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Re-evaluating Io’s volcanic heat 
flow: critical limitations in 
Juno/JIRAM M-band analysis

Federico Tosi*, Alessandro Mura and Francesca Zambon

Istituto Nazionale di Astrofisica – Istituto di Astrofisica e Planetologia Spaziali (INAF-IAPS), Rome, Italy

Understanding Io’s volcanic heat flow distribution is critical to constraining 
its internal structure and tidal heating mechanisms, including the debated 
presence of a global magma ocean. Recent analyses based on Juno/JIRAM 
M-band data suggest latitudinal variations in thermal emission consistent with 
magma ocean models. We critically assess these conclusions by addressing 
three key limitations in the JIRAM M-band dataset and its interpretation. First, 
we note that saturation effects in the JIRAM M-band imager detector, if not 
discussed and treated in detail, may systematically underestimate radiance 
from Io’s hot spots. Cross-calibration with JIRAM spectrometer data reveals 
non-linearity above certain values, which argues for double checking with 
spectrometer data whenever possible. Second, we show that using M-band 
integrated radiance as a direct proxy for total thermal emission is physically 
inconsistent without independent temperature constraints, as the spectral-
to-total radiance ratio varies strongly with temperature. Reliance on M-band 
data alone introduces systematic biases in estimating total power outputs and 
spatial heat flow distributions. Third, rigorous statistical testing finds no robust 
correlation between latitude and spectral radiance density across multiple 
binning schemes. The observed latitudinal trends are highly sensitive to model-
informed thresholds and dominated by a small number of bright hot spots, 
indicating insufficient empirical support for claimed polar heat flux asymmetries. 
Taken together, these findings caution against overinterpreting JIRAM M-band 
data in isolation and highlight the need for multi-wavelength, multi-instrument 
analyses with transparent data treatment to robustly constrain Io’s volcanic heat 
flow and internal heating models. We recommend future studies incorporate 
comprehensive spectral data and explicitly account for detector saturation 
and temperature effects to improve the physical reliability of volcanic power 
estimates on Io.
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 1 Introduction

Jupiter’s moon Io stands out as the most volcanically active body in the Solar 
System, exhibiting an average global surface heat flux exceeding 2 W/m2—roughly 
30 times greater than Earth’s geothermal output (Veeder et al., 1994; Lainey et al., 
2009). This extraordinary thermal emission is primarily the result of tidal 
heating, a process whereby gravitational interactions with Jupiter, along with
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orbital resonances involving Europa and Ganymede, continuously 
deform Io’s interior. The resulting mechanical flexing generates 
internal frictional heat, which fuels extensive and persistent volcanic 
activity across the moon’s surface.

The spatial distribution of this heat flow may offer critical insight 
into the structure and dynamics of Io’s interior, particularly the 
depth at which tidal energy is dissipated. Several conceptual models 
have been proposed to describe how and where this dissipation 
occurs, each yielding distinct predictions for the latitudinal pattern 
of surface heat emission: 

1. Asthenospheric Heating: If tidal dissipation occurs 
predominantly in a low-viscosity asthenosphere, surface heat 
flow is expected to peak at equatorial and mid-latitudes, with 
minimal flux near the poles (Segatz et al., 1988).

2. Deep Mantle Heating: If tidal dissipation occurs primarily in 
the deep, viscous mantle, surface heat flux is expected to peak 
near the poles in a degree-2 pattern, with minima near the sub- 
and anti-Jovian points (Segatz et al., 1988).

3. Magma Ocean Model: A global subsurface magma ocean may 
redistribute tidal heat laterally and reduce the correlation 
between surface volcanism and interior heat sources. 
However, polar surface emission may remain limited due 
to lithospheric conditions that inhibit magma ascent—a 
factor not inherently addressed by magma ocean models, 
but likely crucial to explaining observed asymmetries 
(Tyler et al., 2015; Matsuyama et al., 2022; see also the 
workshop report by de Kleer et al., 2019).

These models differ not only in depth but in how efficiently they 
transfer energy to the surface, with important implications for the 
spatial pattern of heat flow. Volcanic activity on Io was first revealed 
by Voyager imaging in 1979 (Morabito et al., 1979; Carr et al., 
1979; Strom et al., 1979) and later investigated extensively by Galileo 
observations (Lopes-Gautier et al., 1999; McEwen et al., 2000; 
Radebaugh et al., 2001). Subsequent ground-based campaigns, using 
facilities such as Keck, the NASA Infrared Telescope Facility and the 
Large Binocular Telescope, further monitored Io’s thermal emission 
and volcanic variability (e.g., de Pater et al., 2004; de Kleer et al., 
2014; de Kleer and de Pater, 2016; de Kleer et al., 2021). Among 
the instruments capable of providing such data, the Jovian Infrared 
Auroral Mapper (JIRAM) aboard NASA’s Juno spacecraft offers 
unique observational capabilities. JIRAM is a dual-channel spectro-
imager aboard NASA’s Juno spacecraft, which entered orbit around 
Jupiter in July 2016 (Bolton et al., 2017; Adriani et al., 2017). JIRAM 
was originally designed to investigate Jupiter’s atmosphere and 
auroral regions, not the Galilean moons. As Juno’s highly elliptical 
orbit around Jupiter evolved, the equatorial crossings occurred at 
progressively smaller radial distances. This orbital evolution enabled 
closer approaches to the Galilean satellites, making them targets of 
opportunity. The instrument includes an imager with two infrared 
bands—L (centered at 3.45 µm) and M (centered at 4.78 µm)—and 
a slit spectrometer covering the 2.0–5.0 µm range. Both channels 
share a common telescope and employ a de-spinning mirror to 
counteract the spacecraft’s rotation; both imaging filters (L and M) 
have a field of view of 5.87° × 1.74 ° (432 × 128 pixels). The M-band 
imager, with a field of view of 5.87 ° × 1.74 ° (432 × 128 pixels), is 
particularly sensitive to thermal emission from Io’s volcanic activity. 
The spectrometer provides high-resolution spectral data along a 

256-pixel slit located within the M-band’s field of view. Regular 
calibration using onboard sources and sky observations ensures 
stable instrument performance over time.

