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Abstract. The Cherenkov Telescope Array (CTA) will bring a whole new insight to the gamma-ray Universe.
In order to fulfill its performance requirements, we need to understand and correct the atmospheric effects that
influence the acquired instrument data. One such systematic effect is due to the varying molecular density
profile with time. We have studied such profiles for both CTA sites using publicly available historical data
assimilation archives. Our study reveals that we can distinguish at least three differentiated seasonal periods at
the northern site and at least two at the southern site, that allow to model the molecular part of the atmosphere
using average profiles, as done with current Cherenkov telescope projects. Seasonal transitions are smoother at
the southern site than at the northern one. Moreover, the latter shows a greater amplitude in density variations
at an altitude of 15 km. We also explored deviations of the molecular profiles with respect to their mean values
using a 5-years data set and concluded that they are always found within specifications.

1 Introduction

Imaging Atmospheric Cherenkov Telescopes (IATCs) ob-
serve very-high energy gamma rays indirectly from the
ground through the Cherenkov light emitted when the radi-
ation interacts with the atmosphere. The characteristics of
the Cherenkov light-cone produced depend on the state of
the atmosphere, particularly on the molecular profile [1].
Later on, the transmission of Cherenkov light through the
atmosphere changes with its molecular and aerosol con-
tent. Thus, this observational technique is prone to a se-
ries of systematic effects due to the uncertainties inherent
to the local climate and weather conditions. In particular,
changes of the local density profile [1–3] and the aerosol
content [4–7] are its main contributions.

Up to now, IATC collaborations have modeled the at-
mosphere using one average density profile, tailored to
each particular site. The next generation of IACTs, em-
bodied in the Cherenkov Telescope Array (CTA) [8], with
more than one hundred IATCs distributed over two sites,
one in the Northern Hemisphere at the Observatorio del
Roque de los Muchachos, on the island of La Palma,
Spain, and one in the Southern Hemisphere located at the
Atacama desert close to Paranal, in northern Chile, has
much more stringent requirements on allowed systematic
uncertainties than previous installations, for instance those
affecting assumed absolute energy scale shall be brought
from currently 15–20% [2, 4, 5] down to a level of the
less than 10%, across a wider energy range.

Here, we study the molecular profiles from data pro-
vided by modern data assimilation systems.
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2 The global data assimilation archives

There are many meteorological data assimilation systems
(DAS) available, each of them with different characteris-
tics in terms of availability, spatial and temporal resolu-
tion, physical parameters and height levels, among others.
In order to approach the problem of characterizing the at-
mosphere above the two CTA sites, we wanted to take into
account those, which are easily accessible for our locations
of interest, updated with good spatial and temporal reso-
lution and with all the physical parameters available that
we need to compute the density profiles. For this reason,
after reviewing most of the available DAS, we chose to
use two: the National Centers for Environmental Predic-
tion (NCEP) Final Analysis obtained from the Global Data
Assimilation System (GDAS)1 and the European Centre
for Medium-Range Weather Forecasts (ECMWF) ERA-
Interim reanalysis2. The main characteristics of these two
DAS are summarized in Table 1.

2.1 NCEP Final Analysis

This DAS model consists of a continuous analysis of the
data from the Global Data Assimilation System (GDAS
from now on), collected by the Global Telecommunica-
tions System (GTS) and other sources. The dataset is
structured in a grid of 1◦×1◦ resolution, with data provided
every 6 h at 26 pressure levels, from surface at 1000 hPa
up to 10 hPa. For the purpose of our study, among the
many available physical parameters, we selected geopo-
tential height, temperature, relative humidity and u- and
v-components of the wind.

