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1 | INTRODUCTION can be defined as a topographically confined, stagnant layer

of air colder than the air above (Whiteman, 2000;
Cold air pools (henceforth CAP) make up one of the most Barry, 2008). Several mechanisms at different scales inter-
singular disturbances exerted by the terrain upon the verti- act in its genesis, evolution, and break up. Its simplest ver-
cal and horizontal temperature fields. Essentially, a CAP sion results from a bottom-up cooling: during clear and
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calm nights the loss of long-wave radiation and the lack of
turbulence cools the air in contact with the earth's surface
at the bottom of small depressions (sinkholes, poljes, etc.),
sheltered by the surrounding topography (Price et al., 2011;
Sheridan et al., 2014). In larger landforms (valleys, basins,
or plateaus) those cooled air masses will drain from the
higher ground through thermally driven circulations which
eventually will also become trapped (Schmidli et al., 2009;
Zardi and Whiteman, 2013; Burns and Chemel, 2014). The
overlapping of a surface cold air mass by a warmer air mass
reverts the typical vertical temperature gradient within the
planetary boundary layer, creating a temperature inversion.
Although most of these nocturnal accumulations disappear
the following morning, this cycle of nocturnal genesis and
diurnal break-up can repeat over several days, persisting
occasionally even during daytime hours.

CAPs also disrupt other atmospheric variables. A
boundary layer less ventilated accumulates pollutants
close to their sources; when those conditions persist for
days, pollutants very often exceed threshold values
imposed by national/international directives (Silcox
et al., 2012; Whiteman et al., 2014; Green et al., 2015;
Largeron and Staquet, 2016b; Ivey et al., 2019). The
worsening of the air quality triggers serious health
problems (Palmieri et al., 2008; Beard et al., 2012) and
forces action protocols regulating the public access to
the specific neighbourhoods (Holman et al., 2015; Borge
et al., 2018; Romero et al., 2019; Salas et al., 2021).
Additionally, increases of relative humidity as tempera-
ture falls below the dew point form layers of low strata
or fog, reducing the visibility and disrupting transporta-
tion (Hodges and Pu, 2016; Chachere and Pu, 2019). In
valleys where CAPs occur frequently, they even control
the spatial distribution and growth rates of vegetation
(Blennow and Lindkvist, 2000; Dobrowski, 2011) and
can constitute a risk factor in agricultural areas (Espin
Sanchez, 2015).

Such singularities and dire impacts have supported a
great bulk of research about CAPs in different regions of
the globe following multiple approaches (e.g., Pyrenees:
Miré et al., 2018; Pagés et al., 2017, Alps: Zingl, 2005a,
Zangl, 2005b; Chemel et al., 2016; Hiebl and Schoner, 2018,
Carpathians: Barcacianu and Apostol, 2014, western
United States: Daly et al., 2009; Whiteman et al., 2001; Lu
and Zhong, 2014, or Chile: Gramsch et al., 2014). Pseudo
vertical temperature gradients have been evaluated from
ground-based meteorological networks, either from perma-
nent observatories (Pepin, 2001; Rolland, 2003; Kirchner
et al., 2013; Largeron and Staquet, 2016a; Navarro-Serrano
et al., 2018; Joly and Richard, 2019; Kikaj et al., 2019) or
temporary networks installed ad hoc during experimental
campaigns (Whiteman et al., 2004; Steinacker et al., 2007;
Mir6 et al., 2018). Variability of the vertical structure of the
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atmosphere during CAPs has been also studied using radio-
sondes, tethered balloons, SODAR, or airplanes (Wolyn
and Mckee, 1989; Clements et al., 2003; Yao and
Zhong, 2009; Lareau et al., 2013; Lehner et al., 2015;
McCaffrey et al., 2019). The dynamics of those events have
been simulated through mesoscale models (Largeron and
Staquet, 2016b; Lehner et al., 2017; Pages et al., 2017; Flores
et al., 2020). Topics have focused on physical processes such
as inversion build-up and rupture, wind systems
(Steinacker et al., 2007; Leukauf et al., 2015), environmen-
tal impacts (Schnitzhofer et al., 2009; Curtis et al., 2014;
Chemel and Burns, 2015), as well as their connections
with synoptic or large-scale circulation patterns (Gillies
et al, 2010a; 2010b; Wang et al, 2012; 2013; Wang
et al., 2015). Much less is known about the temporal evo-
lution of the frequency and magnitude of CAPs over lon-
ger periods of time (Bailey et al, 2011; Tingting
et al., 2021), due usually to the lack of proper long-term
homogeneous meteorological time series. Only recently,
such drawback is being overcome using long-term, high-
resolution reanalysis datasets (Yu et al., 2017; Palarz
et al., 2019; Palarz et al., 2020).

Because of its significant impacts and challenges to
numerical modelling and forecasting, analysis on CAP
climatological characteristics and dynamics are highly
relevant for human activities and the environment,
which, in turn, it should direct us to assess the possible
impacts of these episodes and the development of long-
term planning and mitigation strategies for the future.
Urban areas offer a suitable environment to look at
CAP events and their consequences in terms of human
comfort and air quality issues. Therefore, our objective
has been to provide a basic characterization of CAPs
and an assessment of their temporal trends at a sector
of the southern Spanish Plateau, around the city of
Madrid, an area which is populated by more than 6 mil-
lion people, affected recurrently by episodes of adverse
air quality. To do this, we have organized our work on
four steps:

1. To assess the suitability of two meteorological obser-
vatories as representatives of the frequency and
strength of CAPs in the study region.

