
P. Munar-Adrover CCF General Meeting, Barcelona, October 2-5, 2017

MOLECULAR PROFILES AT THE 
CTA SITES

Pere Munar-Adrover & Markus Gaug
Universitat Autònoma de Barcelona

pere.munar@uab.cat

mailto:pere.munar@uab.cat


P. Munar-Adrover CCF General Meeting, Barcelona, October 2-5, 2017

THE CURRENT MODEL

•MAGIC Winter (MW) model, based on NRLMSISE-00 data:
•Diploma thesis, written in German, from Marijke Haffke who 

left MAGIC right afterwards.
•Tabulated densities used in CORSIKA
•Fitted integrated optical depth (“thickness”) used in reflector.
•Studied mainly the atmospheric extinction while the location 

of the shower maximum, together with the opening of the 
Cherenkov cone at that position, are much more important.

•NRLMSISE-00 is not the best model for the troposphere 
(they say it themselves on their webpage!).
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THE MOLECULAR PROFILE

• Has effects on size of Cherenkov light pool (via shower altitude 
and Cherenkov angle) and transmission of Cherenkov light

• Optical transmission, i.e. integrated density from the emission 
point to the ground, has an approximately linear effect on Erec

• Erec scales approximately with central light density:

ρc ≈ (hmed – hobs )-2   
    because of the modulation of the Cherenkov angle and median   

shower height (hmed)  (Bernlöhr, Astrop. Phys. 12  (2000), 255)
• Aeff more complicated, needs simulations
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THE MOLECULAR PROFILE
•We have excellent Data Assimilation models for La Palma and for Chile (for 
free) for temperature and pressure (and hence, density): 

•The NRLMSISE-00 model for 20 to 100 km a.s.l. (MW based on it)
•http://ccmc.gsfc.nasa.gov/modelweb/atmos/nrlmsise00.html

•Global Data Assimilation System (GDAS) from ground to 25 km a.s.l.
•ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/

•The ECMWF has been tested by INFN Torino with very encouraging results 
•http://weather.unisys.com/ecmwf/index.php

•The IG2 model has been tested as well, but does not agree well at these 
altitude ranges (at least for temperature). 

•The WRF model (based on GDAS). We will look into it in the near future
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CHECKS ON THE NRLMSISE-00 MODEL

• The NRLMSISE-00 models can be downloaded from the 
web:             

http://ccmc.gsfc.nasa.gov/modelweb/atmos/nrlmsise00.html

• They provide data below 20 km, but are not reliable

• It can be read in Mars with the class MSISFileRead 

• The output will be stored in tree with branches of type 
MSISEntry

5



P. Munar-Adrover CCF General Meeting, Barcelona, October 2-5, 2017

CORRELATION OF MAGIC TEMPERATURE 
WITH NRLMSISE-00 TEMPERATURE
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CHECKS ON THE GDAS MODEL

• The GDAS models can be downloaded from the web:
    ftp://arlftp.arlhq.noaa.gov/pub/archives/gdas1/
• Downloading all data means about 2.4 GB per month
• A fortran code then allows to pick the corresponding grid 

point (on a 1º grid)
• Model goes from 0 to 25 km only (MW up to 40 km) with 24 

pressure levels
• GDAS files can be read in Mars with the class MGDASFileRead 
• Output will be stored in tree with branches of type 

MGDASEntry

7



P. Munar-Adrover CCF General Meeting, Barcelona, October 2-5, 2017

CORRELATION OF THE MAGIC 
WEATHER STATION DATA WITH GDAS
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Cross-correlation with MAGIC weather station
• GDAS combined with NRLMSISE-00 (above 25km)
• Perfect match for pressure comparison
• Systematic shift for temperatures can be explained by local ground effects 

(inverse for day-time data)
• Even correlation for humidity is good (difficult because of very local variation) 