Analyses of JIRAM data have yielded valuable insights into 
the spatial distribution of radiance, contributing to the ongoing 
effort to distinguish between competing models of internal heating. 
However, interpreting infrared imagery in the M-band as a proxy 
for total volcanic heat output presents significant challenges. Factors 
such as detector saturation—particularly in the presence of bright, 
high-temperature sources—can lead to systematic underestimation 
of emission intensity. Moreover, using radiance at a single narrow 
band as a stand-in for total thermal emission introduces biases, 
especially for cooler or partially resolved hot spots that contribute 
substantially to the moon’s total energy budget. In addition, the 
inference of latitudinal trends can be sensitive to the assumptions 
made during data reduction, such as latitude binning schemes (i.e., 
grouping the data into latitude intervals of various widths) to test for 
possible correlations with volcanic radiance density and statistical 
treatment of spatial variability.

To address these complexities, this study undertakes a 
comprehensive reexamination of the JIRAM M-band dataset, with 
a focus on refining the treatment of instrumental limitations and 
assessing the robustness of previously reported spatial patterns.

The paper is organized into three sections. Section 2 examines 
detector saturation in the JIRAM M-band channel and its impact on 
radiance retrievals. Section 3 evaluates the limitations of using M-
band radiance as a proxy for total thermal emission, with particular 
attention to unresolved and low-temperature components. Section 4 
reassesses the statistical basis for proposed latitudinal radiance 
trends, testing the robustness of previously reported correlations. 
Together, these analyses aim to provide a more physically consistent 
framework for interpreting Io’s heat flow from JIRAM data. 

2 Detector saturation and its impact 
on radiance retrievals from JIRAM 
M-band data

In recent years, JIRAM has enabled high-resolution infrared 
observations of Io’s volcanic activity. The M-band imager is 
particularly well-suited for detecting high-temperature hot spots. 
However, due to the detector’s limited dynamic range, which is 
challenged by the extreme variability of the radiance emitted by Io’s 
hot spots, M-band data are susceptible to saturation effects when 
observing intense thermal sources. These effects, if uncorrected, 
may introduce significant underestimations in derived radiance 
values—potentially biasing both localized measurements and global 
heat flow estimates.

This challenge is not unique to any one study but is intrinsic 
to the use of high-gain imaging systems in environments with 
extreme dynamic range. As a representative example, we examine 
the approach taken by Davies et al. (2024a), who analyze Io’s 
volcanic activity using publicly available JIRAM data. Their study is 
a valuable contribution and illustrates both the scientific potential 
of the dataset and the practical difficulties in managing detector 
non-linearity.

In their analysis, Davies et al. (2024a) acknowledge the 
limitations imposed by detector saturation and describe the 
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application of pixel-level thresholds to flag “saturated” detections. 
The term “saturation” is admittedly imprecise in this context: while 
the detector may not hard clip until values exceed 16,000 Digital 
Numbers (DN), data beyond approximately 12,000 DN are clearly 
affected by nonlinearity and lie outside the range where calibration is 
well-characterized (Mura et al., 2020). The Supplementary Figure S3 
from Davies et al. (2024a) would suggest that JIRAM data with 
exposure time up to 1 s are considered in the dataset. Based on the 
M-band’s nominal responsivity of 2 × 106 DN m2 sr W−1 s-1 and 
the calibration function y = 0.0073 × t-1 (where t is the integration 
time in s), this corresponds to 14,600 DN, well into the nonlinear 
regime. In the caption, Davies et al. (2024a) specify that thresholds 
are applied based on radiance levels approximately 5%–18% below 
the upper limit of JIRAM’s calibrated response, but do not provide 
any equivalent threshold value in terms of DN. This required us 
to derive the corresponding DN values independently, which we 
report for clarity. We deduce the 5% threshold corresponds to an M-
band radiance of 0.00694 W m−2 sr−1 for a 1 s exposure or 13,900 
DN, while the 18% threshold corresponds to an M-band radiance 
of 0.00615 W m−2 sr−1 for a 1 s exposure, or 12,300 DN. Pixels 
exceeding this level were used to flag entire hot spot detections as 
“saturated,” which were then excluded from the primary radiance 
dataset Table 1 in Davies et al., 2024a).

In a second paper, Davies et al. (2024b) generate saturation 
masks for each JIRAM observation to identify and flag pixels 
exceeding a predefined radiance threshold, i.e., equivalent to an M-
band radiance of 0.00584 W m−2 sr−1 for a 1 s exposure, or 12,000 
DN. For temperature retrieval, only spectral radiance values that 
remain below this saturation limit are utilized.

Pettine et al. (2024) account for JIRAM data saturation 
by implementing a tiered approach. They exclude any volcano 
measurements from images containing pixels above 15,000 DN to 
avoid fully saturated data. Where possible, they also preferentially 
discard measurements with pixel values exceeding 12,000 DN, due 
to the camera’s non-linear response beyond this threshold. However, 
since some brighter volcanoes consistently include pixels in the 
12,000–15,000 DN range, they apply a doubling correction to the 
radiance in this range—based on empirical analysis showing the 
instrument’s response is halved—to recover accurate brightness.

On the other hand, Perry et al. (2025) apply an approach to 
handle JIRAM detector nonlinearity above 12,300 DN by using two 
image versions—one excluding and one including affected pixels. 
Hot spot data typically exclude these pixels unless it creates gaps, 
in which case the full data are used with caution.

While several authors describe excluding detections containing 
“nonlinear/saturated” pixels, sometimes poor documentation is 
provided in different papers about how these thresholds were applied 
during image summation, or how partially saturated images were 
treated. In the absence of statistics quantifying how many detections 
were excluded—or how many retained detections include pixels in 
the 12,000–14,000 DN range—the effectiveness of the saturation 
screening remains difficult to evaluate. This lack of explicit reporting 
is common to all recent JIRAM-based studies (Davies et al., 2024a; 
Davies et al., 2024b; Pettine et al., 2024; Perry et al., 2025), making it 
challenging to compare results across datasets or to fully assess the 
robustness of the derived radiance values.

To independently assess this issue, we compared M-band DN 
values with co-located data from the JIRAM spectrometer, using 

observations from Juno orbits five to 43. JIRAM’s de-spinning 
mirror suddenly stopped working after orbit 43, which makes it 
impossible to apply this double check from that point onwards and 
reinforces the need to do it for the dataset available up to orbit 
43. The entrance slit of the JIRAM spectrometer subsystem is co-
located within the field of view of the M-band filter of the imaging 
subsystem1. However, the responsivity of the spectrometer is much 
lower than that of the imager—averaging ∼16,000 DN m2 μm sr 
W−1 s-1 between 4.54 and 5.01 µm, compared to ∼2,000,000 DN 
m2 sr W−1 s-1 for the imager. The spectrometer always uses a 1 s 
integration time, and its saturation threshold in spectral radiance 
is therefore 12,000/16,000 = 0.75 W m-2 sr−2 µm-1, or ∼0.36 W m-2

sr−1 when integrated over the M-band range. This threshold is well 
above all values shown in Supplementary Figure S3 of Davies et al. 
(2024a), and its higher linearity makes the spectrometer a useful and 
independent cross-calibration tool.