2. To characterize the seasonal and interannual variabil-
ity of CAPs and to quantify changes in frequency and
intensity over the last 60 years.

3. To identify the synoptic background that induce the
formation of CAP and to examine their connections
with the interannual and decadal variability of large-
scale circulation indices.

4. To document the relationship between those features
and the recent regional climate evolution in the con-
text of ongoing global warming.
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FIGURE 1 Study region, topographic map with the locations (green triangle, mountain station; circle, plain station) and aerial view of
the surroundings of the basic meteorological stations. Source: Google Earth [Colour figure can be viewed at wileyonlinelibrary.com]

2 | STUDY AREA, DATA SOURCES,
AND METHODOLOGY

2.1 | Study area

The study area is located at the centre of the Iberian Pen-
insula (Figure 1). Three different physiographic units are
distinguished from north to south: the mountains
(La Sierra), the piedmont (La Rampa), and the plains
(La Campifia). The mountains run from SW to NE,
reaching a maximum height of 2,440 m asl. The pied-
mont is a gradually sloping ramp, whose altitude progres-
sively descends from 1,000 m to 800 m. The plains are
made up of elongated and narrow hills, separating wide
river meadows, mostly oriented from NW-N to SE-S. Its
altitude descends from 800 to 500 m, ending at the course
of the Tagus River. A mesa-like landscape (La Alcarria)
appears at the SE corner, whose flat tops reach up to
1,000 m.

According to the Koppen-Geiger classification
(Kottek et al., 2006), the regional climate is Mediterra-
nean, bordering the semi-arid class (Csa - BSk) in the
plain, much wetter and cooler at the mountains.

2.2 | Meteorological data

The basic data of our analysis are the daily maximum
and minimum temperature time series from Navacerrada
(at 1,894 m asl) and Alfonso-Suarez Barajas-Airport
(henceforth Barajas, 609 m asl), complemented by time

series of daily averages of wind speed, relative air humid-
ity and total sunshine hours. Those series, spanning from
1961 to 2020 and provided by the Spanish Meteorological
Agency (AeMet), are almost complete. Navacerrada
record is homogeneous, but temperature from Barajas
show an inhomogeneity prior to 1962. Correction factors
were calculated from the comparison of a monthly longer
time series (1945-2020) with nearby stations, following
the method proposed by Alexandersson (1986). Addition-
ally, a shorter (2012-2016) database consisting of hourly
temperature, relative humidity, and wind speed records
from Navacerrada and Barajas, and daily minimum tem-
peratures corresponding to other 24 meteorological sta-
tions scattered through the study area were also provided
by AeMet.

NCEP/NCAR Reanalysis data for the period 1961-
2020 was used to identify the most favourable atmo-
spheric circulation features associated with CAP occur-
rence (Kalnay et al., 1996). Composites of several surface,
low- and mid-tropospheric meteorological variables were
extracted through the web site application (https://psl.
noaa.gov/data/composites/day/).

Seasonal indices of major teleconnection patterns
were downloaded from the Climate Prediction Center
web site (https://www.cpc.ncep.noaa.gov/data/teledoc/
telecontents.shtml). Additionally, indices quantifying the
strength and location of the Azores High were obtained
from the Centers of Action web page at Stony Brook Uni-
versity  (https://you.stonybrook.edu/coaindices/). The
original monthly values of those large-scale indices were
averaged into seasonal averages.
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2.3 | Methodology

To date most climatological studies of CAPs have relied
primarily on the comparison of temperature records from
stations located at different altitudes, complemented by
the analysis of low troposphere sounding records.
Although a significant progress in homogenization of
sounding temperature data have been achieved, their use
for long-term analysis of CAPs is still hindered by discon-
tinuities, resulting from changes of equipment, and
observing practices (Dai et al., 2011; Haimberger 2007;
Durre et al., 2018). On the other side, a correct evaluation
of vertical changes in air temperature should require a
dense network of devices to ensure the horizontal homo-
geneity of temperature fields, since pseudo-vertical tem-
perature gradients extracted from ground surface stations
can be distorted by mesoscale processes such as local
drainage flows, night jets or localized turbulence
(Whiteman et al., 2004; Williams et al., 2013).

CAPs have been identified in this study through a sta-
tistical approach, from the assessment of a reliable data-
base which allow to derive a metric that adequately
represents the nature of CAPs, a threshold to account
exceedances and indices depicting their frequency and
strength. A CAP day was defined as a day when the dif-
ference in daily minimum temperature between
Navacerrada and Barajas was greater than 0.1°C; a posi-
tive value means that Navacerrada is warmer than Bar-
ajas (thus a temperature inversion) while a negative value
implies that Navacerrada is colder than Barajas (the clima-
tological lapse rate). This arbitrary threshold was chosen
for pragmatic reason as other more complicated
approaches would be difficult to apply to this dataset and
assures to identify the strongest events. In addition, the
value of that difference in daily minimum temperature
was also used as a proxi of the strength of a CAP.

