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Mini-EUSO is the first mission of the JEM-EUSO program located on the International Space
Station. One of the main goals of the mission is to provide valuable scientific data in view of
future large missions devoted to study Ultra-High Energy Cosmic Rays (UHECRs) from space by
exploiting the fluorescence emission generated by Extensive Air Showers (EAS) developing in the
atmosphere. A space mission like Mini-EUSO experiences continuous changes in atmospheric
conditions, including the cloud presence. The influence of clouds on space-based observation is,
therefore, an important topic to investigate as it might alter the instantaneous exposure for EAS
detection or deteriorate the quality of the EAS images with consequences on the reconstructed
EAS parameters. For this purpose, JEM-EUSO is planning to have an IR camera and a lidar as
part of its Atmospheric Monitoring System. At the same time, it would be extremely beneficial
if the UV camera itself would be able to detect the presence of clouds, at least in some specific
conditions. For this reason, we analyze a few case studies by comparing the pixel count rates from
Mini-EUSO during orbits with the cloud cover (as cloud fraction). This quantity is retrieved from
the Global Forecast System (GFS) model at different height levels over the Mini-EUSO trajectory.
The results of this analysis are reported.
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1. Introduction

The cloud cover determination is an open issue, and affects several experimental fields, from
the physics of the atmosphere (meteorology and climatology), to astronomy, and to cosmic-ray
detection system. The Mini-EUSO telescope observes the Earth in the ultraviolet band (UV) [1],
and is devoted to the study of ultra high energy cosmic rays coming from the space through their
extensive air showers in the Earth’s atmosphere. From a first inspection of Mini-EUSO UV maps it
was possible to state the capability of this telescope to detect tropospheric clouds (see Figure 1). In
this particular event a tropical cyclone was detected in the Indian Ocean north-east of Madagascar
Island (Figure 1a, and a zoom in Figure 1c). The spiral-form of the cloud is also visible in the
RGB Dust composite Image of METEOSATS, the meteorological geostationary satellite, reported
in Figure 1b.

The Mini-EUSO telescope is on board of International Space Station (ISS) that completes an
orbit around the Earth in ~ 90 minutes. The covered area is a 350-km wide line oscillating between
50° North-South. The size of the considered area makes the cloud data retrieval from satellites very
complex due to the fragmentation of the archives and the availability of images. So we decided, as a
first step, to compare the UV maps with the cloud cover predicted by a Numeric Weather Prediction
model (NWP) of the United States’ National Weather Service, the Global Forecast System (GFS),
that is available 24h-7days at a resolution of 0.25° and with a 1-hour forecast step.

The actual NWPs compute the cloud fraction at each model level from pressure, cloud con-
densation mixing ratio, relative humidity and temperature data [2]. NWPs predict the place (grid
point), the amount and the thickness of the cloud on a discrete vertical and horizontal grid. The
accuracy of NWPs is in general high (more than 70%), with a forecast error less than 30% in the first
hours [3]. The cloud mask, resulting in a 2D, latitude-longitude, true/false fields, may be computed
at high horizontal resolution using the NWPs cloud fraction data, following the same methodology
applied to evaluate the cloud top height in [4]. In the present work, in order to obtain more accurate
results, different thresholds are applied for high, medium and low clouds, and the cloud mask is
compared with the UV maps from Mini-EUSO, to detect the cloud cover from UV data, a new
application of this dataset. The results are presented and discussed.

2. Data and analysis

Even though 41 Mini-EUSO sessions have been registered up to now, in this paper only 14
sessions are used, considering the availability of GFS high-resolution data (available only when the
session was taken) and the UV maps. The available data for each of these sessions correspond to
~ 44 minutes, coming from the first and/or the last part of the acquisition. The analysis is conducted
both on all Mini-EUSO available trajectories (over land and sea regions) and on the sea regions
only, to avoid the contamination coming from antropogenic light. The main light-source in space is
due to the reflectance of the Moon (its phase is reported in Figure 3 as percentage of full-Moon) and
the nightglow/airglow signals, while the sources from the Earth are the cloud reflection (of space
light), lightnings (not visible in the data because they were triggered by the sensor), boat lights or
other atmospheric events. The session considered span from 15 September 2020 to 6 May 2021.
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Figure 1: a) composite image of the Mini-EUSO pixel counts over the Indian Ocean at approximately
18.38 UTC of December 5, 2019; b) a RGB Dust Composite image from the METEOSAT 8 meteorological
satellite, showing the tropical cyclone seen by Mini-EUSO; c) a single image of the Mini-EUSO pixel matrix
where the banded clouds of the cyclone are clearly visible. In the first part of the image, panel a), the dotted
points are middle-low cumulus clouds.