To cross-check JIRAM M-band imager and spectrometer, we 
used Io data acquired simultaneously by the M-band imager and 
the spectrometer. For each co-observed pixel, we calculated the 
spectrometer’s integrated radiance by summing its signal from 4.54 
to 5.01 µm and multiplying by the average spectral sampling step 
(0.009 µm). We then adjusted this value by multiplying it by the 
imager integration time, yielding the radiance the M-band imager 
should have measured in a linear regime.

As shown in Figure 1, the comparison reveals a distinct 
departure from linearity beginning at ∼12,000 DN, with 
underestimation increasing substantially at higher DN values. Our 
analysis suggests that 360 detections in the available dataset include 
pixels above 12,000 DN, with over 286 exceeding 14,000 DN. A 
filtering of M-band images based on exposure time would be too 
simplistic, since even data acquired with times <0.20 s fall into the 
nonlinear regime. Saturated data arise from the most intense hot 
spots, i.e., those that contribute most to the total heat flow.

A first attempt at empirical correction of partially saturated 
pixels was presented in Pettine et al. (2024), based on cross-
calibration with JIRAM spectrometer data. However, the scatter 
in this relationship is substantial, cautioning against its use as a 
standardized procedure. At present, no robust algorithm exists, and 
spectrometer data remain the most reliable option for quantifying 
Io’s volcanic power output.

To be clear, the core concern is not about prior usage, but about 
physical limitations of the instrument itself and the need for consistent 
treatment of saturation effects to ensure scientific reliability: if JIRAM 
data are used without correction or validation, the resulting radiance 
estimates may be lower limits at best. Importantly, the Planetary Data 
System (PDS) archive does not provide documentation of the detector’s 
nonlinear and saturation thresholds, nor explicit guidance on how to 
identify and treat affected pixels. As a result, users cannot rely on 
the PDS alone to recognize when radiance values fall outside the 
instrument’s calibrated range. This makes dedicated studies—such as 
the present work—essential to establish transparent criteria and ensure 
consistent treatment of JIRAM data across different analyses. 

1 Jovian InfraRed Auroral Mapper (JIRAM, 2024) Instrument 

Description, Planetary Data System (PDS). https://pds-

atmospheres.nmsu.edu/data_and_services/atmospheres_data/JUNO/

images/thumbnail_JIRAM_Focal_Plane.png
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FIGURE 1
Data from Io during Juno orbits 5–43 (A) Radiance measured by the JIRAM spectrometer (integrated over the M-band passband) versus DN values 
from the M-band imager. We exclude points with DN ≤ 100 that could refer to residual sky background pixels falling within the target’s clipping mask. 
Points above 12,000 DN are highlighted as red crosses over a yellow background. The blue dashed line indicates the expected linear relationship. (B)
Same as (A), except data points are all crosses colored according to the exposure time. The isolated point at x ≈ 8600, y ≈ 0.05 is a spurious outlier with 
no statistical or physical significance. Such anomalies can arise from transient detector spikes caused, for instance, by energetic particle hits.

The use of JIRAM data—even when conservative thresholding 
is applied—must therefore be approached with care, particularly for 
quantitative analysis of thermal emission from Io’s most energetic 
volcanic sources. If such data are used without correction for 
saturation or cross-validation with other channels, the resulting 
radiance estimates must be considered lower bounds. Moreover, if 
saturation disproportionately affects the brightest or most persistent 
hot spots, this introduces a spatial bias into any global heat 
flow estimate.

To improve the reliability of derived radiance estimates, we 
recommend a revised approach incorporating:

• Routine cross-calibration with the JIRAM spectrometer up 
to orbit 43;

• Clear reporting of how many detections are excluded due to 
saturation;

• Expanded flagging of near-saturation conditions that may lead 
to underestimation.
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By treating saturation as an instrument-wide constraint rather 
than a study-specific oversight, one can strengthen the scientific 
utility of JIRAM data and reduce the risk of systematic errors in 
analyses of Io’s volcanic heat budget. 

3 Limitations of M-band radiance as a 
proxy for total thermal emission

The analysis of volcanic activity on Io from infrared data 
often relies on radiance measurements in narrow spectral bands, 
particularly around 4.8 µm, where many thermal signals are strong 
and instrument sensitivity is favorable. In the absence of full 
spectral coverage, such narrow-band data have previously served as 
a convenient proxy for estimating the total thermal power emitted 
by hot spots (e.g., Davies et al., 2011; Davies and Veeder, 2023). 
However, this simplification introduces a strong, temperature-
dependent degeneracy that limits the physical reliability of any 
derived global heat flow or comparative trends.

The underlying issue is fundamental: the total radiance emitted 
by a blackbody is a strong function of temperature (∝ T4), while the 
spectral radiance at 4.8 µm depends on where the thermal emission 
curve intersects that specific wavelength. As shown in Figure 2, 
the ratio between the total blackbody radiance and the radiance 
measured in the JIRAM M-band filter varies markedly across the 
range of temperatures relevant for Io’s volcanic activity. To construct 
this figure, we calculated the ratio for temperatures between 180 K 
and 1600 K in 1 K increments. At each temperature, we computed 
two integrals of the Planck function: one over the full thermal 
infrared spectrum (approximated from 0 to 106 μm) to represent 
the total emitted radiance, and the other over the wavelength range 
corresponding to the full width at half maximum (FWHM) of 
the JIRAM M-band filter (4.54–5.02 µm). The plotted curve shows 
the ratio of these two quantities as a function of temperature. 
Restricting the analysis to plausible surface and lava temperatures 
in hot spots (e.g., 550–1150 K), the value of this ratio is between 
about 13.5 and 17.5. However, over the full range of temperatures 
inferred from JIRAM spectrometer data—including cooler, spatially 
unresolved hot spots—the ratio can increase by more than one order 
of magnitude.