However, the comparison between just two individual
stations to identify and characterize CAPs in the Spanish
Southern Plateau might induce misleading results,
although the distance between them is only less than
50 km. Consequently, an assessment of the representa-
tiveness of Navacerrada and Barajas to mirror CAP
dynamics over our study area was needed. That task was
undertaken following early work by Lundquist and
Cayan (2007) and Lundquist et al. (2008), which identi-
fied CAPs submitting daily minimum temperatures to an
empirical orthogonal function (EOF) technique. Mini-
mum temperatures were used because the end of the
night is the moment with the strongest CAPs signal. This
methodology entails a previous filtering of the original
series to remove the variability associated with the local
conditions of each observatory (altitude, exposure, etc.)
and dynamic mechanisms with a frequency higher than
the synoptic variability (e.g., the seasonal cycle). The
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minimum temperature at a location T f,t) can be dis-
aggregated in the following components:

T(?,t) =T(¥) +T’(t)+:f(%’,t) +e, (1)

in which T(?) is the average temperature of each loca-

tion (primarily an elevation effect), T'(¢) is the time devi-
ation from the mean of each day (contribution of the

synoptic variability), T(f,t) is the local anomalies of
each observatory and finally, ¢ represents the instrumen-

tal error. Subtracting T(f) and T'(t) from the original

time series T()_c),t) removes the regional average lapse rate

and the region-wide positive or negative temperature
anomalies due to variability in weather patterns and cre-
ates a new time series which is then decomposed into their
principal spatial patterns of variability and their evolution
through time by using empirical orthogonal functions.

The underlying spatial structure is represented by the
loadings of each observatory, while its intensity and tem-
poral variability can be quantified through the scores of
the principal components. The relationship between the
temperature anomalies with loadings and scores is
derived from this equation:

z

T(x,y,t)+e= Y PC(t) EOF(x,y), (2)
k=1

where PC, is the score matrix and EOF,,, is the load-
ings matrix. Lundquist and Cayan (2007) suggested that
the first component usually represents the variability
associated with cold air pools and accumulates most of
the variability, thus Equation (2) can be simplified as

T(x,y,t)+e~PC1(t) EOF(x,y), (3)

where PCl represents the first principal component
and EOF(,,, the first component.

Links between indices of frequency and strength of
CAPs with local (wind speed, relative sunshine duration,
relative air humidity, etc.) and regional climatic parame-
ters (teleconnection patterns) were explored through cor-
relation (Spearman correlation coefficient) analysis and
graphical procedures. When suspicious of the influence of
a third variable on the correlation outcome, partial correla-
tions were used to control the effect of that variable (also
known as “control” variable). Detection and estimation of
trends in time series was accomplished through the non-
parametric Mann-Kendall and Theil-Sen's methods
(Sen, 1968; Kendall, 1975). The first test is applicable to
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the detection of a monotonic trend of a time series, while
the second fits a linear model for the trend.

For the analysis of the role of CAPs on the occurrence
of very cold nights, a conventional statistical criterion,
the 5th percentile value of the daily minimum tempera-
ture distribution, was adopted for purposes of identifying
those extreme conditions.

3 | RESULTS

3.1 | Suitability of Navacerrada and
Barajas temperature records to depict
CAPs in the southern Spanish Plateau

To provide an initial characterization of the minimum
temperature field during CAPs, we averaged the daily

values recorded at 24 meteorological stations during
days meeting the criteria to define CAPs and plotted it
versus their altitude. As expected, the temperature
increases with elevation (Figure 2a), a pattern consistent
with the occurrence of a temperature inversion, but the
lapse rate is deeper from the lowest sites up to ~800-
1,000 m asl, meanwhile is only slightly positive
upwards; this level might be the average altitude of the
top of a surface inversion. Local effects somehow disturb
this general pattern, for example, at some enclosed
mountain valleys (Rascafria, 1,159 m asl), where nega-
tive anomalies up to 6°C on average are observed. This
is the typical behaviour of narrow valleys experiencing
strong sheltering effects and low vertical air mixing
(Sheridan et al., 2014). Conversely, anomalous warmer
values are found on some sites in the Rampa (Colmenar
Viejo, 1,004 m asl).
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FIGURE 2

(a) Relationship between altitude and daily minimum temperatures during CAPs in the southern Spanish Meseta (2012-2016).

Mountain stations are represented as red circles, piedmont stations as yellow squares, plain stations as blue squares and “Alcarria” stations as

green triangles. (b) Spatial variation in EOF1 values representing CAP/no-CAP occurrence (X depicts Navacerrada and Barajas). (c) Temporal
variation of PC1 (black line) and the difference between the minimum temperatures of Barajas and Navacerrada (red line) corresponding to the
period November 1, 2015 to January 31, 2016. Orange colours correspond to CAP days [Colour figure can be viewed at wileyonlinelibrary.com]
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Time series of daily minimum temperature anomalies
from those meteorological stations across the study area
were submitted to EOF analysis, using a correlation
matrix as input. The first component PC1 represents 43%
of the variance; the Spearman's correlation coefficient
between the PC1 loadings and elevation at each station is
0.73, corresponding to an increase in temperature with
altitude. As expected, PC1 can be considered an index for
CAPs. Depending on the sign of the loadings, observato-
ries can be classified as favourable/unfavourable
(negative/positive loading) to cold air accumulations
(Figure 2b). Positive loadings occur at sites in the Sierra
or the Rampa; negative loadings appear around the bot-
tom of the valleys (Henares, Jarama). Navacerrada owes
the second most positive value (0.83), after Colmenar
Viejo (0.88), while Barajas and Arganda del Rey tie in the
lowest negative value (—0.8).

