This document is the Preprint version of a Published Work that appeared in final form in
Computers & Geosciences 122 : 113-119 (2019), copyright © 2018 Elsevier. To access the final
edited and published work see https://doi.org/10.1016/j.cageo.2018.10.007

Analysis of atmospheric thermodynamics using the R
package aiRthermo

Jon Séenz®P*, Santos J. Gonzalez-Roji®, Sheila Carreno-Madinabeitia®?,
Gabriel Ibarra-Berastegid

%Dept. Applied Physics II, Universidad del Pais Vasco-FEuskal Herriko Unibertsitatea
(UPV/EHU), Barrio Sarriena s/n, 48940-Leioa, Spain
®BEGIK Joint Unit IEO-UPV/EHU, Plentziako Itsas Estazioa (PIE, UPV/EHU), Arcatza
Pasealekua, 48620 Plentzia, Spain
¢ Meteorology Area, Energy and Environment Division, TECNALIA R&I, Basque Country,
Spain.
dDept. Nuc. Eng. and Fluid Mech., Universidad del Pais Vasco-Euskal Herriko
Unibertsitatea (UPV/EHU), Alameda Urquijo s/n, 48013-Bilbao, Spain.

Abstract

The publicly available R package aiRthermo is presented in this study, which
allows the user to process information relative to atmospheric thermodynamics,
ranging from calculating the density of dry or moist air and converting data
between moisture indices to processing a full sounding, obtaining factors such
as the convective available potential energy, additional instability indices, or
adiabatic evolutions of particles. The package also provides the possibility to
present information using customisable Stiive diagrams. Many of the functions
are written inside a C extension to ensure that the computations are fast. The
results of applying this package to five years of real soundings measured over the
Iberian Peninsula are also presented as an example. The package considerably
extends the capabilities of R to process atmospheric soundings or model results.
This will be useful for many practical environmental forecasting applications at
different scales, such as statistical downscaling for climate analysis, quantita-
tive precipitation forecasting (particularly precipitation extremes), diagnosing
storms, flash floods, and lightning, and in aviation and other fields where com-

puting atmospheric convection and its related parameters is important.
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Highlights

1.

A new R-package providing new functions in atmospheric thermodynamics
is presented.

The package provides analyses and Stve diagrams not previously available
in R.

A case-study (2010-2014) of soundings over the Iberian Peninsula is pre-
sented.

The package can play a key role in advanced forecast and diagnostic sys-
tems.

The most critical functions are written in C to speed up computation.



1

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

1. Introduction

R (https://www.cran.r-project.org/) is a freely available software for
statistical computing that has expanded exponentially in recent years. Some
packages at the intersection between air pollution, climate, and atmospheric
studies make R a powerful tool for processing data and visualising atmospheric
processes, such as air pollution [I] and hydrology [2], and mapping [3] processing
satellite [4] and atmospheric data [5]. Additional useful packages in this field,
such as RAtmosphere, ClimDown, opentraj, and others, can be downloaded from
the CRAN repository.

However, the analysis of atmospheric soundings and water vapour from the
perspective of atmospheric thermodynamics is an area where the community
of atmospheric scientists have new needs using R, as identified by the authors.
aiRthermo extends the functionality offered by the RadioSonde and meteogRam
packages by adding Stiive diagrams and the vertical evolution of air parcels.

Under the typical pressure and temperature conditions found in the atmo-
sphere, the state of dry air is commonly described by two thermodynamic vari-
ables (pressure P and temperature 7). The concentration of water can be
expressed using different moisture indices, such as the specific humidity, mix-
ing ratio, virtual temperature, and relative humidity. Phase changes of water
cause large latent heat fluxes that must be considered as air parcels ascend or
descend [6] 7, 8] when studying atmospheric stability and convection.

Some instability indices are often used when diagnosing meteorological sit-
uations. For example, the relationship between sea breeze and precipitation
over Hainan Island [9], the role of moist convection in the development of flash
floods [10], or the retrieval of precipitation in the Tropical Rainfall Measuring
Mission (TRMM) mission [I1], to name a few. Thermodynamic variables and
indices are also used for the statistical downscaling of extreme precipitation
events and moisture transport [12].