This means that identical 4.8-µm radiance values can correspond 
to significantly different total radiance outputs depending on 
the hot spot’s temperature. Without an independent temperature 
constraint—such as that provided by the JIRAM spectrometer—the 
inferred total power remains poorly constrained. This problem 
is especially acute for lower-resolution detections, where spatial 
blending artificially lowers the effective temperature and shifts 
emission toward longer wavelengths, reducing the apparent spectral 
peak. In such cases, using M-band data alone leads to consistent 
underestimation of total power output. This analysis is not intended 
to introduce new physics, but to illustrate the extent of the 
variability in the 4.8-µm/total emission ratio over plausible surface 
temperatures, highlighting why any conversion factor must carry 
significant uncertainty.

While Davies et al. (2024b) addressed saturation limits by 
integrating JIRAM with longer-wavelength datasets, our focus here 
is narrower: to clarify the limitations of M-band imaging when used 

in isolation, and to outline the conditions under which its use as a 
thermal proxy is physically reliable.

Although M-band (4.8-µm) radiance has been used as an 
empirical proxy for total thermal emission in planetary volcanology, 
the tables and figures in Davies et al. (2024a) report values 
exclusively in this band, without applying corrections or uncertainty 
estimates to reflect the known variability in the total-to-M-band 
radiance ratio. As a result, the figures used in regional and 
global comparisons inherit this unquantified and systematic bias. 
While this method has been employed in previous studies (e.g., 
Davies et al., 2011; de Kleer et al., 2021; Davies and Veeder, 2023; 
Zambon et al., 2023; Pettine et al., 2024), its validity must be 
evaluated based on physical consistency rather than precedent.

It is worth emphasizing that our complementary critique, 
which applies generally to all recent works based solely on JIRAM 
M-band data, aims to highlight their common limitations by 
quantifying how the variability of the 4.8-µm/total ratio affects 
imaging-only datasets—where such constraints are unavailable 
and uncertainties are often not propagated—and to outline 
methodological improvements for future investigations of Io’s 
volcanic heat flow.

Previous thermal mapping efforts (e.g., Veeder et al., 2009; 
2011; 2012; 2015; Davies et al., 2015; 2024b) explicitly combined 
narrow-band radiance with additional spectral or thermophysical 
constraints to include cooler volcanic surfaces not detectable 
by JIRAM. Based on two-temperature, two-area fits to Galileo 
NIMS spectra, Davies and Veeder (2023) developed an empirical 
relationship between the M-band spectral radiance measured by 
JIRAM and the total thermal power emitted by hot spots on Io ( y
= 23.702x0.8838, where y is the total thermal emission in GW and 
x is the 4.8-µm spectral power in GW/µm). By analyzing a large 
dataset of Galileo/NIMS observations, they found a strong statistical 
correlation for hot spots within a temperature range of roughly 
400–600 K. This relationship allows them to estimate total thermal 
emission from narrow-band radiance alone, which is particularly 
useful in cases where more detailed temperature-area model fits 
are unavailable. Their method acknowledges limitations for cooler 
hot spots below 300 K and suggests updating the estimates when 
additional spectral or area information becomes available.

The empirical relation from Davies and Veeder (2023) is 
statistically justified within the above temperature range. However, 
its application for broader inference is limited by two factors: 
appreciable scatter within this range and JIRAM’s inherent 
detection biases, which systematically exclude cooler or unresolved 
components. Consequently, while this relation provides a practical 
and useful workaround for deriving first-order estimates of 
individual sources, its use as a fixed conversion factor for aggregated 
populations is problematic. Without propagating its intrinsic 
dispersion and correcting for observational biases, such an approach 
can systematically skew regional or global comparisons.

The availability of high-quality, co-aligned spectrometer data 
from JIRAM up to orbit 43 highlights the need for re-evaluation 
using improved datasets and methodologies—and if necessary—to 
replace such approximations with physically consistent estimates, 
which should leverage the full spectral capabilities of instruments 
like JIRAM, enabling improved quantification of volcanic thermal 
emission and heat flow on Io.
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FIGURE 2
Ratio of total blackbody radiance to JIRAM M-band radiance as a function of temperature. The lower limit (180 K) reflects JIRAM’s in-flight noise 
threshold. The inset highlights the 250–1200 K range, where most JIRAM data cluster. Red crosses mark radiance maxima from panels tagged as m, i, j, 
and b/d in Figure 3 of Mura et al. (2020); for b/d, the 5.01 µm sensitivity limit is conservatively used. The red asterisk indicates a 250 K temperature from 
Figure 6 of Mura et al. (2020), typical of low-resolution (>100 km/px) JIRAM spectrometer data.

Importantly, while one may argue that the total-to-M-band 
radiance ratio variation across the 550–1150 K range may be modest 
compared to other sources of variation (such as temporal changes 
and latitudinal asymmetries), it remains a systematic effect that 
propagates through any total radiance estimates based on M-
band data alone. More critically, if low-temperature components 
dominate specific regions (e.g., polar areas where cooler, smaller, 
or unresolved hot spots may be more common), this temperature-
radiance degeneracy could spatially bias the inferred distribution of 
heat flow, distorting geophysical interpretations.

Early evidence for lava lake structures on Io came from ground-
based and Galileo-era studies of Loki Patera, interpreted as a lava 
lake with a resurfacing crust (Rathbun et al., 2002; Lopes et al., 
2004), with Matson et al. (2006) providing a model for its crustal 
overturn. Additional paterae were later proposed as candidate lava 
lakes (Lopes et al., 2004). However, during the Juno prime mission 
the typical spatial resolution of JIRAM data of Io was 50–150 
km/px, insufficient to resolve features such as lava lakes with tens-
of-kilometers hot rings. Only since 2023, in the Juno extended 
mission, JIRAM observations at progressively higher resolution 
have demonstrated that many of Io’s paterae host lava lakes with a 
characteristic morphology consisting of a hot lava ring surrounding 
a thicker, cooler central crust (Mura et al., 2024a; Mura et al., 
2025). In fact, Mura et al. (2025) report about fifty such lava lakes. 
In these systems, the bulk of the thermal emission arises from the 
cooler crust, which is largely invisible in the 5-µm radiance, making 
narrow-band estimates particularly unreliable.

This systematic underestimation is illustrated by the case of 
Chors Patera (Figure 3A), which highlights the limitations of 

M-band-based estimates in the presence of unresolved or low-
temperature components. As detailed in Mura et al. (2024a), “the 
inner part of the patera […] has a uniform radiance of 40 mW 
sr−1 m-2, which accounts for only 25% of the total M-band emitted 
power (1 GW).” In other words, from the analysis of the JIRAM data 
it turns out that the hot ring contributes 75% while the coldest part 
of the lake contributes 25% to the M-band-derived power (the 1 GW 
value being rounded to the nearest integer). The 40 mW sr−1 m-2

value corresponds to a thermal brightness of 227 K at 4.78 µm, 
which is the center of the M-band. At the inferred crustal brightness 
temperature of 227 K, the radiant emittance of a blackbody is 
150.566 W/m2.