2 Molecular density profiles

We studied 3 years (2013–2015) of now-cast predictions of
the “Global Data Assimilation System” (GDAS)9, avail-
able in time steps of 3 hours UTC for La Palma, more
specifically for the grid point 29◦N, 18◦W, about 28 km
northwards the ORM, above the Atlantic, smoothly joint
with the NRLMSISE-00 data10, for lat. 28.77◦, lon.
342.11◦ above 20 km a.s.l. A spatially better resolved
WRF model [16], as employed by J. Marín in these pro-
ceedings [17], has not yet been tried, however the Euro-
pean ECMWF11 is currently being tested, yielding similar
or even better results, while the IG2 model [19] does not
agree well with instantaneous MAGIC data at these alti-
tude ranges, at least what concerns the temperature pro-
files. Similarly, the NRLMSISE-00 model [20], although
very accurate above 20 km a.s.l., is not able to resolve all
tropospheric temporal variations and can show deviations
from the GDAS model of up to 10%.

The GDAS data set is available in 24 pressure levels12,
each associated with an individual geopotential height, a
temperature and other data, such as wind components and
humidity. Geopotential heights have been converted to
local altitudes a.s.l. using the WGS-84 ellipsoid for the
evaluation of the combined effects of gravitational and
centrifugal forces on the local gravity at a given altitude
and latitude, following the prescription of Mahoney [21].
Values between these levels were interpolated. One has
to keep in mind however, that fine-structures possibly
present in the lower troposphere, and particularly in the
tropopause (see e.g. Fig. 1 of [13] or Fig. 1 of [22]), can-
not be reproduced by such an interpolated coarse grid.

For the purpose of ground validation, temperature and
pressure values measured by the MAGIC weather station
were compared with the predicted ones at the altitude of
the weather station, which was assessed by a specialized
company using a GPS survey in 2015. Fig. 1 shows all
entries obtained for night-times. For the pressure compar-
ison a bias of (−0.25 ± 0.01) mbar was obtained, compati-
ble with no bias, once the accuracy of the MAGIC pressure
sensor (of ±0.8 mbar) is taken into account. The tempera-
ture comparison yields a significant bias of (2.08±0.02)◦C,
which can however be understood by ground cooling ef-
fects, that are not present at the chosen GDAS grid point
(lying above the Sea). Using only day-time data, an op-
posite effect is observed. Typically such ground effects
are limited to low altitudes. Nevertheless, even in the
exaggerated assumption of being constant throughout the
troposphere, this temperature bias would alter the den-
sity profile by only 0.8%. Another direct validation was
performed with the MAGIC LIDAR data, which shows
pure molecular back-scattering and extinction signatures
throughout most of the probed altitude ranges, and where

9https://www.ncdc.noaa.gov/data-access/model-data/
model-datasets/global-data-assimilation-system-gdas

10ccmc.gsfc.nasa.gov/modelweb/atmos/nrlmsise00.html
11http://weather.unisys.com/ecmwf/index.php
121000, 975, 950, 925, 900,850, 800, 750, 700, 650, 600, 550, 500,

450, 400, 350, 300, 250, 200, 150, 100, 50, 20 mbar, and the surface
level.

contemporaneous GDAS profiles yield accurate χ2-fit dis-
tributions, in contrast to average molecular profiles [23].
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Figure 1. Cross-correlation of the GDAS predicted pressures
and temperatures at 21h, 0h, 3h and 6h UTC at the altitude of
MAGIC, with the simultaneous MAGIC weather station data.
The inlets display the distribution of the respective differences.

Fig. 2 shows averaged density profiles, grouped ac-
cording to the findings of [22]: an “average winter”
(DEC,JAN,FEB,MAR,APR), characterized by multiple
thermal tropopauses, which are several kilometers thick
and can reach extremely high altitudes of up to 20 km
a.s.l.. This typical mid-latitude tropopause is influenced
by the sub-tropical jet stream (STJ) centered at lower lat-
itudes. The “average summer” (JUL,AUG,SEP) model
is characterized by only one thermal tropopause, typi-
cal for a tropical upper troposphere, with the STJ having
moved northwards of the Canary Islands. The intermedi-
ate months (MAY,JUN,OCT,NOV) show transition behav-
ior between both scenarios. Tropical tropopauses occur
nevertheless also occasionally during the rest of the year.
The lower end of the multi-layered, thick mid-latitude
tropopauses move slightly upwards during spring and de-
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2 Molecular density profiles