The main objective of this paper is to present an R package that has been
designed to allow scientists to conduct computations involving atmospheric ther-
modynamics using the R language. This considerably extends the capabilities
of R for meteorological data analysis, and has, for instance, allowed us to ex-

tend the lectures offered at the M.Sc. level [13], enabling students to perform
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numerical exercises involving with these parameters.

2. Data

2.1. Sample data provided with the package

The data used in Section of this paper (provided in the package for testing
by users) were collected from a server located at the University of Wyoming
(publicly available at http://weather.uwyo.edu/upperair/sounding.html)).
The first sounding used in this paper (sounding A) was measured at Santander,
Spain (station ID 08023, date 2010-06-16, 12:00 UTC), and corresponds to a
day that faced some frontal rain. The second case (sounding D) was measured
at Barcelona, Spain (station ID 08190, 2013-08-07, 12:00 UTC) and reflects a
situation with substantial convective instability. The final example (Davenport,
USA, station ID 74455, 1997-06-21 at 00 UTC) is also used to illustrate a case

with strong convection [I4].

2.2. Data for the case study

The topography of the Iberian Peninsula and the positions of the eight sound-
ing sites are shown in Figure [I] The sounding files downloaded from Wyoming
University’s server covered the period of 2010-2014. The number of cases de-
pends on the site, and ranges from 1705 over Lisbon to 3575 over Murcia. The
instability index values computed at Wyoming University and those computed
using the functions in aiRthermo were compared. In aiRthermo, the initial con-
ditions for CAPE were obtained by vertically averaging the lowest 500 m of
the sounding and by performing isobaric precooling for the resulting low-level

average particle values.

3. Methodology

Most of the theory and methods used to develop aiRthermo can be found
in standard references [6], [7, &, [T4] [T5]. However, some of our assumptions are
documented below.

The state of an air parcel is defined in aiRthermo using its pressure P (Pa),

temperature T (K), and mixing ratio w (kg kg-1). To compute the saturation
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Figure 1: Map of the Iberian Peninsula showing the stations where soundings are routinely

measured.

pressure of water over a flat surface, we follow the expressions on pages 197-200
from [6] for ice and water below 30°C, and Buck’s equation [16] above 30°C.
The dew-point temperature is given by the approximate expression of 5.68 in [6]
from the given P and mixing ratio w.

The specific heat of moist air at a constant pressure and volume are com-
puted as cpm = ¢pq (1 +0.87¢) and cyppm = cpq (1 +0.97¢), following [14], with
cpa = 1005 J kg-! K-1 and ¢,q = 718 J kg-1 K-1 [6], [7]. By default, the functions
that provide these specific heats will return the values corresponding to moist
air, and values corresponding to dry air can be requested by explicitly building
a dry air parcel.

A good analytical expression for the latent heat of evaporation of water
does not exist, therefore, an approximate expression is used. For liquid water
(T € [233.15,313.15] K interval), we use cubic polynomial expansion based on
tabulated values [I5] with an absolute residual smaller than 1 J kg-1, and all
terms are statistically significant at the 99% confidence level. By doing this, we
assume that super-cooled water can exist up to the Schaefer point (about -40°C).
The result for ice is based on a quadratic fit to the observed values [I7] in the

interval of T' € [210,273.15] K (residuals smaller than 0.05 J kg-1). As the values



81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

corresponding to water and ice differ in the common interval used in the previous
two expressions, a linear combination of ice’s (L;) and water’s (L,,) latent heat
is computed L = w;L; + (1 — w;) Ly, with a weight of w; = 1 — T=23313 i the
interval of T' € [253.15,273.15] K. Below 253.15 K, the latent heat corresponding
to ice is applied, and that corresponding to water is used above 273.15 K.