Another output of the EOF procedure is a time series
of daily values of PC1. The evolution of these daily values
over time provides a calendar of the occurrence and
strength of a CAPs on a particular day: days with positive
(negative) values correspond to CAP (non-CAP) days. As
an example, the evolution of PC1 over a complete winter
season, from November 1, 2015, to January 31, 2016,
shows several CAP events (Figure 2c). The plot also
includes the daily values of the difference in minimum
temperatures between Navacerrada and Barajas, used in
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this paper as index of CAP occurrence and strength. Both
time series display a close temporal evolution, displaying
four periods of CAP conditions with different length and
intensity. To check the reliability of the relationship of
both indices across the year, correlations between both
time series were calculated on a monthly base (do not
shown). Values are quite homogeneous across the year,
although the highest correlations occur during winter
and the lowest in summer (0.89 in December versus 0.78
in July). According to this procedure, the daily variability
of the minimum temperatures in Navacerrada and Bar-
ajas is representative of the general spatial and temporal
behaviour of CAPs in the southern Spanish Plateau.

3.2 | Seasonal and interannual
variability of CAPs and changes over the
last 60 years

Over the last 60 years, CAPs occurred in 10.78% of the total
number of days (Figure 3a). Approximately 50% of the days
record a shallow inversion (less than 2°C); a maximum of
13.2°C was measured on November 27, 1979. Although
they even appear during the warmest months, the longest
(more than four consecutive days) and more intense con-
centrate between November and January, while weaker
and shorter sequences are predominant from April to
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FIGURE 3

1234567 8 9101112
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(a) Frequency (days) of CAPs according to the length of the sequences from 1961 to 2020. (b) Monthly average minimum

temperatures at Navacerrada and Barajas during CAP (red line) and non-CAP days (blue line) from 1961 to 2020 [Colour figure can be

viewed at wileyonlinelibrary.com]
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September. When compared with no CAP conditions
(Figure 3b), Barajas is always colder under CAPs, particu-
larly from November to January (an average negative
anomaly larger than 4°C) while Navacerrada is steadily
warmer through the year (about 5.5°C). According to those
features, we will focus on the November-January (NDJ)
period for the rest of the paper.

Trends in the seasonal (NDJ) frequency and strength
of CAPs during the 1961-2020 period were checked, but
no significant trends were obtained. For sake of a better
understanding of the dynamic mechanisms involved, we
also submitted the seasonal averages of the difference in
the maximum temperature on the same days to a trend
analysis. A significant (p < .05) increase was obtained,
related to a daytime warming trend at Navacerrada.
(Figure 4 and Table 1).

The total NDIJ frequency of CAP days were also corre-
lated to its seasonal average strength (Spearman correla-
tion coefficients r = .44, p < .001). At daily time scales,

10

-10 LI B e B BLE B B B e i e e e e e e e e
1962 1970 1980 1990 2000 2010 2020

------ CAP strength —— Same day difference in maximum temperature

FIGURE 4 Long-term trends of CAP strength and same day

difference in maximum temperature during winter (NDJ, 1961-
2020) CAP days [Colour figure can be viewed at
wileyonlinelibrary.com]

the correlation between duration (consecutive days) and
strength (maximum temperature difference) of each epi-
sode confirms that the longer a CAP event persists, the
more intense it is (Figure 5a), and such strengthening is
largely the result of the warming of Navacerrada. How-
ever, this is only true for sequences shorter than 8-
10 days; the relationship between both parameters fol-
lows a logarithmic model, in which the strength acceler-
ates rapidly at first and then slows over time. Beyond that
limit, atmospheric synoptic scale variability (most of the
time the extreme tip of a cold front), although unable to
destroy the CAP, usually alters the vertical stability of the
regional atmosphere, through a cooling in Navacerrada
and a higher day-to-day variability in Barajas (Figure 5b).

3.3 | Synoptic background and
connections with large-scale circulation
indices

This section is devoted to identifying and analysing the
most favourable atmospheric circulation patterns for
CAP days in the southern Spanish Plateau at two tempo-
ral and spatial time scales. First, composites of different
upper air meteorological fields were assembled, con-
sisting of arithmetic means obtained from a subsample of
the original 0600 UTC values (the most probable hour of
CAP occurrence) from the NCEP/NCAR Reanalysis data
set. That subsample was based on the calendar of winter
(NDJ 1961-2020) CAP days. A simultaneous representa-
tion of different atmospheric fields was provided, trying
to make easier the interpretation the dynamic fields and
the anomalous behaviour of the atmospheric circulation.
The composite of SLP (Figure 6a) shows strong anti-
cyclone over the Iberian Peninsula, in fact an expansion
of the Azores High towards the NE of its winter mid-
position. Correspondingly, the SLP anomaly field

TABLE 1 Z statistic and significance (from a Mann-Kendall analysis), and slope (Q) and intercept () values (from a Theil-Sen analysis)

applied to CAP frequency, CAP strength, same day difference in maximum temperature between Navacerrada and Barajas, and daily

maximum and minimum temperature in Navacerrada and Barajas during winter (NDJ, 1961-2020) CAP days

Z values
CAP frequency (days) 0.52
CAP strength (°C) -1.34
Same day difference in maximum 1.96
temperature (°C)
Tx_Navacerrada (°C) 2.94
Tn_Navacerrada (°C) 0.73
Tx_Barajas (°C) 1.46
Tn_Barajas (°C) 1.46

