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A B S T R A C T

This work focuses on the analysis of the seasonal cycle of temperature and relative humidity (RH) profiles and
integrated water vapor (IWV) obtained from microwave radiometer (MWR) measurements over the mid-latitude
city of Granada, southern Spain. For completeness the study, the maximum atmospheric boundary layer height
(ABLHmax) is also included. To this end, we have firstly characterized the HATPRO-RPG MWR errors using 55 co-
located radiosondes (RS) by means of the mean-bias (bias) profile and the standard deviation (SDbias) profile
classified under all-weather conditions and cloud-free conditions.

This characterization pointed out that temperature from HATPRO-MWR presents a very low bias respects RS
mostly below 2.0 km agl, ranging from positive to negative values under all-weather conditions (from 1.7 to
−0.4 K with SDbias up to 3.0 K). Under cloud-free conditions, the bias was very similar to that found under all-
weather conditions (1.8 to −0.4 K) but with smaller SDbias (up to 1.1 K). The same behavior is also seen in this
lower part (ground to 2.0 km agl) for RH. Under all-weather conditions, the mean RH bias ranged from 3.0 to
−4.0% with SDbias between 10 and 16.3% while under cloud-free conditions the bias ranged from 2.0 to −0.4%
with SDbias from 0.5 to 13.3%. Above 2.0 km agl, the SDbias error increases considerably up to 4 km agl (up to
−20%), and then decreases slightly above 7.0 km agl (up to−5%). In addition, IWV values from MWR were also
compared with the values obtained from the integration of RS profiles, showing a better linear fit under cloud-
free conditions (R2= 0.96) than under all-weather conditions (R2=0.82). The mean bias under cloud-free
conditions was −0.80 kg/m2 while for all-weather conditions it was −1.25 kg/m2. Thus, the SDbiasfor all the
statistics (temperature, RH and IWV) of the comparison between MWR and RS presented higher values for all-
weather conditions than for cloud-free conditions ones. It points out that the presence of clouds is a key factor to
take into account when MWR products are used.

The second part of this work is devoted to a seasonal variability analysis over five years, leading us to
characterize thermodynamically the troposphere over our site. This city atmosphere presents a clear seasonal
cycle where temperature, ABLHmax and IWV increase from winter to summer and decrease in autumn, mean-
while RH decreases along the warmer seasons. This city presents cold winters (mean daily maximum tem-
perature: 10.6 ± 1.1 °C) and dry/hot summers (mean daily maximum temperature of 28.8 ± 0.9 °C and mean
daily maximum of surface RH up to 55.0 ± 6.0%) at surface (680m asl). Moreover, considering temporal
trends, our study pointed out that only temperature and RH showed a linear increase in winters with a mean-rate
of (0.5 ± 0.1) °C/year and (3.4 ± 1.7) %/year, respectively, from ground to 2.0 km agl, meanwhile IWV
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presented a linear increase of 1.0 kg·m−2/year in winters, 0.78 kg·m−2/year in summers and a linear decrease in
autumns of −0.75 kg·m−2/year.

1. Introduction

Tropospheric temperature and water vapor content are two key
variables for understanding the thermodynamic processes in the at-
mosphere. Firstly, the knowledge of the thermal structure in the lower
part of the atmosphere is a key input for atmospheric boundary layer
(ABL) studies (Crook, 1996; de Moreira et al., 2018), for turbulence
analysis (O'Connor et al., 2010; Vogelmann et al., 2012), regional cli-
matology and mesoscale numerical models applied on weather fore-
casting (Stevens and Bony, 2013). Secondly, the water vapor content is
directly related to the hydrological cycle, influencing the clouds for-
mation and, therefore, the planetary albedo (Hoff and Hardesty, 2012),
and modifying the Earth energy balance at surface. Moreover, the water
vapor contribution to the natural greenhouse effect is up to 60% under
clear sky conditions, absorbing a significant part of the outgoing in-
frared radiation (Kiehl and Trenberth, 1997), but also affecting the
atmospheric chemical composition and the atmospheric aerosol parti-
cles size (Boucher et al., 2013).