All vertical evolutions are computed assuming that a hydrostatic balance is
in place. Therefore, I'f, = (%)d = % and I'} = % are used, with I'y and T’y
as the typical expression for vertical gradients in Z. For the saturated pseudoa-
diabatic profile, the expression used for the pressure coordinates is transformed
from the common expression provided in z [6l [7, [8, [4]. Using the expressions
of T (T'%) for dry (saturated) adiabatic evolutions, the vertical evolution of
an air parcel from the initial state Py, Ty, and wg is computed by numerically
solving the ordinary differential equation % =T7(P,T,w), withi=dori=s
depending whether or not the particle is saturated. This differential equation is
numerically solved using the fourth-order Runge-Kutta scheme for all vertical
evolutions, with saturation checks at each vertical step.

For some of the indices, such as the Lifted Index (LI) or Convective Available
Potential Energy (CAPE), it is customary to calculate the vertical average of
the lower levels to identify a representative parcel Py, Ty, wg of the lowest levels
of the atmosphere [I8, [19]. These vertical averages at low levels are evaluated

in all cases by first considering

_ Rq (" T,dP

AZ 5 (1)

g9 Jp,
as the vertical width of the parcel. Next, the accumulated vertical quantity
value X (P) is given by

R,
AZ g P, P

X = dP (2)
where k(P) serves as a normalising function. When calculating the average
temperature, k(P) = 1 is used. In contrast, the specific humidity k(P) = q(P)
is used to indicate moisture. The vertical integrals are computed using discrete
slabs defined by the data given by the soundings in all cases. For these discrete
slabs, the integrals are computed analytically and the results are accumulated.

To compute CAPE and convective inhibition (CIN), the vertical integrals

are computed in pressure levels by adding the energy corresponding to discrete
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slabs defined by linear or logarithmic vertical profiles, which are defined by the
soundings. The integrals for each of the slabs enclosed by linear profiles are com-
puted analytically, and the energy corresponding to each slab is accumulated,
producing the final value of CAPE or CIN. The integrals are always calculated
using the virtual temperature [20].

There are different methods of accurately determining the lifting conden-
sation level (LCL) or the equivalent potential temperature of an air parcel in
aiRthermo. In the first case, the package calculates these variables by comput-
ing their vertical evolutions and numerically solving the ordinary differential
equation representing their ascent from the initial conditions given by their
temperature, pressure, and mixing ratio. For compatibility, functions that al-
low these variables from well-known alternative equations to be computed, such
as the approximate method presented by Bolton [2I] to compute LCL, are also
provided.

The routine designed to produce Stiive diagrams for either the soundings or
the lifted particles used in the computation of CAPE/CIN extends the available
options for thermodynamic diagrams in the existing RadioSonde R package. The
routine that plots the Stiive diagram uses the equivalent potential temperature
lines, constant mixing ratio lines, or dry adiabatic lines produced by the routines
in aiRthermo to ensure the full consistency of results. The routine that plots the
Stiive diagram allows the user to plot additional lines in the sounding, enabling

the production of highly customisable plots.

4. Description of the package

The package contains over 40 functions that can be separated into six large
groups according to their functionality. A brief description of each set of func-
tions is presented here, however, the manual of the package must be checked
for a full description of the functions and the parameters required to run them.
The manual can be found on the web-page for the package aiRthermo in the

Comprehensive R Archive Network (CRAN).

e Density of dry/moist air and virtual temperature

The density of air can be directly calculated using the corresponding func-

tion densityMoistAir, or by using intermediate functions to indepen-
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dently calculate the densities of dry air and water vapour (densityDry
and densityH20v). The virtual temperature of an air parcel can also be

directly calculated by using the virtual_temperature function.

Conversion of moisture indices

Several functions that allow conversion between moisture indices through
the dew point temperature, mixing ratio, and specific or relative humidity
are included in aiRthermo. The most important functions of this category
are those converting the relative humidity to the mixing ratio (rh2w), the
relative humidity to the specific humidity (rh2shum), the mixing ratio to
the dew point temperature (w2Td), and the mixing ratio to the specific
humidity or the reverse (w2q and q2w), or e2w that to convert the partial

pressure of water vapour to the mixing ratio.