According to USGS data for Chors Patera, the feature spans 
from 69.11°N to 67.46°N in latitude, and from 247.04°E to 252.78°E 
in longitude. This corresponds to a latitudinal extent of 1.65° and 
a longitudinal extent of 5.74°, translating to approximately 52 × 
68 km, or a total surface area of about 2800 km2. Using this area 
and the radiant emittance, we derive the total power emitted by the 
crust alone would be ∼420 GW, assuming a blackbody surface. Yet, 
the observed M-band power is only 1 GW—implying a discrepancy 
by a factor of ∼420, far greater than the typical empirical ratios 
(∼15–20) often used to scale M-band values to total thermal 
emission (Figures 4, 5).

Although the hot lava ring’s exact temperature and area are 
unknown, its thermal emission can be estimated as follows. Based 
on the analysis in Mura et al. (2024a), we adopt a representative 
temperature of 900 K and an emissivity of 0.6 for molten lava 
(Ramsey et al., 2019). These values determine the total-to-M-band 
radiance ratio, which is approximately 14 at 900 K (see Figure 2). 
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FIGURE 3
Thermal emission in the M-band (4.78 µm) and analysis of three lava lakes on Io: (A) Chors Patera, (B) Catha Patera, and (C) Pfu1063. For each lake, the 
vast majority of the total thermal emission originates from the low-temperature crust, which is severely underestimated by standard M-band 
measurements.

FIGURE 4
Power output from both the crust and the ring of Chors patera. The (A) panel shows contributions within the M-band, while the (B) panel shows the 
total power across all wavelengths.

Since the hot ring accounts for 75% of the observed 1 GW in the M-
band, the total power emitted by the ring is estimated as 0.75 × 14 = 
10.5 GW. This is still a small fraction of the total emission expected 
from the cooler crustal component of the patera.

The stark deviation between 420 as the real scaling factor 
between the M-band and the total, and the usual factor of 15–20, 
underscores how temperature-driven spectral effects can overwhelm 
narrow-band approaches, making reliable power assessments from 
M-band data alone very challenging for lava lakes.

To verify that the case of Chors Patera is not peculiar 
but representative of a broader class of volcanic systems, we 
extended our analysis to other lava lakes. In particular, we 
examined Catha Patera and Pfu1063, both of which are included 
in Figure 1 of Mura et al. (2025). These examples confirm that the 
systematic underestimation of low-temperature components in the 
M-band is not unique to Chors, but recurs across multiple sites.

Catha Patera (Figure 3B) shows a nearly null background and a 
relatively uniform central crust, except for a diagonal stripe, which is 
an instrumental artifact due to the odd–even effect on the detector. 
By stacking all the available data, thereby improving the SNR, 
we obtain the total M-band power is 0.71 GW, while the average 
radiance of the crust is 0.022 W m-2 sr−1 in the same band. The 
total crustal power can be estimated from the reported lake size2, 
giving 0.23 GW. This is slightly overestimated, as part of the lake is 
occupied by a “lava ring” rather than crust. Alternatively, extracting 
the crust emission directly from the data yields 0.17 GW, slightly 
underestimated due to partial obscuration by the ring (the JIRAM 
point spread function is broader than the ring width). In summary, 

2 https://planetarynames.wr.usgs.gov/Feature/1075; diameter 65 km, area 

3.3 × 109 m2
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FIGURE 5
Same concept as Figure 4 for Chors Patera in terms of spectral radiance integrated over the solid angle and the emitting surface area (that is, spectral 
power). The orange curve represents the blackbody emission of the entire lake assuming a crustal brightness temperature of 227 K, while the blue 
curve is the thermal emission of the hot ring alone assuming a temperature of 900 K, an emissivity of 0.6, and a M-band-integrated power of 0.75 GW. 
The M-band (highlighted as a light blue trapezoid with the ‘M’ letter) captures only a minor portion of the total emission of the crust.

the crust emits about 0.2 GW in the M-band, i.e., one-quarter to one-
third of the total, consistent with the case of Chors. The average crust 
radiance of 0.022 W m-2 sr−1 corresponds to a thermal brightness 
of 217 K, for which a blackbody emits 125.7 W m-2 over the full 
spectrum. Multiplying by the crustal area gives 414 GW. The ratio 
between bolometric (414 GW) and M-band emission (0.71 GW) is 
therefore ∼600—significantly larger than the factor of 420 found for 
Chors Patera.

For Pfu1063, Figure 3C shows that the crust emits only in 
the northeastern portion, while the southwestern area is colder 
and falls below the JIRAM Noise Equivalent Radiance (NER). The 
total M-band power, integrated from the data, is 0.12 GW. The 
hottest part of the crust has an average radiance of 0.0304 W m-2

sr−1, corresponding to 222 K and a blackbody radiant emittance of 
137.7 W m-2 over the full spectrum. The emitting crustal area is 7 
× 108 m2, yielding a total power of ∼100 GW. The ratio between 
bolometric and M-band emission is therefore ∼800, even higher 
than in the previous case.

These examples show that the case of Chors Patera is far 
from isolated. On the contrary, it reflects a common phenomenon, 
with conversion factors between M-band output and total power 
sometimes even higher than those calculated for Chors. One 
potential counter-argument is that the central crustal regions of 
these lakes might correspond to mixtures of subpixel fractures 
exposing hot lava, surrounded by much colder crust (<200 K). 
However, this is unlikely: such fractures would produce a uniform 
radiance field rather than distinct rings, and thermal models 
combined with observational constraints indicate that crustal 
temperatures below ∼200 K are physically implausible. More 
realistic values of >200–250 K, consistent with resurfacing cycles of 
a few years as observed at Loki (de Kleer and de Pater, 2017) and 

Amaterasu Patera (Mura et al., 2025), support our interpretation 
that M-band data systematically underestimate the contribution of 
cooler crustal components. In summary, this analysis confirms that 
the crust generates most of the total emission due to its larger surface 
area, but this is largely undetectable in the M band. Our assessment 
demonstrates that relying solely on M-band radiance leads to a 
severe underestimation of cooler components, highlighting the 
critical need for independent temperature data.