Significance Q (slope) p (intercept)
0.038 18.88
—0.01 3.63
+ 0.027 —5.61
ok 0.44 68.27
0.10 10.50
0.18 126.94
0.15 —22.90

Note: ** Trend at o = 0.01 level of significance. + Trend at a = 0.1 level of significance.
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displays a strong positive anomaly centred around the
Bay of Biscay, encompassing most of the Iberian Penin-
sula and Western Europe. Mid-tropospheric atmo-
spheric circulation, represented by the 500 hPa height
field (Figure 6b) is controlled by a strong ridge, whose
main axis appears slightly displaced to Portugal. The
corresponding anomaly field is characterized by a
rather concentric positive anomaly centre located North
of Iberia. Both synoptic features contribute to the
anomalous warm and dry advection which seems to
come from Northern Africa, as shown by the T850 and
RH850 composite fields (Figure 6c,d, respectively). The
composite for the 850 hPa wind field (Figure 6e) is gen-
erally in quite good geostrophic agreement with the
SLP and Z500 composite fields, with regions of low or
very low wind coinciding with the anticyclone/ridge
and regions with closer isobars being characterized by
moderate winds.

At a larger temporal and spatial scales, Table 2 shows
the correlation between the seasonal frequency and aver-
age strength of CAPs with the corresponding values of
the most relevant teleconnection patterns affecting
Europa’s climate. According to the results, only the fre-
quency of CAP events was significantly correlated to the
NAO and SCAND indices: high values of the NAO index
correlate with high frequencies of CAPs (Figure 7), while
a negative correlation was obtained for the SCAND
index. However, when SCAND was submitted to a partial

correlation analysis while holding NAO index as a fixed
variable, correlation values become no significant. No sig-
nificant correlation was found with other well-known
mid-latitude teleconnection patterns.

To additionally assess if the relationship was sensitive
not only to the phase of the NAO, but also to the strength
and location of its southern node, the Azores High, a par-
tial correlation coefficient between the CAP events and
indices of strength and location with the effect of the
NAO removed was calculated. No significant values were
obtained either (not shown).

3.4 | Impacts on local winter climate
variability

Table 3 displays the value and significance of the Spear-
man rank correlation between the seasonal NDJ values
of the frequency and strength of CAP days and the
corresponding averages (for maximum and minimum
temperatures, wind speed, relative sunshine duration,
and relative humidity) or accumulated values (for precip-
itation) of several climate variables recorded at
Navacerrada and Barajas.

In general, the interannual variability in recent
decades of parameters such as precipitation and relative
sunshine duration, has been closely conditioned by the
frequency of the atmospheric situations that generate
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FIGURE 6

Composites and anomaly fields of (a) sea level pressure, (b) 500-hPa geopotential height (gpm), (c) air temperature at

850 hPa, (d) relative humidity at 850 hPa, and (e) wind vectors at 850 hPa corresponding to winter (NDJ, 1961-2020) CAP days. Image
provided by the NOAA/ESRL Physical Sciences Laboratory from their web site at http://psl.noaa.gov [Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 2

Spearman correlation coefficients between winter (NDJ, 1961-2020; 1961-2018 for Azores High parameters) CAP frequency,

CAP strength and the same day difference in maximum temperature, and corresponding values of selected Northern Hemisphere

teleconnection patterns

NAO EA EA/WR SCAND
CAP Frequency (days) 0.65 -0.19 0.23 —0.41
CAP strength (°C) 0.13 —-0.20 0.06 —0.12
Same day difference in maximum temperature (°C) 0.02 0.12 0.07 0.06

Note: Seasonal values were averaged from monthly values. Significant correlations (p < .05) are highlighted in bold.

CAPs. Since most of the winter precipitation in our study
area is usually provided by cyclonic disturbances, we may
infer that the persistent anticyclones deviate the path of
those storms northward, drastically reducing the fre-
quency and amount of precipitation. Besides, regional-
scale subsidence associated with those high-pressure cells
generate clear skies and elevated values of sunshine dura-
tion and hence, solar radiation. The generalized concep-
tualization of CAP event implies clear-sky conditions;

however, cold-air pools can sometimes lead to a different
meteorological scenario, which explains the slightly
lower correlation values between the frequency of CAPs
and sunshine duration in Barajas. Episodes of radiative
fog, which are most frequently at dawn, can persist the
following morning when evolve towards low-level strati-
form clouds. They are capable to inhibit the daytime
warming at the plains, but also the subsequent night-time
cooling, disrupting the typical dual pattern in boundary
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layer mixing (Whiteman et al., 2001; Zhong et al., 2001).
Regarding relative humidity, a more complex relation-
ship exists at Barajas (Figure 8a), where the usual
contrasted daily cycle is enhanced during the daytime,
meanwhile nocturnal values are closely like non-CAP
days. On the contrary, two clearly contrasted humidity
regimes appear during CAP days and non-CAP days at
Navacerrada (Figure 8b): the average daily relative
humidity during CAP days is approximately 42%; during
non-CAP days is 88%.