Radiosondes (RS) provide in-situ temperature and relative humidity
(RH) measurements with high accuracy, precision and vertical resolu-
tion. However, their applicability is constrained by several issues: (i)
the low frequency of launches; (ii) the air parcel probed might change
because of the horizontal wind drift and variable ascent rate during the
measurement; (iii) the equipment and man-power costs; and (iv) lim-
itations of measurements under low relative humidity conditions
(Vaughan et al., 1988). As an alternative, Raman lidar (RL) systems,
based on an active remote technique with high spatial and temporal
resolution, can overcome some of the RS drawbacks for measuring
water vapor profiles. One of the disadvantages of Raman lidar systems
compared to RS is that weather conditions affect the measurements.
Besides, these systems need to perform regular calibrations of the water
vapor Raman channel by using co-located RS or MWR (Mattis et al.,
2002; Guerrero-Rascado et al., 2008a; Navas-Guzmán et al., 2014a,
2014b, Bedoya-Velásquez et al., 2018). In addition, due to the low
signal-to-noise-ratio inherent to the RL technique, it is mostly used
during night-time. Other methods to retrieve water vapor profiles are
based on the synergy between in-situ aircraft and satellite measure-
ments (Stankov, 1998; Löhnert et al., 2004; Delanoe and Hogan, 2008).

Another approach for obtaining these atmospheric profiles is
through passive remote sensing techniques. In this sense, the MWR is an
instrument that measures the thermal radiation emitted by the atmo-
sphere within 20–200 GHz, operating in continuous mode (24/7) (Rose
et al., 2005). Over other techniques, it can provide atmospheric profiles
with a high temporal resolution and a reasonable vertical resolution
under almost all-weather conditions (Navas-Guzmán et al., 2016). In
addition to temperature and RH profiles, the MWR also provides in-
tegrated quantities such as integrated water vapor (IWV) and liquid
water path (LWP) with high accuracy (Crewell and Löhnert, 2003;
Löhnert and Crewell, 2003).

This work presents an analysis of the MWR performance in terms of
accuracy and precision by means of a comparison with RS measure-
ments. The mean-bias (bias) and the standard deviation (SDbias) be-
tween MWR and co-located RS have been calculated for the physical
temperature and RH profiles, and for IWV. The study also includes the
investigation of the MWR performances under all-weather conditions
versus cloud-free conditions and daytime versus night-time measure-
ments. After the characterization of the MWR performances, we focused
on a tropospheric analysis of the seasonal variability of temperature
and RH profiles, IWV and the atmospheric boundary layer height
(ABLH) in the city of Granada, a Southern mid-latitude region in Spain,

over a period of five years.
The structure of the paper is described as follows. The experimental

site and instrumentation is presented in Section 2. Section 3 describes
the methodology used to assess the MWR performance and to derive
vertically-resolved information on atmospheric thermodynamic prop-
erties and ABLH. In addition, it describes the data pre-processing ap-
plied in the statistical seasonal study. Section 4 presents the results and
discussion of the comparison between MWR and RS measurements and
the 5-year statistical analysis of thermodynamics profiles over Granada.
Finally, the conclusions are summarized in Section 5.

2. Experimental site and instrumentation

2.1. Experimental site

The data used in this work were collected at the urban station lo-
cated in the IISTA-CEAMA building (Granada, Spain, 37.16° N, 3.61° W,
680m asl). The city is located in a natural basin surrounded by
mountains with elevations between 1000 and 3398m above sea level
(asl). Near continental conditions prevailing at this site are responsible
for large seasonal temperature differences, providing cool winters and
hot summers. The diurnal thermal oscillation at surface is quite high
throughout the year, often reaching up to 20 °C, and relative humidity
is below 40% most of the time. The region is mostly affected in summer
by mineral dust particles transported from the North of Africa (Lyamani
et al., 2006a, 2006b, 2010, 2012; Guerrero-Rascado et al., 2008b, 2009,
2011; Córdoba-Jabonero et al., 2011; Titos et al., 2012; Navas-Guzmán
et al., 2013; Valenzuela et al., 2014; Granados-Muñoz et al., 2016;
Benavent-Oltra et al., 2017). Other aerosol sources are mainly produced
by traffic, domestic-heating (wintertime) and biomass burning trans-
ported from North America, North Africa and the Iberian Peninsula
itself (Alados-Arboledas et al., 2011; Navas-Guzmán et al., 2013; Ortiz-
Amezcua et al., 2013, 2017; Titos et al., 2017).