Beyond this, Mura et al. (2025) report that paterae can 
transition between configurations—with or without prominent ring 
features—suggesting cyclic or episodic behavior, possibly analogous 
to Loki Patera (Rathbun et al., 2002). JIRAM images of the same 
patera at different times (see Mura et al., 2025; Figures 3A,B) reveal 
significant variations in crustal temperature, implying the system 
is not in thermal equilibrium. The crust likely cools while deeper 
magma heats the base—a dynamic interaction akin to a cooling 
lid over an active reservoir. This dynamic invalidates single-epoch 
power measurements as reliable indicators of endogenic heating 
from Io’s interior, unless they are framed within a broader temporal 
and morphological context, including full spectral modeling and 
multi-epoch coverage.

It is critical to note that this case study is not intended to provide 
new estimates of total output—which were already constrained 
by area-based methods to ∼320 GW for Chors Patera, 759 GW 
for Catha Patera, and only 13 GW for Pfu1063 (Davies et al., 
2024b)—but rather to analyze, for the first time, these paterae as 
resolved lava lakes with hot-ring morphology in JIRAM images, 
moving beyond their previous appearance only as entries in 
global summary tables. It is equally important to stress that 
this critique concerns only the use of narrow-band radiance 
as a proxy for total emission. The updated census of 266 hot 
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spots reported by Davies et al. (2024a) represents a valuable 
contribution to the mapping of Io’s volcanism, largely independent of 
radiance calibration and probably conservative given the absence of 
higher-resolution data. However, while M-band integrated radiance 
provides useful constraints on volcanic activity, its use as a 
proxy for total thermal emission is inherently limited, physically 
incomplete and potentially misleading when temperature is not 
independently constrained. The JIRAM dataset, by design, provides 
both spectrally resolved and imaging data. Therefore, future analyses 
should incorporate the full spectral information to retrieve accurate 
blackbody fits and total radiance estimates—both to reduce bias and 
to fully leverage the instrument’s capabilities. This naturally applies 
to future mission concepts to Io, which should ideally host multi-
wavelength instrumentation covering a spectral range as broad as 
possible, including the mid-infrared longward of 5 µm which is key 
to properly capture the thermal emission of features cooler than a 
few hundred K. 

4 On the statistical basis for latitudinal 
radiance trends

One of the key interpretations presented in earlier work (e.g., 
Rathbun et al., 2018; Davies et al., 2024a) is that Io’s lower latitudes 
emit more 4.8-µm spectral radiance than the polar regions, with 
an asymmetry between the north and south poles. This conclusion 
is based on a latitudinal division at ±60°, which is said to align 
with tidal heating models predicting increased heat flux above 
those latitudes (e.g., Segatz et al., 1988; Ross et al., 1990). While 
this threshold may have a theoretical motivation, the strength 
of the result ultimately depends on the empirical data and how 
robust the spatial trends are to the assumptions used in the
analysis.

To test whether the latitudinal trend is statistically supported 
by the dataset alone—independently of any model assumptions—we 
computed the correlation between absolute latitude and spectral 
radiance density (i.e., radiance normalized by bin surface area), 
using various angular bin sizes. Let us consider an angular bin of 
size x (i.e., n latitude values in steps of x degrees), and calculate the 
spectral radiance density for the spherical zone included in ±x° of 
absolute latitude. For each bin, we computed the spectral radiance 
density by dividing the maximum M-band unsaturated spectral 
radiance values reported by Davies et al. (2024a) by the surface area 
of the corresponding latitude band, combining the northern and 
southern hemispheres due to symmetry in absolute latitude. For 
simplicity, we consider Io to be spherical in shape. The area of   a 
spherical zone is calculated as: A = 2πR2 (sinϕ1 - sinϕ2), where R
is the mean radius of Io equal to 1821.6 km, and ϕ1 and ϕ2 are the 
bounding latitude values.

Once we obtained arrays of latitude bin centers and 
corresponding radiance densities, we computed the Pearson 
correlation coefficient between the two arrays. This coefficient 
reflects the linear association between absolute latitude and radiance 
density. To determine whether this correlation is statistically 
significant, we compared the absolute value of the correlation 
coefficient against critical values from hypothesis testing (for 90% 
and 95% confidence levels), considering the degrees of freedom as 

the number of bins minus two3. This analysis was repeated across a 
wide range of bin sizes—from 1° to 30° (Table 1).

Briefly, no statistically robust correlation exists between spectral 
radiance density and absolute latitude, regardless of how the data 
are binned or analyzed. At large bin sizes (e.g., 30°), the effective 
sample size is extremely small (n = 3, df  = 1), making any apparent 
correlation (e.g., r ≈ 0.77) statistically meaningless. With so few 
degrees of freedom, neither the presence nor the absence of a 
trend can be considered significant, since even exact tests place the 
critical |r| far above observed values. This limitation further justifies 
focusing on unbinned data and finer bins, all of which consistently 
show no robust trend with latitude.

This lack of significance arises from a fundamental property of 
Io: total radiance is heavily concentrated in a small number of hot 
spots. Using the data from Davies et al. (2024a), it turns out that 
about 50% of the spectral radiance originates from just 6% of the 
sources—or 17 hot spots out of 266 (Figure 6).

This indicates that apparent regional differences are highly 
sensitive to the location of just a few extremely bright sources, and 
do not necessarily reflect broader geophysical patterns. As a result, 
dividing the satellite into latitudinal zones and comparing integrated 
or average radiance values becomes unreliable.

Davies et al. (2024a) used 60° latitude to discriminate between 
high and low latitudes by pointing to its consistency with theoretical 
tidal heating models and prior studies. However, using a model to 
define the division, and then pointing to observed agreement with 
that same model as evidence, introduces circular logic. Pettine et al. 
(2024) also note that any separation between equatorial and polar 
regions is somewhat arbitrary, and results may change if the 
separation latitude of 60° is changed. A more informative approach is 
to explore how empirical results change when the threshold is varied 
independently of the models.

To evaluate the robustness of the conclusions from Davies et al. 
(2024a), we analyzed the same dataset in terms of both unsaturated 
and saturated 4.8-μm integrated spectral radiance, but explored 
alternative latitude thresholds at 50° and 40°. The results are 
summarized in Table 2.

As can be seen, for thresholds set at 50° and 40° instead of 60°, 
substantially greater values   of total radiance and radiance density 
are found in the south polar cap compared to the north polar 
cap, a result that however may be affected by the lower spatial 
resolution of the JIRAM data obtained at the southern hemisphere 
up to orbit 43, compared to those that covered the northern
hemisphere.