Influence of CAP days on the long-term evolution of
the regional temperatures is certainly complex. The fre-
quency of CAP days maintains a positive but moderate
relationship with maximum temperatures in both the
plains and the mountains, consequence of the upper-level
warm advection and the high levels of sunshine. By
night, however, the influence weakens at Navacerrada
and reverses at Barajas. Such behaviour can be explained
looking at the hourly regime of temperatures in both
sites. CAP days warm Barajas no more than 2.5°C by
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FIGURE 7 Interannual variability of winter (NDJ, 1961-2020)
CAP days versus NAO index

TABLE 3

of Climatology

daytime (with a delay of 2 hr regarding the maximum
solar radiation), but the cooling is noticeably by night,
well below the corresponding to no-CAP days
(Figure 8c). Conversely, Navacerrada closely matches the
daily course of solar radiation (the maximum tempera-
ture occurs at noon) but, once the sun disappears, the
temperature displays a reduced variance (Figure 8d).
Here, temperatures are dominated by the advection of a
warm and subsident air mass, while its location in a
small ridge precludes any additional cooling due to the
accumulation of cold air.

CAP days have been pointed out as a driver of epi-
sodes of extreme night-time temperatures at the bottom
of valleys worldwide (Wang et al, 2015; Vitasse
et al., 2017), which is one of the thermal indices more
sensible to global warming (IPCC, 2021). The value of the
correlation between the frequency of CAP days and the
number of days with extreme minimum temperatures is
like the calculated for minimum temperatures (0.58, with
a p < .001), thus suggesting that CAPs are not the only
process involved in the genesis of very cold nights (Prieto
et al., 2002). For example, after storm “Philomena” the
centre of the Iberian Peninsula experienced very cold
nights (minimum temperatures of —25.2°C in Molina de
Aragén on January 12). On the same morning, Barajas
recorded a minimum of -12.6°C and Navacerrada
—8.9°C. However, 5 days later, a strong temperature dif-
ference occurred when the mountain began to warm due
to the arrival of a strong upper-level ridge (Navacerrada
0.8°C and Barajas —9.1°C). The evolution of the number
of days with extreme minimum temperatures in Barajas
shows a statistically significant downward trend
(Table 4). However, when days are separated in two
groups, the trend of those coinciding with CAPs is not
significant.

Spearman correlation coefficients (rho) between the winter (NDJ, 1961-2020) frequency and strength of CAP, same day

difference in maximum temperature, and corresponding values of several climate parameters (Tx stands for maximum temperatures, Tn
stands for minimum temperatures, Ws stands for wind speed, Rh stands for relative humidity, Pp stands for precipitation and Sr stands for
sunshine ratio -% with respect to the maximum number of hours of potential sunshine-) at Navacerrada and Barajas

Tx

Navacerrada (1894 m asl)

CAP Frequency (days) 0.59

Same day difference in maximum temperature (°C) 0.26

CAP strength (°C) 0.23
Barajas Airport (609 m asl)

CAP Frequency (days) 0.49

Same day difference in maximum temperature (°C) -0.19

CAP strength (°C) 0.11

Note: Significant correlations (p < .05) are highlighted in bold.

Tn Ws Rh Pp Sr
0.38 —-0.26 —0.86 —0.69 0.87
0.03 0.08 -0.23 -0.12 —0.02
0.15 -0.12 —0.49 —-0.35 0.35

—0.64 —0.57 —0.48 —0.75 0.78
0.00 0.02 0.13 -0.17 —0.02

—0.42 —0.31 —0.22 —0.45 0.32
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corresponding to winter (NDJ, 2012-2016) CAP and no CAP days [Colour figure can be viewed at wileyonlinelibrary.com]

With reference to wind speed (Figure 9a), the rela-
tionship is moderate in the case of Barajas, but not signif-
icant at the 95% confidence level at Navacerrada. While
90% of CAP days correspond to daily wind averages lower
than 2 m-s™' in Barajas, CAP days with winds between
4 and 10 m-s™! have been still recorded at Navacerrada,
most of the time due to the crossing of the southern tip of
a cold front. Besides, an evident de-coupling between the
surface and the summits is deduced from the wind roses
(Figure 9b): at midnight, northerly (katabatic) winds pre-
dominate in Barajas versus southerlies in Navacerrada; at
midday, the reversal is true: southerly (weaker anabatic
flow) against northerly.

4 | DISCUSSION AND
CONCLUSIONS

The present study offers a climatology of cold air pools
(CAP) over the southern Spanish Plateau and investigates
its evolution since 1961 and their links with the regional

TABLE 4  Z statistic and significance from a Mann-Kendall
trend test and Q (slope) and f (intercept) values of a Theil-Sen
analysis on winter (NDJ, 1961-2020) values of the frequency of very
cold nights (below the 95th percentile of daily winter minimum
temperatures) in Barajas

Z Significance Q p
Frequency of very cold —2.27 * —0.143 18.43
nights (all days)
Frequency of very cold —2.51 * —0.067 6.93
nights during no
CAP events
Frequency of very cold —1.17 —0.050 7.90

nights during CAP
events

Note: * Trend at a = 0.05 level of significance.

climate trends. The lack of reliable and complete datasets
of upper-air soundings or a dense network of meteorolog-
ical stations in mountain areas is a serious handicap for
the analysis of the long-term characteristics of CAP
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to winter (NDJ, 2012-2016) CAP days [Colour figure can be viewed at wileyonlinelibrary.com]

events. To cope with this problem, an alternative
approach based on the comparison of long and consistent
air temperature measurement from a pair of stations, one
in the Sistema Central Range (Navacerrada, 1,894 m asl)
and another in the plains (Madrid-Barajas, 609 m asl),
has been applied to estimate the decadal variability in fre-
quency and strength of CAPs in the southern Spanish
Plateau. To test the representativeness of both stations to
depict adequately the main features of CAPs in time and
space, a well-proven method based on a EOF decomposi-
tion was applied over a shorter temporal period. A close
agreement was found between the daily values of the syn-
thetic index provided by the EOF procedure and the dif-
ference of minimum temperatures between Navacerrada
and Barajas, better for winter months, when the daytime
convective mixing is not too active (Whiteman
et al., 2004).