2.2. Instrumentation

The main instrument used in this work is the ground-based MWR
(RPG-HATPRO G2, Radiometer physics GmbH) (Rose et al., 2005). This
is a passive remote sensor, which measures the thermal emission of
radiation from the atmosphere in the microwave region. The MWR has
a radiometric resolution between 0.3 and 0.4 rms at 1.0-s integration
time and a high temporal resolution for vertical profiles, retrieving
roughly one profile each two minutes. The MWR has two bands with
seven channels each one, the K-band (22–31 GHz) provides information
about vertical humidity, making also possible to get information of
integrated column products such as IWV and LWP. The V-band
(51–58 GHz) contains information about vertical temperature profile
(Löhnert and Maier, 2012; Navas-Guzmán et al., 2016), associated to
the thermal emission from molecular oxygen in the atmosphere. Water
vapor observations are performed at zenith position, while temperature
information can be retrieved assuming horizontal homogeneity and
performing vertical scanning observations (Löhnert et al., 2009). Ver-
tical profiles of temperature and RH are composed by 39 bins, where 25
are below 2 km of altitude (roughly inside de ABL) with a variable re-
solution from 10 to 200m. The vertical resolution in the free tropo-
sphere (2 to 10 km) varies from 200m to 2000m (the last 14 bins). An
absolute calibration is recommended to be performed at least every
6months, by using cold liquid-nitrogen and hot loads as reference
(Turner et al., 2007; Maschwitz et al., 2013). The accuracy of the
temperature profile reported by the manufacturer is lower than 0.75 K
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RMSE in the range 1.2–4.0 km and larger than 1.0 K RMSE from 4 to
10 km. However, there is no reported accuracy for RH profile, because
RH profiles are retrieved from the combination of temperature and
absolute humidity profiles. The absolute humidity profiles have an
accuracy up to±0.02 g/m3 RMS from 0 to 1 km, up to± 0.04 g/m3

RMS above 2 km, and within the boundary layer up to± 0.03 g/m3

RMS (i.e. 0–2000m). MWRs commonly use temperature inversion
methods based on neural networks or linear regressions, which requires
a long database taken close to the instrument for training them (Cimini
et al., 2015), normally, many RSs are used for this aim, becoming it
their principal disadvantage. Also, other inversion algorithms based on
Optimal Estimation Method (Rodgers, 2000) have been used in the last
years to overcome this problem (Bernet et al., 2017; Navas-Guzmán
et al., 2014b, 2017). In this work, the manufacturer has performed the
training of the MWR inversion algorithm by using neural networks.

RSs are launched from IISTA-CEAMA mainly during field campaigns
or specifically for RL water vapor channel calibration (Guerrero-
Rascado et al., 2008a; Navas-Guzmán et al., 2014a; Granados-Muñoz
et al., 2015; Bedoya-Velásquez et al., 2018). The system used for RS
launches is a GRAW DFM-06/09 (GRAW Radiosondes, Germany),
which provides profiles of temperature (resolution 0.01 K, accuracy
0.2 K), pressure (resolution 0.1 hPa, accuracy 0.5 hPa) and RH (re-
solution 1%, accuracy 2%), with vertical resolution depending on the
RS ascension velocity, usually around 5m/s. Data acquisition done by a
GRAWmet software and ground station are used. Up to 55 RSs were
launched, mainly during summertime, during the five-year period
analyzed here (2012–2016).

Additionally, a co-located Sun/sky photometer (Cimel Electronique;
CE-318 N) has been used in this study. This instrument belongs to
AERONET (Holben et al., 1998), which processes the spectral Sun and
sky measurements from the photometer and provides aerosol optical
and microphysical properties integrated over the atmospheric column.
Aerosol optical depth (AODλ) at 380, 440, 500, 675, 870 and 1020 nm
are among the AERONET products (https://aeronet.gsfc.nasa.gov). The
uncertainty in the retrieved AODλ, associated with primary calibration,
is 0.01 for visible and infrared wavelengths, while the ultraviolet region
has an uncertainty of 0.02 (Holben et al., 1998). In this work, water
vapor product from AERONET (level 1.5; version 2) was used as IW-
Vaeronet.

Finally, in order to discern clear and cloudy conditions, we have
used a cloud cover database obtained from the co-located sky cameras
installed on the IISTA-CEAMA roof-top. Cloud cover information from
January 2012 to January 2015 was retrieved from the All Sky Imager
shown in Cazorla et al. (2008) and Román et al. (2012); while from
February 2015 to December 2016 cloud cover was obtained from the
SONA sky camera presented in Cazorla et al. (2015) and Román et al.
(2017b). A full description of both cameras and methods for each one
can be found in Cazorla et al. (2008) and Román et al. (2017a).