The area compared in each session over sea span from 2.61 x 10° km? to 6.60 x 10° km?, while over
sea and land span from 5.73 x 10° km? to 7.30 x 10° km?.

3. Methods

3.1 UV maps and regridding

Before the UV observations can be used, the possibility of inter-pixel differences (e.g. differ-
ences in pixel efficiency) must be accounted for. The different pixels of the Mini-EUSO detector
are therefore subjected to a relative calibration using the lowest count of each pixel during the entire
session as a baseline. This is possible because the physical environment (e.g. a cloudless ocean)
producing this measurement should be the same for each pixel.

The original pixel resolution of the Mini-EUSO telescope at ground is about 6.3 km, and the
matrix is composed by 48 by 48 pixels with a combined field of view of about 350 x 350 km. The
photo-sensor registers the light in counts per pixel per time step (the acquisition is every 41 ms),
and to make possible the comparison between the coarser GFS resolution a regridding operation is
necessary.

This was done following three steps:

1. associate the center of each matrix-pixel-time observation with the corresponding latitude
and longitude coordinates. This is done by projecting the shape of the detector pixel array
onto the surface of the Earth by knowing the position of the ISS and the detector geometry.
These calculations are made in two polar coordinate systems, one centred at the point directly
beneath the ISS and one with the centre at the focal surface of the detector. Knowing the
ISS altitude, A, and the part of the field of view taken up by one pixel, FoV,, the radial
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distance p, between an observation on the ground and the ISS subpoint can be estimated as

Pg = Pphiss tan(FOVp) (H

where p,, is the radial distance (in units of pixels) to the pixel from the center of the detector,
in the detector coordinate system. With the angular coordinate 6, on the ground given by the
ISS orientation and the corresponding angle 6, on the detector, the latitude ¢ and longitude A
of the pixels as mapped to the the Earth are estimated by (Rg = 6370 km is the Earth radius):

R P . P
¢ = sin ' sin Qiss * COS =2 4+ cos Viss * sin —= - cos ¢ )
RE RE
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2. collect overlapping pixels by making spatial averages (in 41 ms the ISS moves of ~300 m)

3. regrid on a 0.25° longitude-latitude grid at the same center-points of GFS, considering the
average of the pixel-counts within each bin formed by the grid.

3.2 GFS an UV cloud masks computation

The GFS data! used in the present work consist of the cloud fraction fields with a grid spacing
of 0.25° and 39 vertical levels (from 1 X 103 Pa to 5 x 103 Pa), resulting in 40491360 points for each
session.

Cloud fraction values span from 0 to 1, where 0 is clear sky and 1 overcast sky. In order to
calculate the cloud mask for low, middle and high layers, the cloud fraction maximum is identified
in the three layers and its value is compared with the following thresholds: Low clouds (z < 2 km
a.s.l.) are present if maximum low-cloud fraction overpass 0.2; Medium clouds (2 < z < 6 km
a.s.l.) are present if maximum medium-cloud fraction overpass 0.4; High clouds (6 < z < 18 km
a.s.l.) are present if maximum high-cloud fraction overpass 0.8. This set of thresholds was chosen
after studies [e.g. 4] that show the different ability of the global model to detect the three levels of
clouds. Three cloud cover masks are computed respectively for low, medium and high layers, the
total cloud mask is the union of these three masks.

The UV cloud mask is computed on the UV mean counts re-sampled at the same grid spacing
of GFS, using three different thresholds: 1, 5 and 10 counts per grid point.

3.3 Contingency tables

To assess the differences in the cloud masks a contingency table is built between each cloud
level and UV threshold and for every session. The cloud mask from the global model is considered
the truth, while the cloud mask from Mini-EUSO UV band is considered the test, so the contingency
table is built following Figure 2.

The two considered indexes are the Accuracy (Proportion Correct, PC) and the Heidke Skill
Score [HSS, 5], the first indicates the hits (true positive and true negative) with respect to the overall

1The GFS operative data are real-time retrived from https://nomads.ncep.noaa.gov/cgi-bin/filter_gfs_
O0p25_1hr.pl
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Figure 2: The contingency table used in this study. Letters refer to the calculated indexes of 3.3

cases, while the HSS indicates the quality of the forecast, and measures the fraction of correct
forecasts after eliminating those forecasts which would be correct due purely to random chance.
PC is defined as (refer to Figure 2):
a+d a+d

PC = = 4
a+b+c+d n “)

The perfect value for PC is the unity (or here a percentage if PC is multiplied by 100). Its
maximum-likelihood estimate is

E:(a+c)(a+b)+(b+d)(c+d) 5)
n n n n

PC-E _ 2(ad — bc)

1-E  (a+b)(b+d)+(a+c)(c+d)

The HSS ranges between —co and 1, where 1 is the perfect forecast, 0 indicates no-skill and
negative values indicates that the chance forecast is better.