1http://www.emc.ncep.noaa.gov/index.php?branch=GFS
2https://www.ecmwf.int/
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Table 1: Data assimilation systems overview

ERA-Interim GDAS
Availability 1979 - present 2006 - present
Grid spacing 0.75◦ 1.0◦

Temporal resolution 6 h 6 h
Selected dataset time span 2012/01 - 2016/12 2012/01 - 2016/12
Closest grid point North 28.5◦N 18.0◦W 29.0◦N 18.0◦W
Closest grid point South 24.75◦S 70.5◦W 25.0◦S 70.0◦W
Pressure levels 37 26

The data can be downloaded for a specific grid point
via a python script and are stored in grib2 format, read-
able also with a python script that we developed. For our
work, and due to the limited spatial resolution, we selected
the closest grid-point to the locations of both CTA sites,
namely 29.0◦N 18.0◦W for the northern site and 25.0◦S
70.0◦W for the southern site.

2.2 ECMWF ERA-Interim

The ECMWF offers the re-analysis (ERA-Interim) of data
based on the 2006 release of the Integrated Forecasting
Systen (IFS). It consists of a dataset that spans from 1979
to present, provided with 2 months delay with respect to
the present date.

The data are structured in 37 pressure levels, from sur-
face level up to 1 hPa. Among all available parameters,
for the purposes of this work we selected the geopotential,
temperature, u- and v-components of the wind and relative
humidity. The spatial resolution of the dataset is 0.75◦ and
its temporal resolution is 6 h.

Data can be downloaded for a specific grid point
through a python script. We selected the closest grid-
points available, namely 28.5◦N 18.0◦W for the Northern
Hemisphere and 24.75◦S 70.5◦W for the Southern Hemi-
sphere site.

3 Results

We downloaded data from 2012 to 2016 (5 complete
years) for both CTA sites and for each one of the two se-
lected DAS. Our scope was to compare these datasets and
study the evolution of the molecular profile data at each
site along these five years.

In all cases, we computed the density for each pres-
sure level and for each moment in time. We then multi-
plied the density by the standard atmosphere density (NS)
and an exponential of the height divided by the standard
height (HS), in order to obtain plots with good visibility
of the relative differences. After that, we computed the
average density, standard deviation and peak-to-peak ex-
treme values for each pressure level. We also compared
the obtained results to those used in recent simulations [9],
labelled PROD3 in the figures.

3.1 Density at 15 km

First we looked at the density as a function of time for a
fixed value of height (or fixed pressure level). We chose
to look at 15 km height, at the onset of the lower strato-
sphere, where deviations are expected to be largest. The
comparison between both sites (see Figure 1) shows that
the annual variations are smoother at the southern site and
that the amplitude is larger at the northern site.

With this in mind, we can define different seasonal pe-
riods for each site, within which the density profile can be
averaged (see Figure 1). We define three of these seasonal
periods for the northern site (that we call winter, summer
and intermediate) and two for the southern site (that we
call winter and summer).

The El Niño and La Niña phenomena are to be taken
into account for the southern site, since they strongly affect
the climate at this particular region of the planet. Taking a
look into the historical data, we observe that El Niño was
active during 2014-2016 and it was one of the strongest El
Niño events ever registered. Despite that, Figure 1 shows
no visible deviation for this particular period, with respect
to other years. This might indicate that El Niño will not
affect much the state of the molecular profile of the atmo-
sphere at the southern site.

3.2 Density over altitude

We compared the two data-sets by looking at the density
over altitude. In Figure 2, we plot the mean density and
its standard deviation as a function of altitude, for each
DAS seasonal period. The behaviour is very similar for
ECMWF and GDAS, and the relative differences are small
between them. However, they are bigger in the southern
site than in the northern one, probably due to the fact that
the southern site has less coverage of close-by radio-sonde
data compared to the northern one. This fact is reflected
in Figure 4 where relative differences between the two dif-
ferent DAS used are displayed as a function of altitude. In
both cases the differences are centered around zero value,
but in the south the dispersion is higher than in the north.
It is also visible the fact that these differences are more
important at altitudes above ∼ 16 km in the north and
∼ 12 km in the south, probably due to the fact that GDAS
has less information at the tropopause level. Nonetheless,
looking at Figure 2, the different seasonal periods can be
clearly distinguished above about 12 km altitude. The bot-
tom parts of Figure 2 show the behaviour of the density