We studied 3 years (2013–2015) of now-cast predictions of
the “Global Data Assimilation System” (GDAS)9, avail-
able in time steps of 3 hours UTC for La Palma, more
specifically for the grid point 29◦N, 18◦W, about 28 km
northwards the ORM, above the Atlantic, smoothly joint
with the NRLMSISE-00 data10, for lat. 28.77◦, lon.
342.11◦ above 20 km a.s.l. A spatially better resolved
WRF model [16], as employed by J. Marín in these pro-
ceedings [17], has not yet been tried, however the Euro-
pean ECMWF11 is currently being tested, yielding similar
or even better results, while the IG2 model [19] does not
agree well with instantaneous MAGIC data at these alti-
tude ranges, at least what concerns the temperature pro-
files. Similarly, the NRLMSISE-00 model [20], although
very accurate above 20 km a.s.l., is not able to resolve all
tropospheric temporal variations and can show deviations
from the GDAS model of up to 10%.

The GDAS data set is available in 24 pressure levels12,
each associated with an individual geopotential height, a
temperature and other data, such as wind components and
humidity. Geopotential heights have been converted to
local altitudes a.s.l. using the WGS-84 ellipsoid for the
evaluation of the combined effects of gravitational and
centrifugal forces on the local gravity at a given altitude
and latitude, following the prescription of Mahoney [21].
Values between these levels were interpolated. One has
to keep in mind however, that fine-structures possibly
present in the lower troposphere, and particularly in the
tropopause (see e.g. Fig. 1 of [13] or Fig. 1 of [22]), can-
not be reproduced by such an interpolated coarse grid.

For the purpose of ground validation, temperature and
pressure values measured by the MAGIC weather station
were compared with the predicted ones at the altitude of
the weather station, which was assessed by a specialized
company using a GPS survey in 2015. Fig. 1 shows all
entries obtained for night-times. For the pressure compar-
ison a bias of (−0.25 ± 0.01) mbar was obtained, compati-
ble with no bias, once the accuracy of the MAGIC pressure
sensor (of ±0.8 mbar) is taken into account. The tempera-
ture comparison yields a significant bias of (2.08±0.02)◦C,
which can however be understood by ground cooling ef-
fects, that are not present at the chosen GDAS grid point
(lying above the Sea). Using only day-time data, an op-
posite effect is observed. Typically such ground effects
are limited to low altitudes. Nevertheless, even in the
exaggerated assumption of being constant throughout the
troposphere, this temperature bias would alter the den-
sity profile by only 0.8%. Another direct validation was
performed with the MAGIC LIDAR data, which shows
pure molecular back-scattering and extinction signatures
throughout most of the probed altitude ranges, and where

9https://www.ncdc.noaa.gov/data-access/model-data/
model-datasets/global-data-assimilation-system-gdas

10ccmc.gsfc.nasa.gov/modelweb/atmos/nrlmsise00.html
11http://weather.unisys.com/ecmwf/index.php
121000, 975, 950, 925, 900,850, 800, 750, 700, 650, 600, 550, 500,

450, 400, 350, 300, 250, 200, 150, 100, 50, 20 mbar, and the surface
level.

contemporaneous GDAS profiles yield accurate χ2-fit dis-
tributions, in contrast to average molecular profiles [23].
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Figure 1. Cross-correlation of the GDAS predicted pressures
and temperatures at 21h, 0h, 3h and 6h UTC at the altitude of
MAGIC, with the simultaneous MAGIC weather station data.
The inlets display the distribution of the respective differences.

Fig. 2 shows averaged density profiles, grouped ac-
cording to the findings of [22]: an “average winter”
(DEC,JAN,FEB,MAR,APR), characterized by multiple
thermal tropopauses, which are several kilometers thick
and can reach extremely high altitudes of up to 20 km
a.s.l.. This typical mid-latitude tropopause is influenced
by the sub-tropical jet stream (STJ) centered at lower lat-
itudes. The “average summer” (JUL,AUG,SEP) model
is characterized by only one thermal tropopause, typi-
cal for a tropical upper troposphere, with the STJ having
moved northwards of the Canary Islands. The intermedi-
ate months (MAY,JUN,OCT,NOV) show transition behav-
ior between both scenarios. Tropical tropopauses occur
nevertheless also occasionally during the rest of the year.
The lower end of the multi-layered, thick mid-latitude
tropopauses move slightly upwards during spring and de-
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CHECKS ON THE ECMWF MODEL
• The ECMWF ERA Interim data can be downloaded from:

