differentiability of
the profile at the boundaries 𝑧1,2.

𝑛(𝑧) =


𝑛1(𝑧) = 𝐴1 − 𝐵1𝑒

𝑧/𝐶1 , 0 ≤ 𝑧 < 𝑧1

𝑛2(𝑧) = 𝐴2 − 𝐵2𝑒
𝑧/𝐶2 , 𝑧1 ≤ 𝑧 < 𝑧2

𝑛3(𝑧) = 𝐴3 − 𝐵3𝑒
𝑧/𝐶3 , 𝑧2 ≤ 𝑧

(2)

These boundaries correspond to transitions in the densification process at 550 kg m−3 and
830 kg m−3 [7] which translate to depths of 𝑧1 = ∼14.9 m and 𝑧1 = ∼80.5 m for Summit Station in
Greenland. The refractive index of the bulk ice, which both of these parametrizations asymptotically
approach for large depths (𝐴 in Eq. 1, and 𝐴3 in Eq. 2), has been measured to high accuracy by
RNO-G at 1.778(6) [8]. So far, the only data that has been used to estimate the free parameters
in the ice models comes from density measurements by drilling ice cores [9–11] or using neutron
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probes [9]. The density of the ice can then be converted into the refractive index via the relationship
found in [12] and shown in Eq. 3. However, this is an approximation found from empirical data
and does not have an underlying foundation in physics. Furthermore, the published density data
points do not have an associated uncertainty, making it difficult to estimate uncertainties on the free
parameters of the ice models fitted to them.

𝑛(𝑧) = 1 + 𝜌(𝑧) 0.845
1000

(3)

In this contribution, we explore a new measurement concept to measure the refractive index
directly via absolute timing measurements without relying on density data, including its uncertainty.
We establish the stability of these measurements over different locations and pulse polarizations.
Finally, we fit the ice models from Eq. 1 and Eq. 2 to the new measurements and present the
resulting parametrizations with uncertainties.

2. Measurement Concept

Figure 1: Example measurements from the receiving Vpol antenna from parallel pulsing at ∼23 m depth.
The geometry allows for two cleanly separated pulses (direct and reflected) both visible in the measured data.

The summer of 2025 offered a unique opportunity to RNO-G, as several holes (∼100 m deep
and ∼30 cm in diameter) close to Summit Station in Greenland had been drilled as preparation for
antenna deployment, but no antennas had yet been deployed. At the local sites 25, 34, and 35 [13],
three holes per station were available for calibration measurements. The sites are ∼1.25 km apart,
and at each site, the holes are ∼34.5 m apart, organized on an equilateral triangle. The same Vpol
and Hpol antennas [13] as used by the RNO-G experiment were used in this calibration campaign.
For the measurements, two radio antennas were lowered into two of the open holes, where one
acted as an emitter and the other as a receiver. After the pulse was generated in the pulser, it was
split, with one part going directly into an oscilloscope acting as the time reference, and the other
part going into the emitting antenna. The signal from the receiving antenna was then recorded
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in the same oscilloscope. Two types of such measurements were conducted, one called ’parallel’
where the emitter and thereceiver were held at the same depths, allowing for almost horizontal
propagation, and the other called ’non-parallel’ where the receiver was fixed at a specific depth
and only the emitting antenna was lowered. After removing the cable delays, the time between the
reference and the received signal is the absolute propagation time 𝑡 of the pulse through the ice.
Together with the distance between the holes 𝑑 measured via GPS, the average refractive index 𝑛

can be calculated with the speed of light 𝑐 via 𝑛 = 𝑐𝑡/𝑑. However, as the firn is non-uniform, the ray
paths through the ice are not perfectly horizontal but bend slightly, which had to be corrected for.
In addition, due to the reflection at the surface, a second reflected pulse could be observed, allowing
us to record an additional propagation time per measurement. The GPS measurements have an
estimated uncertainty of ±5 cm and, as the holes are not perfectly straight, a ±40 cm horizontal
hole tilt uncertainty per 100 m depth was estimated from drilling data. In total 5 antenna drops to
∼40 m depth were performed at site 25 (3 parallel and 2 non-parallel), 4 antenna drops to ∼40 m
depth were performed at site 35 (all parallel), and 3 antenna drops to ∼70 m depth were performed
at site 34 (2 parallel and 1 non-parallel). Measurements were taken at every meter step and all but
one drops used two Vpol antennas. One drop at site 35 was performed with an Hpol antenna. An
example of one of the Vpol measurements can be seen in Fig. 1.