2

EPJ Web of Conferences 197, 01002 (2019) https://doi.org/10.1051/epjconf/201919701002
AtmoHEAD 2018



Table 1: Data assimilation systems overview

ERA-Interim GDAS
Availability 1979 - present 2006 - present
Grid spacing 0.75◦ 1.0◦

Temporal resolution 6 h 6 h
Selected dataset time span 2012/01 - 2016/12 2012/01 - 2016/12
Closest grid point North 28.5◦N 18.0◦W 29.0◦N 18.0◦W
Closest grid point South 24.75◦S 70.5◦W 25.0◦S 70.0◦W
Pressure levels 37 26

The data can be downloaded for a specific grid point
via a python script and are stored in grib2 format, read-
able also with a python script that we developed. For our
work, and due to the limited spatial resolution, we selected
the closest grid-point to the locations of both CTA sites,
namely 29.0◦N 18.0◦W for the northern site and 25.0◦S
70.0◦W for the southern site.

2.2 ECMWF ERA-Interim

The ECMWF offers the re-analysis (ERA-Interim) of data
based on the 2006 release of the Integrated Forecasting
Systen (IFS). It consists of a dataset that spans from 1979
to present, provided with 2 months delay with respect to
the present date.

The data are structured in 37 pressure levels, from sur-
face level up to 1 hPa. Among all available parameters,
for the purposes of this work we selected the geopotential,
temperature, u- and v-components of the wind and relative
humidity. The spatial resolution of the dataset is 0.75◦ and
its temporal resolution is 6 h.

Data can be downloaded for a specific grid point
through a python script. We selected the closest grid-
points available, namely 28.5◦N 18.0◦W for the Northern
Hemisphere and 24.75◦S 70.5◦W for the Southern Hemi-
sphere site.

3 Results

We downloaded data from 2012 to 2016 (5 complete
years) for both CTA sites and for each one of the two se-
lected DAS. Our scope was to compare these datasets and
study the evolution of the molecular profile data at each
site along these five years.

In all cases, we computed the density for each pres-
sure level and for each moment in time. We then multi-
plied the density by the standard atmosphere density (NS)
and an exponential of the height divided by the standard
height (HS), in order to obtain plots with good visibility
of the relative differences. After that, we computed the
average density, standard deviation and peak-to-peak ex-
treme values for each pressure level. We also compared
the obtained results to those used in recent simulations [9],
labelled PROD3 in the figures.

3.1 Density at 15 km

First we looked at the density as a function of time for a
fixed value of height (or fixed pressure level). We chose
to look at 15 km height, at the onset of the lower strato-
sphere, where deviations are expected to be largest. The
comparison between both sites (see Figure 1) shows that
the annual variations are smoother at the southern site and
that the amplitude is larger at the northern site.

With this in mind, we can define different seasonal pe-
riods for each site, within which the density profile can be
averaged (see Figure 1). We define three of these seasonal
periods for the northern site (that we call winter, summer
and intermediate) and two for the southern site (that we
call winter and summer).

The El Niño and La Niña phenomena are to be taken
into account for the southern site, since they strongly affect
the climate at this particular region of the planet. Taking a
look into the historical data, we observe that El Niño was
active during 2014-2016 and it was one of the strongest El
Niño events ever registered. Despite that, Figure 1 shows
no visible deviation for this particular period, with respect
to other years. This might indicate that El Niño will not
affect much the state of the molecular profile of the atmo-
sphere at the southern site.

3.2 Density over altitude

We compared the two data-sets by looking at the density
over altitude. In Figure 2, we plot the mean density and
its standard deviation as a function of altitude, for each
DAS seasonal period. The behaviour is very similar for
ECMWF and GDAS, and the relative differences are small
between them. However, they are bigger in the southern
site than in the northern one, probably due to the fact that
the southern site has less coverage of close-by radio-sonde
data compared to the northern one. This fact is reflected
in Figure 4 where relative differences between the two dif-
ferent DAS used are displayed as a function of altitude. In
both cases the differences are centered around zero value,
but in the south the dispersion is higher than in the north.
It is also visible the fact that these differences are more
important at altitudes above ∼ 16 km in the north and
∼ 12 km in the south, probably due to the fact that GDAS
has less information at the tropopause level. Nonetheless,
looking at Figure 2, the different seasonal periods can be
clearly distinguished above about 12 km altitude. The bot-
tom parts of Figure 2 show the behaviour of the density