Saturation mixing ratios or pressures

This class includes all functions that use the Clausius-Clapeyron equation
to calculate the saturation mixing ratios or pressures. The most impor-
tant function is saturation_pressure_H20, which computes the satura-
tion pressure e, in Pa as a function of the temperature. As well as this,
saturation_mixing_ratio returns the saturation mixing ratio ws in kg

kg-1.
State and evolution of an air parcel

The package calculates the internal state of a parcel using a given pressure,
temperature, and mixing ratio with the function parcelState. However,
to calculate the vertical evolution of an air parcel, aiRthermo determines
the correct function depending on the state of the particle and the envi-
ronment. General ascent from a given initial pressure to the final pressure
is computed by the adiabatic_ascent function, which selects the type of
evolution depending on the saturation of the parcel. Downwards evolution
can also be computed using AnyAdiabaticDown, but it requires the initial
amount of water available in the cloud for evaporation (in kg/kg). Con-
versions between the potential temperature, Temperature, and pressure
can be calculated using PT2Theta, PTheta2T, and TTheta2P, which are

useful if dry adiabatic processes are occurring.

10
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Figure 2: Example of a Stiive diagram plotted with aiRthermo. The temperature (red) and
dew point temperature (magenta) of the sounding area are plotted together with the evolution

of the lifted air parcel (shaded black line).
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Several functions compute common instability indices such as K, the Total-
Totals, the Showalter, and the LI indices (functions Kindex, TTindex,
Sindex, and LIindex). CAPE_CIN calculates the values of CAPE and
CIN, the LCL, the Level of Free Convection (LFC), the End Level (EL),
and the trajectory, followed by the lifted parcel. The PlowTop argument
provides the width of a slab across which a vertical average will be taken
through the bottom of the sounding to obtain the initial conditions of
the ascending parcel. precoolType determines the type of precooling that
must be applied to the initial parcel. upToTop controls whether the lifted

particle continues upwards after it first crosses the ambient sounding.

Stiive diagrams

The stuve_diagram function is included to allow the creation of high-

11
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Figure 3: Detail of the example Stiive diagram in Figure|2| magnifying its lower levels to show
the different evolutions of the lifted parcel depending on the value of the upToTop parameter

(TRUE (black line) and FALSE (blue line)).
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quality Stiive diagrams. As well as generating the Stiive diagram, they
can also represent the trajectory followed by any ascending air parcel

(when CAPE_CIN is called using getLiftedBack=TRUE).

Figure [2] shows the Stiive diagram corresponding to the Davenport sample
sounding. Major differences in the estimated CAPE for the sounding can appear
if the upToTop attribute is set to TRUE or FALSE (discontinuous black and
blue lines in Figure [3| respectively) as the lifting particle slightly crosses the
sounding at low levels. These results can be controlled using the appropriate
parameters. Sensible default parameters are used by the function if they are
not explicitly provided by the user.

Listing 1 shows the manner in which CAPE_CIN can be used to produce a
figure similar to Figure[2] Each time CAPE_CIN is called, getLiftedBack can be
set to TRUE so that the trajectory of the lifted parcel is returned to the calling
environment. The discontinuous black line in Figure [2| shows the trajectory of
the ascending parcel when it is requested to ascend to the top of the sounding
(upToTop=TRUE). If FALSE is assigned to the upToTop parameter, the parcel
(blue line in Figure [3) stops after the first time that the ascending parcel is
not buoyant, thus leading to a severe underestimation of the value of CAPE.
The buoyancy is evaluated using virtual temperatures for the parcel and the

environment in all cases.

Listing 1: Evaluation of CAPE (CIN) and a representation of a sounding

data(RadiosondeDavenport )

dPs<—RadiosondeDavenport [ ,1] %100

dTs<—C2K(RadiosondeDavenport [ ,3])

dws<—RadiosondeDavenport[,6] /1000

# Dew point T in Celsius for plotting

dTd<—RadiosondeDavenport [ ,4]

# Initial conditions are known.

# upToTop<—FALSE 7stop after the parcel is not buoyant”

capeOut<—CAPE_CIN (Ps=dPs, Ts=dTs,ws=dws, deltaP =1,
P0=97500,T0=300.6 ,w0=0.01936 ,upToTop=FALSE,
getLiftedBack=FALSE, precoolType="none” )