• https://www.ecmwf.int/en/research/climate-reanalysis/era-interim
• Registration on ECMWF needed
• The web server allows to pick the corresponding grid point (on a 

0.75º grid)
• Downloading, once selected for La Palma or Chile site, means about 

200 Mb per year
• Model goes from 0 to 50 km with 37 pressure levels and many 

parameters available (wind dir., rel. humidity, vorticity…)
• ECMWF files read with a python code using pygrib (quite slow to 

read for yearly data files!)
• Grib files need to be read just once.
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• North site

• Compared GDAS and ECMWF 

• with the MW model 

• between them

• South site

• Compared MW and ECMWF 

• Compared North and South sites density at 15 km a.s.l. 

10

CHECKS ON THE MODELS
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2013 - 2014 - 2015 data

All months

Compared to MW model

GDAS vs ECMWF (NORTH SITE)
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2013 - 2014 - 2015 data

Winter (Dec, Jan, Feb, Mar, Apr)

Compared to MW model
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2013 - 2014 - 2015 data

Summer (Jul, Aug, Sep)

Compared to MW model
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2013 - 2014 - 2015 data 
Winter vs Summer
Compared to MW model
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THE COMPLICATED TROPOPAUSE 
ABOVE THE CANARY ISLANDS

•Winter tropopause (DEC,JAN,FEB,MAR, APR) 
characterized by multiple thermal 
tropopauses, which are several kilometers 
thick and can reach extremely high altitudes 
of up to 20 km a.s.l.. 

• Influenced by the sub-tropical jet stream (STJ) 
centered at lower latitudes.

•The Summer tropopause (JUL,AUG,SEP) is 
characterized by only one thermal 
tropopause, typical for a tropical upper 
troposphere, with the STJ having moved 
northwards of the Canary Islands. 

• Intermediate months (MAY,JUN,OCT, NOV) 
show transition behavior between both 
scenarios. 

•J. J. Rodriguez-Franco & E. Cuevas,. J. Geophys. 
Res.: Atmospheres 118 (19) 10754 (2013 )
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RODRIGUEZ-FRANCO AND CUEVAS: SUBTROPICAL TROPOPAUSE
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Figure 5. Frequency histogram of thermal tropopause
height calculated for two samples representative of single
(July, August, and September; dark grey) and multiple (Jan-
uary, February, and March; light grey) tropopause events.

As a result, multiple thermal tropopauses (more than two)
are likely to be found.

[35] Table 1 shows a distribution analogous to Figure 5
but for all months separately, splitting the available profiles
into multiple and single thermal tropopause, the latter being
further split into two subgroups depending on whether the
altitude of the tropopause level was higher or lower than 14.3
km. This value coincides with the altitude where a minimum
in tropopause occurrences is observed in winter statistics,
and where more than 95% of tropopause heights are found
to be above it in summer statistics (see Figure 5). We use the
14.3 km height level as a threshold for classifying thermal
tropopauses: Tropopause levels below 14.3 km will be con-
sidered as representative of midlatitudes, while tropopause
levels higher than 14.3 km will be considered as tropical
tropopauses. A similar threshold height has been used by
several authors in discussing double tropopause climatology
[Randel et al., 2007] and trace gas distribution in the UTLS
[Pan et al., 2004].