Figure 2: Example of the time and uncertainty extraction from the
measured pulses via template matching.

To extract the timing from
the measured pulses, a data-
driven template matching ap-
proach was chosen. The tem-
plates were cut out from the
measured pulses, and their start-
ing time was calibrated on a
through air measurement where
the refractive index is known.
Cross-correlation was then used
to match each template to each
pulse and extract the time. The
mean and standard deviation
from all templates were then
used as the propagation time and
its uncertainty. An example of
this process can be seen in Fig.
2. For shallow depths<10 m, the
direct and reflected pulses are so
close in time that they interfere
with each other. For very shal-
low depths <3 m this resulted in

failed template matching, where no time could be extracted for either of the two pulses, while
for the others (<10 m) the direct pulse time could be extracted with larger uncertainties but not
the time for the reflected pulse. For deep depths >35 m, the reflected pulse became so small that
again the template matching failed and no reflected time could be extracted. In total, 625 times
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were extracted from direct pulses and 302 times were extracted from reflected pulses, all including
uncertainties. Two pairs of drops were performed in the same hole pair at the same depths, allowing
for an extraction of an additional statistical uncertainty (80 ps) to the time extraction uncertainty
(∼300 ps).

3. Uniformity of Ice Properties

To test the consistency of the measurements with different pulse polarizations, one of the
parallel pulser drops was performed with two Vpol antennas and once with two Hpol antennas.
As they were performed in the same hole pair, discrepancies between the two measurements are
independent of the uncertainty on the distance. When taking the residuals between the propagation
time as a function of depth, the scatter is centred around 0, and the largest scatter is below 1 ns.
However, the scatter is larger than the extracted timing uncertainty would allow, especially at shallow
depths <12 m. Potential reasons are still under investigation, and possible explanations include the
low SNR for the Hpol antennas and that the templates for the Hpol measurements were calibrated
on the through air signal measured with a Vpol antenna. The additional uncertainty for the Hpol
antennas was estimated from the residuals to be 460 ps above 12 m and 160 ps below 12 m antenna
depth.

Figure 3: Approximate refractive index data for every parallel antenna drop. The drops from station 25/34/35
are shown in blue/green/orange. The previously used simple exponential ice-model is shown in black, as
well as the absolute residuals of the new data to this ice-model.

When testing the consistency of the different measurements at different sites, several additional
aspects have to be condsidered. For the direct pulse measurements of the parallel drops, an
approximate average refractive index can be calculated via 𝑛 = 𝑐𝑡/𝑑. However, corrections regarding
the slight ray bending and the through-air propagation inside the hole have to be considered as well.
The uncertainty on this approximate refractive index is then the propagated uncertainty from the
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extracted timing and the distance, including the GPS and hole tilt uncertainty. The hole tilt
uncertainty is modeled like Brownian motion via a continuous random walk, taking into account
off-diagonal correlation between measurements in the covariance matrix. An overview of these
measurements for all stations can be seen in Fig. 3. It shows how the refractive index increases
with depth in the expected manner from ∼1.3 to >1.7 and how the uncertainty increases as well
due to the hole tilt. While this plot is a good indication that the measurements at different sites
are compatible with each other, the 𝜒2