CAPs were found to occur year-round about 39 days
per year (10.74%), but they are most frequent in winter
(NDJ), when sequences are longer and stronger. The top
of that inversion layer forms up to an altitude of about
800-1,000 m, close to the average elevation of the pied-
mont. During this period of low radiative budget (low
solar angles and longer nights), a topographic configura-
tion, favourable to the stagnation of air masses set up the
optimal conditions for those events. However, their lower
frequency in comparison with other regions (Po Valley,

Great Basin, Santiago Basin) can be explained not only
by the definition of CAPs applied in this paper, but also
by the easy access of the westerly circulation to the inte-
rior of the Iberian Peninsula. The narrowness of the
topography in other regions prevents strong upper tropo-
sphere winds to penetrate in the bottom of the valleys,
preserving longer CAPs (Mir6 et al., 2018). No temporal
trends were found on the frequency of CAPs nor their
strength, unlike daytime maximum temperatures which
show a reduction explained by a differential warming
trend in Navacerrada.

The seasonal cycle of CAPs is modulated by synoptic
(upper air warm advection and subsidence), regional (kata-
batic flows), and local (radiative cooling) mechanisms. The
most persistent and intense CAPs are developed when an
anticyclone stagnates over the region, resulting from the
expansion of the Azores High towards the Iberian Penin-
sula, linked to a well-defined positive NAO phase. When
the NAO is in a positive phase both the subpolar Iceland
Low and the subtropical Azores-Bermuda high are stronger
than average. The increased difference in pressure between
both two regions results in a stronger Atlantic jet stream
and a northward shift of the storm track; southward, subsi-
dence from the upper-level ridges dissipates cloudiness and
minimizes the chance of precipitation. The spurious corre-
lation between CAPs and the Scandinavia pattern
(SCAND) probably result from the averaging process of the
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original monthly values. According to the Climate Predic-
tion Center (https://www.cpc.ncep.noaa.gov/data/teledoc/
telecontents.shtml), the Scandinavia pattern (SCAND)
shows significant correlations with precipitation, but not
with average temperature, in our study region. The
SCAND pattern consists of a primary circulation centre
over Scandinavia, with a weaker centre of opposite sign
over Southern Europe. Its negative phase would be associ-
ated with negative height anomalies (deep lows) over Scan-
dinavia and Western Russia but weak anticyclones
southward.

Several studies have demonstrated the clear influence
of large-scale atmospheric pressure patterns on the occur-
rence of CAPs. Gillies et al. (2010a, 2010b) linked persis-
tent inversions in Utah's Salt Lake Valley to the two key
modes, a synoptic (6-day) mode and an intra-seasonal
(30-day) mode of the mid-latitude winter circulation over
western United States. Wang et al. (2012, 2013, 2015)
showed a coherent temporal pattern in temperature
inversions at Caché Valley, in Utah, linked with decadal-
scale climate trends associated with the NAO. Zhong
et al. (2011) revealed a correlation between the inter-
annual variation of weak persistent deep stable layers at
the Great Basin and the MEI index, a composite El Nifio-
Southern Oscillation (ENSO) index. Finally, Vitasse et al.
(2017) found CAP conditions highly correlated with the
North Atlantic Oscillation and the East Atlantic indices
at La Brevine Valley (Jura Mountains, Switzerland).

When comparing the seasonal frequency and strength
of CAP days with time series of other climate variables
recorded at Navacerrada and Barajas, interesting insights
about its role on the recent regional climatic evolution
arise. The effect is maximum over long-term precipitation
and sunshine ratios (up to 60% of the variance shared)
and spatially dependent for moisture: strong in the sum-
mits, where humidity is constantly low, but weaker at
Barajas, where relative humidity remains rather high
during night-time because saturation vapour pressure
decreases when temperature drops. Fog occurrence may
explain the lower correlation of sunshine ratios and mini-
mum temperatures at Barajas (when a restricted radiative
cooling prevents the nocturnal minima from reaching the
low values typically observed during CAPs). The stability
induced by anticyclones also limits wind speed, particu-
larly in the plain; additionally, a decoupling from the
regional circulation and the developing of a thermally
driven circulation are observed: weak upslope (S to SE)
anabatic winds by daytime and slightly stronger katabatic
nocturnal winds (from NW to N). This behaviour is
related to the differential strength of the daytime growth
of the convective boundary layer and the warming
(cooling) of the mountains under weak synoptic forcings
(Roman-Cascon et al., 2019).