3.2. Subtropical Tropopause Climatology
[36] Monthly mean tropopause height and potential tem-

perature are discussed next for the four tropopause defini-
tions used in this paper (TT, CPT, OT, and DT). A total
of 1016 soundings is split into two subgroups depending
on whether the temperature profiles showed single or multi-
ple thermal tropopauses. When computing multiple thermal
tropopauses statistics, we have omitted monthly means for
which the occurrence frequency of double tropopauses was
!15%. As regards to the TT3, we have omitted monthly

means whenever the occurrence frequency of such events
was !5%.
3.2.1. Subtropical Thermal and Cold
Point Tropopauses

[37] The mean seasonal cycle of TT and CPT height and
! has been analyzed for multiple (Figure 6, left column) and
single (Figure 6, right column) thermal tropopause events.
For multiple thermal tropopauses, TT1 exhibits the higher
amplitude for the seasonal cycle, ranging from a minimum
height "12 km in winter to a maximum "13 km in late
spring (Figure 6a). This winter to summer height transition
occurs in a rather slow process from March to June, fol-
lowing the northward migration of the STJ in the vicinity
of Tenerife. The TT2 height shows little seasonal variabil-
ity,"16.5 km for all the months with occurrence frequencies
>15%. Slightly higher values of TT2 height ("17 km) are
observed from April to June. These results are similar to
the tropopause features observed in previous analysis of
multiple tropopause systems [Bischoff et al., 2007; Randel
et al., 2007]. The double tropopause thickness, defined here
as the altitude difference between the TT1 and the TT2, is
maximum in winter ("5 km) and minimum in late spring
("3 km), in agreement with a recent study by Peevey et al.
[2012]. The annual cycle of tropopause ! is similar to that
of height (Figure 6c). The values of !TT1 and !TT2 vary in
the vicinity of 335 K and 400 K isentropic surfaces, respec-
tively, with maximum (minimum) values during late spring
(winter), "345 K ("335 K) for TT1 and "415 K ("400 K)
for TT2. With respect to TT3, we found a frequency occur-
rence from 5% to"15% only during the period from January
to April, with mean height around 18 km and very low
variability. The CPT is on average up to "1 km higher than
TT2, in agreement with previous studies [Seidel et al., 2001;
Kishore et al., 2006; Sivakumar et al., 2011]. Both CPT and
TT3 are found at levels well close to each other. Maximum
! values are observed at the TT3 level during winter to early
spring ("425 K), quite similar to the values observed of !CPT
during the same period.

[38] With respect to single thermal tropopause events
(Figure 6, right column), we have discarded from the cal-
culus those profiles for which SingT height was found to
be !14.3 km. The number of these profiles is not statisti-
cally significant, except for November and December (see
Table 1). Note that a single thermal tropopause higher than
14.3 km is observed between June and September in over
80% of cases, just in the period when the STJ is located
above or north of Tenerife. This result confirms that the 14.3
km threshold is suitable to discriminate sample air masses
with tropical characteristics from those with extratropical
characteristics. Thereby, by selecting SingT heights > 14.3
km, we will refer to the tropical upper troposphere.

Table 1. Monthly Samples and Thermal Tropopause Distribution, Grouped as Double and Single Eventa

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

All 82 86 85 80 76 92 144 76 68 73 78 76
Double 64 68 70 53 32 19 1 1 3 14 28 42
Single 18 18 15 27 44 73 143 75 65 59 50 35
Single>14.3 km 9 13 14 15 27 62 143 74 55 47 30 16
Single!14.3 km 9 5 1 12 17 11 0 1 10 12 20 19

aSingle thermal tropopause is further split in two groups, depending on the height range (higher or lower than 14.3 km).
Most frequent systems (double or single) are highlighted in bold-face for each month.
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Figure 9. Time-height cross section of ozone partial pressure (mPa) and wind speed contours (m s–1)
from 8 to 21 km height for (top) multiple and (bottom) single thermal tropopause events. The vertical
coordinate is tropopause based. The different tropopause types are shown labeled with their corresponding
acronym.

and double tropopause events. Furthermore, from this, we
conclude that baroclinic instabilities in the upper subtropi-
cal troposphere may play a key role in the ozone vertical
distribution during this season in the subtropics.