56000 56250 56500 56750 57000 57250 57500 57750

MJD

0.78

0.80

0.82

0.84

0.86

0.88

0.90

0.92

n
d
a
y
/N

s
·e

(h
/
H

s
)

2
0
1
2

2
0
1
2
.5

2
0
1
3

2
0
1
3
.5

2
0
1
4

2
0
1
4
.5

2
0
1
5

2
0
1
5
.5

2
0
1
6

2
0
1
6
.5

winter

summer

intermediate

(a) ECMWF-ERA Interim North

56000 56250 56500 56750 57000 57250 57500 57750

MJD

0.80

0.82

0.84

0.86

0.88

0.90

0.92

n
d
a
y
/N

s
·e

(h
/
H

s
)

2
0
1
2

2
0
1
2
.5

2
0
1
3

2
0
1
3
.5

2
0
1
4

2
0
1
4
.5

2
0
1
5

2
0
1
5
.5

2
0
1
6

2
0
1
6
.5

winter

summer

(b) GDAS South

Figure 1: Scaled density at 15 km altitude. Different colors represent the various seasonal periods that we defined accord-
ing to the observed behavior in these plots.

standard deviation divided by its mean, for each seasonal
periods. That relative deviation lies always below 2%,
hence fulfilling the CTA requirements [10].

Moreover, we clearly see that there is a significant
difference with respect to the PROD3 simulation profile,
reaching up to 12% on average for one altitude bin (see
Figure 3) at the northern CTA site. We find our respective
summer DAS profiles closer to the profiles used for the
PROD3 simulations than the winter ones. Normally, tele-
scopes take more data during winter, when the nights are
longer. However, the differences are small enough not to
alter the sensitivity comparisons of [9]. Figure 3 also justi-
fies the selection of our suggested three separated seasonal
periods for the north, instead of using only one average
model. In the case of the southern site, these differences
are more subtle, but still visible by eye.

Finally we used these data to produce CORSIKA input
card files that will be used for future simulations of air
showers.

4 Conclusions

We investigated the long term variation of the molecu-
lar density profiles above the two selected sites for the
CTA. In this work, we observe that in the southern hemi-
sphere the transitions between seasons are smoother than
in the northern hemisphere and that the amplitude in den-
sity variations is larger in the latter. Moreover, we identify
two distinct seasonal periods at the southern and three at
the northern site.

Comparing the density profiles, we can distinguish dif-
ferent behaviours depending on the seasonal period and
that the profiles used for the PROD3 simulations so far re-
semble a summer profile (for the northern site) and a win-
ter profile (for the southern site). The differences between
our profiles and those used for the simulations can be as
larger as 9% on average for a selected altitude bin.

The comparison between GDAS and ECMWF reveals
that both datasets are very similar. ECMWF offers more
pressure levels and is easier to download, but aside of that,
we can conclude that for the purposes of this study they
are almost equivalent.
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Figure 2: Scaled density as a function of altitude. The thick error bars represent the standard deviation of the scaled
density and the thin error bars the peak-to-peak values at each altitude bin. The dotted vertical line marks the 2000 m line,
at which the observatories are placed.
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Figure 3: Relative difference between the computed density from ECMWF-ERA Interim/GDAS data and the PROD3
model, so far used for simulations. The thick error bars represent the standard deviation and the thin error bars the peak-
to-peak values of relative difference at each altitude bin. The dotted vertical line marks the 2000 m line, at which the
observatories are placed.
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Figure 4: Relative difference between the computed density from ECMWF-ERA Interim and GDAS data. The thick error
bars represent the standard deviation and the thin error bars the peak-to-peak values of relative difference at each altitude
bin. The dotted vertical line marks the 2000 m line, at which the observatories are placed.
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