HSS is defined as:
HSS =

(6)

4. Results and discussion

The general statistics (Table 1) show the higher performances with the UV threshold set at one
count per pixel, with slightly better results in the accuracy of low clouds over the sea (61.0%), while
over the entire dataset, middle (total) cloud cover obtain the best value (60.8%). The HSS shows
similar results regarding the UV thresholds but with a more significant gap. Again the low-clouds
prediction obtained the best results: 0.12 on the sea and 0.17 over land and sea together.

4.1 Sea-data results

We considered only sea points to improve the analysis and remove the pixel counts related to
land lights. The first question was to find a possible correlation with the Moon phase, as it is the
most important light source during the night. Linear regression Pearson correlation coefficient is
calculated between the accuracy and the HSS indexes and the Moon phase. The considered cases
are the three cloud levels with the three UV thresholds on the two indexes (Accuracy and HSS).
The correlation shows low values mainly due to the limited statistics, never higher than 0.17, and
the most correlated series with the moon phase is the low cloud HSS with the higher UV threshold
(R? = 0.166). The poor correlation values and the flatness of linear regression lines indicate that
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Table 1: Averaged results over the 14 sessions considered. Medium-cloud values represent also the Total
cloud cover statistics.

Points location UV threshold Accuracy (100PC) HSS
High Medium Low High Medium Low
1 48.3 59.6 61.1 0.019 0.072 0.119
Sea (6.48 x 107 km?) 5 49.0 40.1 57.0 0.009 0.047 0.088
10 50.5 36.3 56.3 0.015 0.047 0.076
1 474 60.8 56.7 0.050 0.108 0.167
All (9.48 x 107 km?) 5 48.8 422 58.3 0.009 0.052 0.091
10 50.5 38.1 58.0 0.015 0.048 0.080

mHigh mMiddle @low ®Moon phase
060 90
® g4

050 ® 75

® 55

030

020 * 27|

010 1 10
q
®2 a9
000 L =0 J'],

010

Heidke Skill Score
Moon phase

-30
020

-0.30 50
25 26 27 28 30 31 32 33 34 35 36 37 38 40 M
Sessions

Figure 3: The histogram of HSS with the UV threshold 1 and the sea data only.

the moon does not affect the detection of clouds. Moreover, considering some single situation, the
light curve from Mini-EUSO suggests that the most appropriate threshold is 1 (as also deducted
from beginning of Section 4 and Table 1).

The accuracy values of UV threshold 1 are between 30% and 82%, but sometimes very high
accuracy values present very low (near zero) HSS, indicating a poor agreement between observation
and prediction. This is the case of session 37 (Figures 3 and 4).

Analyzing the two indexes together, two sessions appear especially interesting: 32 and 36. In
these two cases, the Moon phase was respectively 6% and 41%, confirming the slight influence of
the quantity of moon light, and accuracy is 70.14% and 64.06%, while HSS is 0.40 and 0.28. In
particular HSS has very high and promising values.

In Figure 5 the cloud masks calculated for session 36 is shown. It is possible to see that when
the threshold of 1 is overpassed on pixel counts clouds are present, while in clear sky zones the UV
map shows no pixel counts (white is below the threshold).
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Figure 4: The histogram of Accuracy with the UV threshold 1 and the sea data only.

5. Conclusions

This study, considering the complexity of cloud detection and forecast, shows the ability of
Mini-EUSO UV sensor to detect cloud cover during its operative time. The best UV threshold to
compute the cloud mask appears to be one count per pixel, and the overall cloud detection was good
(mainly in the two reported examples of session 32 and 36), also considering the degradation of the
UV maps to reach the same grid spacing of GFS. From the first inspection showed in Figure 1, and
from the complete statistics over the 14 session considered, it is possible to state that the Mini-EUSO
sensor is able to capture the middle and low cloud better than high clouds, that usually are thinner
and have a smaller optical depth. However they are able able to modify the detection of the EAS.

Future improvements and investigations will increase the reference NWP resolution and reach
a greater detail in cloud cover to be compared.
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