The atmospheric circulation prone to the genesis of
CAPs have modulated the wintertime warming under-
gone by the interior of the Iberian Peninsula after 1961
on a complex way. Several studies have reported a
warming since the beginning of the 20th century in
Spain, accelerated from 1970s onwards (Brunet
et al., 2007). Barajas winter (DJF) maximum tempera-
tures have warmed at essentially the same rate that the
rest of the Iberian Peninsula, while the warming is differ-
entially higher in the mountains. The most feasible cause
of such differential warming between the plain and the
mountain is a snow-ice feedback mechanism which can
induce a rise of the 0°C isotherm due to the progressive
reduction of the snow cover (Pepin and Lundquist, 2008).
Predominance of anticyclonic circulations would induce
a strong reduction of cloud cover; enhanced daytime
solar short-wave radiation further increases the heating
effect related with the warm air advection, while the
strong nocturnal clear sky emission of long wave radia-
tion partially offsets that advection by cooling the lower
troposphere. Although there are not specific reports
about the evolution of the snow cover at the mountains
of the Sistema Central, studies from other Iberian Penin-
sula ranges (e.g., Moran-Tejeda et al., 2013; Alonso-Gon-
zalez et al., 2019; Lépez-Moreno et al., 2020) display a
coherent regional signal to conditions unfavourable to
the persistence of the snowpack. Besides, over the last
few years, evidence has accumulated of the influence of
this recent climate evolution, particularly by warmer
winters, less snowfall and shorter snow duration, on the
landscape and fauna of the Sistema Central Range. For
example, herbaceous plants, which are highly correlated
with a long snow permanence and abundance of melting
water, have been replaced by leguminous shrubs, which
are steadily becoming denser (Sanz-Elorza et al., 2003;
Andrés et al., 2007; Garcia-Romero et al., 2010), or butter-
flies, whose altitudinal range has rising on average 200 m
during the last 35 years (Wilson et al., 2007). Mountains
are considered an unbiased natural laboratory of the
global warming, although the signal on the recent evolu-
tion of vertical temperature gradients offers a mixture of
magnitudes or even competing trends in mountains (the
so-called elevation-dependent warming or EDW; Moun-
tain Research Initiative EDW Working Group, 2015),
suggesting that different mountain ranges can react in
contrasting ways to that global trend, and within each
range, summits and valleys may show divergent trends
(Holden and Rose, 2011; Pepin et al., 2011; Rangwala and
Miller, 2012; Kirchner et al., 2013; Wang et al., 2014).

According to our results, the maintenance of CAP
frequency and intensity could have contributed to a rela-
tive slowdown in any downward trend of the coldest
days at Barajas which would have otherwise been
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expected to result from global warming. Changes in
daily temperature extremes over Spain, using a range of
percentile-based indices, confirm a general increase in
the frequency of summer warm events and heat waves
and a decrease in the frequency of winter cold events
(Garcia-Herrera et al., 2005; Fernandez-Montes and
Rodrigo, 2012; El Kenawy et al., 2013; Labajo
et al., 2014). However, a significant impact of CAPs in
regional minimum temperature trends have been
observed in some places, like the Great Basin of western
United States. Here, the winter weather evolution has
recorded a warming of the low troposphere since the
middle of the 20th century, resulting into a larger rain
to snowfall ratio at the mountains, while at the bottom
of the valleys no warming trend was observed (Gillies et
al., 2012). Theoretically, in a warmer climate, a decrease
in the frequency and intensity of cold nights is expected.
For example, on the Iberian Peninsula, Lépez-Moreno
et al. (2014) advise of a continuous and significant
increasing trend in occurrence of warm and very warm
days and nights in the mountains (Pyrenees and Iberian
Range) of the NE Iberian Peninsula, which in some
cases, is projected to double during the period 2021-
2050 and continue increasing for the period 2051-2080.
But the global trends towards a warmer climate may not
necessarily affect the intensity and duration of CAPs
(Kodra et al., 2011). Atmospheric circulation patterns
that promote CAPs may become more prevalent as the
atmosphere warms, since forced climate model projec-
tions with increasing greenhouse gas concentrations
indicate a pattern of more anticyclonic conditions over
latitudes like those of the Iberian Peninsula (Horton
et al., 2012; 2014). That scenario may favour the occur-
rence of cold air build-up and CAPs can even increase.
In the Po Valley, Caserini et al. (2017) projected an
increase of the occurrence of temperature inversions
and stagnation events, less relevant under an extreme
emissions scenario (RCP8.5) and concentrated in the
warmer months. On the same line, Ji et al. (2019) found
a substantial increase in the strength of near surface
temperature inversions over southeast Australia due to
the dominant role of the large-scale circulation. Besides,
changes in the daytime variability indicate that near sur-
face layers will be less stable in the afternoon leading to
conditions favouring convective systems and more sta-
ble in the early morning which is favourable for temper-
ature inversions. Such evolution, in case of persist,
might mitigate some of the adverse effects of global
warming by maintaining suitable microclimatic condi-
tions for endangered species and ecosystems, particu-
larly in mountainous regions (Dobrowski et al., 2009;
Dobrowski, 2011; Curtis et al., 2014; Morelli et al., 2016;
Rupp et al., 2020) but would become a bad scenario for
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air quality issues. Climate model simulations have
suggested that southern Europe is likely to experience a
higher incidence of positive North Atlantic Oscillation
states in the future and a large eastward shift of both
North Atlantic sea-level pressure centres of action, com-
bined with more frequent mid-latitude blocking and a
northward shift of the jet stream. All these atmospheric
circulation changes would increase the frequency of
stagnant air masses over urban centres and the conse-
quent degradation of air quality, increasing the PM, s
concentrations beyond the World Health Organization
Air Quality Guidelines (Messori et al., 2018).

Such impacts invite to further assess the role of
CAPs under future climate scenarios of enhanced
large-scale stable (anticyclonic) conditions, its impli-
cations for air quality in urban agglomerations, and
promotes the need to consider singular responses at
local scales in the framework of the global climate
warming.
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