In this regard, we consider that a shift of only 5°—from 
60° to 55°—is too limited to test robustness, as it covers 
a very small surface fraction and may not capture genuine 
sensitivity in the distribution. In contrast, shifting the boundary 
to 50°, which gives less unbalanced areas to polar and non-
polar regions, does result in a reversed asymmetry. This sensitivity 
underscores that the apparent latitudinal trends are controlled by 
a small subset of extremely bright hot spots (≈6% of sources 
producing ∼50% of the overall observed M-band radiance), which 
makes the results highly dependent on threshold placement and 

3 Critical Values for Pearson’s Correlation Coefficient, 2024http://

commres.net/wiki/_media/correlationtable.pdf
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TABLE 1  Hypothesis test on different angular bins.

Bin size (°) Number of 
bins

Absolute 
latitude of 
maximum 
radiance 
density

Absolute 
value of 
correlation 
coefficient

Degrees of 
freedom

Threshold 
0.05 (95%)

Threshold 
0.10 (90%)

Result

1 90 89.5 0.0746 88 0.2072 0.1745 Not significant

2 45 51.0 0.0804 43 0.2940 0.2483 Not significant

3 30 52.5 0.1790 28 0.3610 0.3061 Not significant

5 18 52.5 0.2955 16 0.4683 0.4000 Not significant

10 9 55.0 0.3670 7 0.6664 0.5822 Not significant

15 6 52.5 0.3355 4 0.8114 0.7293 Not significant

30 3 45.0 0.7686 1 0.9969 0.9877 Not significant

The following table uses different angular bins to perform a hypothesis test for latitudinal distribution of spectral radiance density. Columns 1 and 2 report the angular size of the bins and the 
resulting number of bins, respectively. Column 3 reports the absolute latitude of the bin center at which the maximum spectral radiance density value is recorded. Column 4 reports the absolute 
value of the correlation coefficient between absolute latitude and spectral radiance density. Column 5 reports the degrees of freedom. Columns 6 and 7 report the critical value to reject the null 
hypothesis with a confidence level of 95% and 90%, respectively (confidence levels less than 90% are not usually considered). Column 8 reports the outcome of the test.

FIGURE 6
Maximum M-band spectral radiance of the 17 most powerful sources on Io, from Davies et al. (2024a). The dotted red curve shows the corresponding 
cumulative percentage, which adds up to about 50% of the entire observed radiance.

therefore unsuitable as a robust discriminator among interior
heating models.

This demonstrates that the latitudinal trends are not robust 
to reasonable changes in threshold and that the conclusions are 

highly sensitive to model-informed binning choices, especially in the 
presence of a small, skewed sample.

In summary, while the use of a 60° cut-off may align with model 
expectations, it does not yield a statistically significant trend in 
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TABLE 2  Effect of different thresholds on the latitudinal distribution of spectral radiance.

Region of Io Latitude 
range (°)

Area (km2) Total 4.8-µm 
unsaturated 
integrated 

spectral 
radiance (GW 

µm-1)

4.8-µm 
unsaturated 
integrated 

spectral 
radiance 

density (kW 
μm-1 km-2)

Total 4.8-µm 
integrated 

spectral 
radiance (GW 

µm-1)

4.8-µm 
integrated 

spectral 
radiance 

density (kW 
μm-1 km-2)

North polar cap 60–90 2.79 ∙ 106 40.79 14.6 58.69 21.0

South polar cap −60 to −90 2.79 ∙ 106 19.80 7.1 44.52 15.9

Lower latitudes −60 to 60 3.61 ∙ 107 946.23 26.2 1388.09 38.4

North polar cap 50–90 4.88 ∙ 106 71.42 14.6 128.58 26.4

South polar cap −50 to −90 4.88 ∙ 106 156.73 32.1 185.23 38.0

Lower latitudes −50 to 50 3.19 ∙ 107 778.70 24.4 1177.45 36.9

North polar cap 40–90 7.45 ∙ 106 99.98 13.4 185.42 24.9

South polar cap −40 to −90 7.45 ∙ 106 228.50 30.7 393.30 52.8

Lower latitudes −40 to 40 2.68 ∙ 107 678.34 25.3 912.56 34.0

The following table shows the effect of applying different latitude thresholds on the calculation of total radiance and radiance density by latitude bands, using the same dataset as Davies et al. (2024a). 
Both unsaturated and saturated datasets are considered. Each block of white or gray background identifies a different latitude cutoff. The maximum radiance density value is marked in bold.

the observed radiance data and is not robust to alternative—but 
still physically reasonable—thresholds. A more agnostic, data-
driven approach is required to avoid overstating the strength of 
observational support for specific tidal heating models. We stress 
that our analysis does not attempt to directly confirm or refute the 
existence of a global magma ocean on Io. Rather, it evaluates the 
statistical robustness of the latitudinal emission patterns. Our goal is 
to clarify the strength of the statistical evidence underpinning such 
interpretations, rather than to adjudicate among interior-heating 
scenarios per se. 

5 Discussion

Our reassessment of Juno/JIRAM M-band data reveals 
significant methodological and instrumental limitations that 
undermine the robustness of inferred volcanic heat flow patterns 
on Io. Collectively, these limitations call into question the degree 
to which current near-infrared datasets can reliably constrain 
models of internal heating and volcanic distribution—especially 
those invoking specific tidal dissipation scenarios or a global 
magma ocean.

A primary limitation stems from detector saturation effects, 
which disproportionately affect high-intensity hot spots. Nonlinear 
effects/saturation above 12,000 DN effectively truncates the signal 
from Io’s most thermally energetic features, leading to a potential 
systematic underestimation of spectral radiance. On the JIRAM 
side, this issue is best addressed by incorporating the full JIRAM 
data (i.e., imager plus spectrometer), as the spectrometer’s broader 
wavelength coverage provides more accurate constraints on hot 
spot temperatures and total radiance. Compounding this issue 

is the widespread use of M-band (4.8-µm) spectral radiance 
as a proxy for total thermal power output. In the absence of 
temperature constraints, such conversions fail to account for the 
significant contributions of cooler regions, particularly at higher 
latitudes. A detailed analysis of individual volcanic features, such 
as Chors Patera, Catha Patera and Pfu1063, further highlights 
the limitations of relying solely on M-band proxies. The crustal 
component of such paterae emits at relatively low brightness 
temperatures, contributing significantly to the total thermal output, 
yet only marginally to the M-band signal. Consequently, the 
total power emitted by the crust is underestimated by more 
than two orders of magnitude when inferred from M-band 
radiance alone. This discrepancy illustrates the strong temperature 
dependence of power estimates and the limited ability of M-
band data to capture low-temperature emissions. Moreover, the 
temporal variability of the system (e.g., Mura et al., 2024b) adds 
further complexity: observations show that paterae can transition 
between states with and without a hot lava ring, indicating 
dynamic, non-equilibrium processes similar to those observed in 
other complex volcanic systems. Variations in crust temperature 
between successive observations confirm that these systems are 
not in thermal equilibrium. Therefore, isolated or infrequent 
measurements cannot reliably constrain the heat injected into the 
volcanic system over time.