𝑟𝑒𝑑
was calculated for every combination of the eight Vpol

measurements to check how the residuals between two measurements agree with each other within
the uncertainties. Here, the 𝜒2 values, calculated by comparing all measurement points of the two
drops from the same height, are added together and divided by the degrees of freedom (in this
case, the number of measurement points) to get the reduced chi-squared value 𝜒2

𝑟𝑒𝑑
. A value of 1

indicates good compatibility of the measurements, while a value above 1 indicates tension between
the measurements or an underestimation of uncertainties. A value below 1 indicates compatibility
with an overestimation of uncertainties. The 𝜒2

𝑟𝑒𝑑
was below 0.4 for all measurement combinations,

confirming that the measurements are compatible and possibly indicating an overestimation of the
estimated uncertainties. Compared to the previously used parametrization of the simple exponential
ice model shown in Fig. 3, the overall trend of the new measurements is similar. However, the
residuals indicate a large discrepancy between this model and the new data, prompting the need for
an improved parameterization.

4. Ice-Model Fitting

As a first step in fitting a new ice model, the approximate refractive index from Fig. 3 was used
in two simple 𝜒2 = 𝑛𝑑𝑎𝑡𝑎 − 𝑛𝑚𝑜𝑑𝑒𝑙 / 𝜎𝑛 fits, where 𝑛𝑚𝑜𝑑𝑒𝑙 are the parametrizations in Eq. 1 and
Eq. 2. In these fits, the bulk ice parameters were fixed at 1.778 [8]. The results for both the simple
exponential and 3-stage exponential can be seen in the third column of Table 2.

For a more accurate fit, a global fitting strategy was developed, where the full 𝜒2-function
can be seen in Eq. 4. Here, the measured propagation times 𝑇 were compared to the simulated
propagation times 𝑇 𝑠𝑖𝑚(𝐷𝜆, 𝐻𝜆

𝑒,𝑟 , 𝑃
𝜆, 𝑀 = [𝐴, 𝐵, 𝐶, ...]) depending on the nuisance parameters

𝐷𝜆, 𝐻𝜆
𝑒,𝑟 , and 𝑃𝜆 and the model parameters of interest 𝑀 . The simulated times were calculated

using the analytical ray tracing module in NuRadioMC [14], with the newly implemented multi-
layer raytracing module for the 3-stage exponential model [15]. 𝑃 is the prior knowledge of the
bulk ice refractive index from [8], and the positions of the emitter/receiver antennas are described
by their horizontal distance 𝐷 and their individual heights 𝐻𝑒,𝑟 .

𝜒2 = (𝑇 − 𝑇 sim)⊤𝐶−1
𝑇 (𝑇 − 𝑇 sim) + (𝑃 − 𝑃𝜆)⊤𝐶−1

𝑃 (𝑃 − 𝑃𝜆) + (𝐷 − 𝐷𝜆)⊤𝐶−1
𝐷 (𝐷 − 𝐷𝜆)

+ (𝐻𝑒 − 𝐻𝜆
𝑒 )⊤𝐶−1

𝐻𝑒
(𝐻𝑒 − 𝐻𝜆

𝑒 ) + (𝐻𝑟 − 𝐻𝜆
𝑟 )⊤𝐶−1

𝐻𝑟
(𝐻𝑟 − 𝐻𝜆

𝑟 )
(4)

The parameters and their associated covariance matrices are described in Table 1, and the
results of the global fit for the simple exponential and 3-stage exponential ice models can be found
in the fourth column of Table 2, with the uncertainties on the fit parameters in the fifth column.
The 𝜒2

𝑟𝑒𝑑
was 0.53 for the simple exponential fit and 0.49 for the 3-stage exponential fit. In the

future, we plan to perform such a global fit with individual uncertainties of hole tilt for every hole
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Parameter Covariance

𝑇 𝐶𝑇 = 𝑑𝑖𝑎𝑔(𝜎2
𝑇
+ 𝜎2

𝑚𝑜𝑑𝑒𝑙
)

𝐻𝑒,𝑟 𝐶𝐻𝑒,𝑟
= 𝑑𝑖𝑎𝑔(𝜎2

𝐻𝑒,𝑟
)