13
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# some of the information from the output object
” capeOut$cape,
»J/kg” ,”CIN:” ,capeOut$cin ,”J /kg” ,”LFC” ,
capeOut $apLFCS$P,”Pa” |, capeOut $apLFC$Temp, "K” ))
# Whole sounding (upToTop<—TRUE), parcel is returned
capeOut<—CAPE_CIN (Ps=dPs, Ts=dTs, ws=dws, deltaP =1,
P0=97500,T0=300.6 ,w0=0.01936 ,
upToTop=TRUE, getLifted Back=TRUE)
# Plot sounding

plot<—stuve _diagram ( Pres=dPs/100,Temp=K2C(dTs))

print (paste (” Davenport CAPE:

# Dew point temperature

lines (dTd,dPs/100, col="magenta” ,lwd=2)

# Lifted parcel (upToTop=TRUE)

lines (K2C(capeOut$Tl) ,(capeOut$P1/100),
col="black” ,lwd=2, 1ty =2)

A profiler has been used to evaluate the CPU time that aiRthermo requires
to calculate saturated adiabatic evolution from an initial pressure of 950 hPa
to 200 hPa (pressure step of 1 Pa). A routine that performs the same compu-
tation using an R iteration was also written. The evolution takes 50 ms using
aiRthermo, however, that using R alone takes approximately 1500 ms. There-
fore, the speed is approximately thirty times faster due to the use of the C core

for computing vertical evolutions.

5. Case study: Instability indices over the Iberian Peninsula (2010-
2014)

The performance of the package has been checked using a large number of
real soundings measured over the Iberian Peninsula (Figure , an area well
known for the development of convective systems [22].

In this case study, 24072 soundings from the eight stations were processed to
estimate the performance of the package using realistic data. CAPE and CIN
were computed using a very low vertical step (0.5 Pa), and all the soundings

extended to the top of the sounding. CAPE and CIN were computed twice for

14
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two different initial parcels (one from the lowest point of the sounding, and the
second from a low-level average). The K, Total-Totals, Lifted, and Showalter
indices were also computed. This process took six hours on a common desktop
computer (2015) running Linux.

The results of CAPE computed by aiRthermo and the value stored at the
University of Wyoming server were compared. Figure [4] shows the resulting
scatterplots for A Coruna (Atlantic site) and Barcelona (Mediterranean). The
Pearson’s correlation coefficient R value is very good in both cases, at 0.94 in A
Coruna (3521 soundings) and 0.98 in Barcelona (3575 soundings). The values
of R were within a range of [0.94,0.99] at all stations.

As shown in Figure 4] there are some clear outliers in the scatterplots. An
analysis comparing some of these points (tagged with numbers) that yield dif-
ferent CAPE values to those provided by Wyoming has been conducted. In the
first case (Barcelona, May 8th, 2011), aiRthermo computes a CAPE of 2625
J/kg, while Wyoming computes a CAPE of 1155 J/kg. This difference is due to
the sensitivity to the initial conditions that characterise the CAPE value. We
cannot be certain of the manner in which the vertical evolutions are initialised
in the Wyoming server, but we have verified that errors smaller than 2% in
the estimation of the initial state of the parcel (its pressure or temperature)
lead to differences of 100% between the resulting CAPE values of this sounding,
characterised by almost complete saturation until 500 hPa. The second case
(Barcelona, August 26th, 2012) corresponds to a sounding with no moisture in
the mixing ratio column of the Wyoming archive beyond 700 hPa. As the data
are missing, aiRthermo is forced to stop at that level because there is no mois-
ture information in the mixing ratio column. If the mixing ratio is assumed to
be zero beyond that point and the whole sounding is processed, the differences
are small (1767 J/kg in aiRthermo vs 1651 J/kg in Wyoming). Finally, the third
analysed example corresponds to A Coruna, 27th June 2012. In this case, the
mixing ratio column in the table distributed by Wyoming contains zeros. How-
ever, the moisture is not completely missing. A value of CAPE similar to that
on Wyoming’s web page (1247 J/kg) is computed by aiRthermo (1211 J/kg) if
the moisture is computed from the dew point temperature in Wyoming’s server.