The interpretive framework becomes even more fragile when 
considering the extreme skewness of the dataset. More than 
half of the total recorded radiance originates from fewer than 
twenty spatially clustered sources, reducing the effectiveness of 
traditional latitudinal binning. In fact, modest changes in binning 
thresholds—such as shifting the boundary between “equatorial” and 
“polar” from 60° to 50° latitude—can invert observed trends. This 
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suggests that the apparent latitudinal dependencies of heat flow 
are not statistically robust, but rather emerge from methodological 
artifacts and sample sparsity.

These findings must be situated within the broader context 
of geophysical constraints. Recent work by Park et al. (2025), 
which integrated Doppler tracking from the Juno and Galileo 
spacecraft with high-precision astrometry, argues convincingly 
against the presence of a global magma ocean on Io. Their modeling, 
which incorporates Io’s gravity field, moment of inertia, and 
observed librations, demonstrates that such an ocean would produce 
geophysical signatures inconsistent with observed data. Crucially, 
this example highlights the danger of overinterpreting narrow-
band infrared observations without incorporating independent 
measurements of Io’s internal structure.

These considerations underscore the importance of continuous 
temporal monitoring and physically consistent temperature-area 
modeling to accurately quantify Io’s volcanic energy budget, 
and highlight a critical need for a paradigm shift in the 
study of Io’s thermal and volcanic dynamics. Single-instrument 
analyses—especially those limited to narrow spectral windows—are 
no longer sufficient. Instead, a systems-level approach is required, 
integrating infrared spectroscopy, gravity science, and surface 
deformation data. Methodologically, future analyses should move 
away from arbitrary spatial binning and adopt spatially continuous 
approaches. For example, kernel density estimation (KDE) can 
provide a smooth, non-parametric estimate of where radiance 
values are clustered, while geostatistical interpolation methods 
(e.g., kriging) can reconstruct continuous emission fields based on 
spatial autocorrelation. Both approaches would avoid the artifacts 
introduced by arbitrary latitude binning and better capture the true 
distribution of thermal emission.

On the JIRAM side, cross-calibration between JIRAM’s imager 
and spectrometer up to orbit 43 could reduce saturation-induced 
biases and enable more accurate temperature retrievals. Looking 
ahead, detectors capable of linear response up to 20,000 DN and 
with dynamic exposure adjustment would help preserve signal 
fidelity across Io’s wide thermal range. However, even spectrometer 
data up to 5 µm cannot fully capture cooler, widespread thermal 
anomalies. Expanding spectral coverage beyond 5 µm is vital to 
detect and quantify lower-temperature emissions that are currently 
invisible to near-infrared instrumentation. While the James Webb 
Space Telescope (JWST) has this capability, the spatial resolution 
it can achieve on the Galilean moons is sufficient to allow for 
broadly regional characterization; however, it would not be able to 
adequately resolve the polar regions, for which the ideal observatory 
is still a spacecraft capable of close, periodic encounters.

Future mission concepts to Io such as the Io Volcanic 
Explorer (e.g., Hamilton et al., 2025) represent a promising avenue 
for overcoming current limitations. By coordinating high-resolution 
infrared measurements with gravity mapping, radar altimetry, and 
potentially in situ plume analysis, these missions could enable 
joint inversions of heat flow, topography, and interior structure. 
Incorporating constraints from Park et al.‘s rheological models 
into such inversions may allow researchers to test whether deep-
mantle tidal heating mechanisms can simultaneously explain both 
observed emission patterns and geophysical properties. Ultimately, 
understanding Io’s extraordinary volcanic activity demands treating 

its surface processes not as isolated phenomena, but as expressions 
of a dynamic and interconnected geophysical system. 

6 Summary and conclusion

This study critically re-evaluates the use of Juno/JIRAM M-
band data to map Io’s volcanic heat flow and test models of internal 
structure, including the existence of a global magma ocean. We 
identify key limitations in the current approach: significant detector 
saturation in the imager data, physically inconsistent radiance-to-
power conversions without temperature constraints, and a lack of 
statistical robustness in inferred latitudinal patterns. These issues 
collectively challenge the robustness of conclusions drawn from 
M-band data alone and highlight the need for integrated, multi-
instrument analyses. It is important to stress that our critique 
is not intended to diminish the value of past analyses based on 
M-band radiance, which have provided crucial insights into Io’s 
volcanism. Our goal is to provide a systematic synthesis of their 
common limitations and to suggest methodological improvements 
that can support stronger analyses in the future. For example, our 
review highlights that, in light of recent discoveries of lava lakes 
with complex thermal structures, future investigations should move 
beyond narrow-band proxies and adopt multi-wavelength, higher-
resolution, and physically consistent approaches to fully capture Io’s 
volcanic heat flow. By systematically quantifying the limitations of 
current methodologies, this study clarifies the scope and reliability 
of existing M-band results, ensuring that past conclusions can be 
interpreted with appropriate caution. At the same time, it introduces 
original methodological elements that offer new perspectives on 
radiance calibration, statistical evaluation, and the distribution 
of volcanic activity. These contributions both demonstrate the 
added value of critical reassessments and provide a framework 
that prepares the community to fully exploit future high-resolution, 
multi-wavelength datasets of Io, thereby advancing our capacity to 
test competing models of volcanic heat flow and interior dynamics.

Recent geophysical studies further challenge the plausibility of 
a global magma ocean, reinforcing the importance of reconciling 
infrared observations with independent measurements of gravity 
and interior structure. Our findings underscore the need for 
future missions equipped with broader spectral coverage, improved 
detector capabilities, and coordinated measurement strategies to 
provide a more comprehensive and accurate understanding of Io’s 
heat flow and interior dynamics.

Moving forward, progress will depend on a systems-level 
approach that combines thermal, structural, and dynamical data. 
Upcoming mission concepts offer a unique opportunity to realize 
this vision, transforming our understanding of tidal heating, mantle 
dynamics, and volcanic expression on the most volcanically active 
body in the Solar System.
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