[53] The situation is rather different in wintertime
(January to March), when closer agreement between both
the OT and the DT (within the statistical error) and lower
altitude differences with the SingT (!2 km) are observed.
The similar variability observed for OT and DT in winter-
time suggests that both tropopauses should be affected by
the same atmospheric processes. The analysis of 500 hPa
geopotential for each day in which is recorded a single high
tropopause (>14.3 km, 36 cases) reveals that in most cases a
high ridge or an Omega-shaped blocking system on the east-
ern North Atlantic is observed. Blocking systems, associated
to a higher frequency of Rossby wave breaking processes
in winter [Wernli and Sprenger, 2007], modify the averaged
position of the STJ in this season (20ıN). As a result, a
stronger jet emerges northward of Tenerife, and, therefore, a
tropical upper troposphere is observed above and southward
of Tenerife. In a recent paper, Manney et al. [2011] have
reported frequent excursions of a sector (or sectors) of the
STJ to high latitudes in winter driven by upper tropospheric
ridges and blocking system events.

[54] The significantly lower DT and OT heights (13–14
km) during January to March compared to that of the SingT
(!16 km) suggest a possible fingerprint of the DT1 and
OT before the blocking system disrupts the normal upper
tropospheric flow (see Figure 9). This might bias the cor-
responding OT and DT monthly averaged heights toward
lower levels. Nevertheless, note in Figures 7 and 9 that upper
DT and OT tropopauses, associated to a higher level of
strong vertical ozone and LPV gradients, are detected quite
close to the DT2 level observed in the double tropopause
scheme.

[55] The UTLS, and more specifically the intertropopause
region (between TT1 and TT2), shows sharp ozone vertical
gradients, particularly during late winter and spring. Verti-
cal distribution of ozone in this region is associated with the

latitudinal position of the STJ in the vicinity of Tenerife.
It is known that the core of the subtropical jet is associ-
ated with strong gradients in isentropic PV [Chen, 1995;
Haynes and Shuckburgh, 2000b] and chemical tracers [Ray
et al., 2004]. Thus, dynamical mechanisms responsible for
mixing and tracer exchange between stratosphere and tropo-
sphere occur mainly on the top and just below the jet core
[Haynes and Shuckburgh, 2000b; Pan et al., 2009]. These
STE processes occurring around the STJ may explain the
high variability of ozone observed in the intertropopause
region. Low ozone layers occurring at around 14–15 km
height (winter-spring) suggest poleward meridional trans-
port of tropical ozone-poor air masses into the midlatitude
LMS, while high ozone layers observed within 2 km above
the TT1 in winter and spring are related to equatorward
meridional transport of ozone-rich air masses from the mid-
latitude LMS. Further detailed analysis is needed to properly
quantify the quasi-horizontal transport observed within the
intertropopause region.

3.3. Statistics of the Subtropical
Tropopause Inversion Layer

[56] In the following, we will describe the long-term mean
structure and variability of the tropopause inversion layer
(TIL). For the quantification of the TIL depth, we use the
Brunt-Väisälä frequency squared, in a similar way as in pre-
vious studies on tropopause static stability [Bell and Geller,
2008; Son et al., 2011]: we define the TIL depth as the ver-
tical distance separating the maximum N 2 at the tropopause
level from the altitude where N 2 is a minimum in the lower
stratosphere.

[57] Figure 10 shows the seasonal cycle of the TIL depth.
We have split the total number of vertical profiles available
into two subgroups according to the following criteria: (1)
first (or single) thermal tropopause (red boxplots) and (2)
thermal tropopauses higher than 14.3 km, regardless of the
thermal tropopause scenario, double or single (green box-
plots). We used this criterion (i.e., first thermal tropopause
detected) instead of selecting vertical profiles showing a low
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ECMWF NORTH VS SOUTH

- 3% difference on the average values
- Smoother transitions in south
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CONCLUSIONS
• We compared GDAS and ECMWF data for the North site

• Differences between GDAS and ECMWF are of a ~%
• Differences w.r.t. the current MW model up to ~10%
• Evident differences in inter-year periods. Single model may not describe well the atmosphere

• We studied ECMWF data for the South site:
• Compared to MW model
• Same order of difference between models, a bit higher for South
• Comparison to North site density at 15 km

• 3% difference between sites. South has higher density on average
• Smoother transitions between seasons in South

Future prospects:
• Study WRF model with GDAS data and compare with other servers
• Ground validation with weather station and LIDAR data
• Propose new average models. Probably 3

• winter, summer, intermediate
• Implement to CTApipe
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