Although the exact initial conditions used for computing CAPE in Wyoming

15
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Figure 4: Scatterplot of the CAPE values computed by aiRthermo and the corresponding
values computed by the University of Wyoming for Barcelona (top) and A Coruifia (bottom).

are unknown to us, which means that the sensitivity of the results caused by
this cannot be fully evaluated, the least squares regression lines exhibit high

agreement, with slopes very close to one (0.92 and 1.11, as shown in Figure [4)).

6. Discussion and Conclusions

This paper presents a new package for R, aiRthermo, which is available in the
open-source repository for R packages CRAN. It provides R with new functions
in the field of atmospheric thermodynamics. These capabilities considerably
extend the analyses that can be conducted from inside the R interpreter.

In the field of storm forecasting, the parameters that can be computed using
aiRthermo have been used to forecast storms in Belgrado [23]. Therefore, the
ability to run different statistical models and verification procedures from inside
R alongside computing the indices themselves could boost this type of study.
Similar analysis [24] has been conducted in the Arctic region (Bjgrngya, Jan
Mayen and Svalbard Islands), and the results of the distribution of instability

indices were very different to those of other European regions [25]. The instabil-
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ity indices available in aiRthermo have been combined with satellite data from
regional instability indices in Africa [26] and India [27]. These results show
that analysing the climatological distribution of atmospheric instability [25], its
interannual variability, and its expected future distribution [22] under globally
changing conditions can benefit from using aiRthermo. As some instability in-
dices must be computed from vertical adiabatic evolutions of air parcels close
to the surface (the case of CAPE or LI), analysing these distributions is eas-
ier if every sounding can be processed in a much shorter time (as performed
by aiRthermo). This will increase the use of instability indices in downscaling
methods that are designed to operate on daily precipitation [28], even for long
periods of time.

As well as precipitation forecasts, other damaging effects can be derived from
atmospheric convective instability. Atmospheric instability indices are used to
analyse lightning in Western Patagonia [29] and the Iberian Peninsula [30]. They
also serve as prognostic variables when statistically downscaling wind variabil-
ity [3I]. The aircraft safety field is another area where the thermodynamic
properties of air, particularly when it is close to saturation, are important, both
at the surface, during the prevention of fog (when studying ice fog, for exam-
ple [32]), or aloft to prevent the aircraft from icing [33)].

The authors have also recently used the package for educational purposes in
the case of M.Sc. studies in the University of Basque Country [34]. Students
use the routines in the package to numerically simulate the vertical evolution of
parcels and verifying their results with those they obtain from thermodynamic
diagrams. They also assess the role of large-scale moisture convergence against
convection in intense precipitation events by computing instability indices for
air parcels, and solve simple exercises related to the Fohn effect [13].

There is a perpetual need for verifying complex forecasting systems based
on advanced numerical models. The diagnostics available in aiRthermo are of-
ten used in these verification processes [35]. The direct availability of these
diagnostics from the package used for the verification (frequently R itself) will
quicken the development of these models. This also includes new satellite sys-
tems, such as GOES-R [36 37], which can produce integrated instability indices,

such as LI, almost in real-time. The ability to easily compute the values of LI,
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CAPE, or other indices from soundings, satellite sounders [38], [39], and numer-
ical model results will increase the ease of the interoperability of modelled and
observational data (soundings, satellite-derived products, and remotely sensed

information) in newly developed operational environmental forecasting systems.
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Availability: The software and datasets are freely available (GPL-3 license)
in the Comprehensive R Archive Network (CRAN):

https://cran.r-project.org/package=aiRthermo

The package can be installed from any of the mirrors, which is usual for R
packages, by typing install.packages("aiRthermo") into the R interpreter.
The size of the package ranges from 400 to 500 Kb, depending on whether the
source or Windows-compiled version is downloaded. The CRAN servers allow
anonymous access to the package. The software is written in R and C. The

manual is also provided at the CRAN server [40].
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