𝑃 𝐶𝑃 = 𝑑𝑖𝑎𝑔(𝜎2
𝑃
)

𝐷

𝐶𝑇 = 𝑏𝑙𝑜𝑐𝑘𝑑𝑖𝑎𝑔(𝐶 (1)
𝐷

, 𝐶
(2)
𝐷

, ..., 𝐶
(16)
𝐷

)
𝐶𝐷 (𝑖, 𝑗) = 𝜎2

𝑠 [𝑚𝑖𝑛(𝐻𝜆
𝑒,𝑖
, 𝐻𝜆

𝑒, 𝑗
) + 𝑚𝑖𝑛(𝐻𝜆

𝑟,𝑖
, 𝐻𝜆

𝑟, 𝑗
)] + 2𝜎2

𝐺𝑃𝑆

𝜎𝑡𝑖𝑙𝑡 (𝐻𝑒,𝑟 ) = 𝜎𝑠

√︁
𝐻𝑒,𝑟

Table 1: Paramters used in the global fit and their associated covariance matrices. For the time uncertainty,
it is a diagonal covariance matrix with the extracted time uncertainty 𝜎𝑇 and an additional term to describe
the difference between the model and the data 𝜎𝑚𝑜𝑑𝑒𝑙 . The covariance matrix for 𝑃 only has a single value
of 0.006, and the covariance matrix for the antenna heights was also uncorrelated and therefore diagonal,
with the measured height uncertainty of 𝜎𝐻𝑒,𝑟

= 5 cm. For the horizontal distance 𝐷 the covariance matrix
is a blockdiagonal matrix, where all the measurements that were in the same hole pair are fully correlated
and within a block the elements are again a combination of two independent random walks with a step value
of 𝜎𝑠 = 0.4 cm, plus the uncertainty from the absolute gps location 𝜎𝐺𝑃𝑆 = 5 cm.

combination and try to minimize the 𝜎𝑚𝑜𝑑𝑒𝑙 term to further reduce the uncertainties on the final fit
parameters.

Parameter Previous
value

Aproximate fit
(new data)

Global fit
(new data)

Global fit
uncertainty

Simple Exponential
𝐴 1.778 - 1.781 0.002
𝐵 0.51 0.4838 0.485 0.002

𝐶 [m] 37.25 42.57 45.20 0.05

3-Stage Exponential
𝐴1 1.512 1.531 1.544 0.018
𝐴2 1.900 1.834 1.855 0.076
𝐴3 1.778 - 1.778 0.006
𝐵1 0.2716 0.287 0.272 0.016

𝐶1 [m] 8.730 12.47 15.88 2.00

Table 2: Fitted parameters of the simple and 3-stage ice-model for the approximate fit (third column) and
for the global fit (values in the fourth column and uncertainties in the fifth column).
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5. Conclusion

For this contribution, empty boreholes, drilled for the RNO-G experiment near Summit Station
in Greenland, were used for calibration measurements of the firn ice refractive index. Absolute
timing data was taken by lowering two antennas into holes at various depths and at different sites to
determine the refractive index without relying on data of the ice density. The timing information
for direct and reflected pulses was extracted from 927 pulses and used to compare across various
parameters.

The propagation times extracted from Vpol and Hpol measurements agreed with each other
to sub-percent precision, but optimizations in the calibration procedure could improve this further.
The data taken at different sites agreed with each other within the measured uncertainties with
𝜒2
𝑟𝑒𝑑

-values well below 1. Two exponential ice models, both a simple stage and a 3-stage, were
fitted to the new measurements, taking various sources of uncertainty into account, allowing for an
estimation of the uncertainties on the fitted parameters. A new measurement campaign, planned
for the summer of 2026, can establish consistency of the measurements after one year of snowfall
and to better understand systematic effects such as the wave optics in the Fresnel-zone and the
calibration of the antennas.
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