3. Methodology

3.1. Assessment of MWR versus RS

In order to characterize the accuracy and precision of the physical
temperature and RH profiles from the MWR, a statistical analysis based
on the comparison with RS has been done. During this 5-year period,
simultaneous measurements of RS and MWR were available, with a
total of 55 RS launches of which 23 RS were launched under cloud-free
conditions. Thus, the comparison was done by means of the bias (Eq. 1),
which was interpreted as the accuracy of the MWR measurements,
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and the standard deviation (SD) (Eq. 2), that provided information
about the precision of the MWR,
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Where ?? is the altitude and N is the total data-samples. In order to
perform the comparison between RS and MWR profiles, all RS mea-
surements were degraded to the MWR spatial resolution, which has a
lower vertical resolution, and the MWR profiles were 30min-averaged
after the RS launch time.

For analyzing the error in the IWV product of MWR, considering RS
as reference, the relative mean-bias error (MBE) calculation was per-
formed, as follows:
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The criteria defined for classifying cloud-free conditions days was
based on two flags. Firstly, we used the cloud cover from sky camera
database assuming cloud cover ≤ 1.0 oktas as cloud-free conditions.
Secondly, we defined a threshold by the observation of the LWP and by
checking the cloud base height from MWR, finding a representative
threshold of LWP for cloud-free days≤40g/m2. In addition, we used the
MWR rain flag provided by the manufacturer to exclude rainy days
from database.

The MWR performance for IWV was also characterized by means of
the mean bias error and also calculating the correlation between the
IWV from MWR and the integration of the water vapor mixing ratio (r
(z)) derived by RS from 0 to 10 km (without degradation of spatial
resolution of the RS). This evaluation was also performed for cloud-free
conditions and all-weather conditions classification.

A classification was performed only for cloud-free conditions be-
tween daytime and night-time, considering daytime the measures
which were obtained under sunlight presence and night-time measures
under absence of sunlight, according to the seasons, resulting in 11
comparison cases during daytime and 12 comparison cases during
night-time.

3.2. Calculation of ABLH by using microwave radiometer

The algorithm used for the ABLH determination using MWR mea-
surements is described in detail in de Moreira et al. (2018). This algo-
rithm combines two methodologies: the parcel method (PM) and the
temperature gradient method (TGM), which are based on the vertical
temperature (T(z)) and potential temperature profiles (θ(z)) obtained
from MWR by using the definition proposed in Stull, 2011

Thus, the θ(z) was analyzed in order to classify the atmospheric
conditions as stable or unstable. This analysis was performed by the
comparison of the surface potential temperature (θ(z0)) with all points
in the θ(z) profile below 5 km. The situation was classified as stable if
all θ(z) data points had values larger than θ(z0) and thus, TGM is ap-
plied. Otherwise, the condition was classified as unstable and, there-
fore, PM is used.

The PM assumes the ABLH as the height z where the θ(z) is equal to
surface potential θ(z0), because z is the altitude where an air parcel
with ambient temperature (T) can rise adiabatically from the ground by
convection (Holzworth, 1964). Such method is applicable only under
unstable situations, i.e. inside a convective boundary layer.

The TGM (Stull, 1988) detects the ABLH in stable situations based
on two definitions. Firstly, the surface-based temperature inversion,
meaning that TGM detects the first height z where T decrease as a
function of altitude. Secondly, the top of the stable boundary layer,
meaning that TGM finds the first height where = 0dθ

dz .
The first step is to detect the altitude z where the surface-base

temperature inversion is situated (from T profile). Then, from z is found
the top of stable boundary layer in the θ(z). If surface-base temperature
inversion or top of stable boundary layer is not found, the ABLH is
classified as “not identified”.
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3.3. Statistical seasonal study

The total of measures performed are presented in Table 1, reaching
up around one of million profiles measured with MWR over the whole
five-years period, separating the calibration days and periods with data
absence mainly associated to maintenance of the instrument. For this
seasonal statistical study, we defined the seasons by months as follows:
winter (December, January and February), spring (March, April and
May), summer (June, July and August) and autumn (September, Oc-
tober and November). Here, we performed an hourly-average for each
season of every year evaluated in order to have mean-seasonal-behavior
from 0 to 24 h to determine the seasonal diurnal cycle (vertical beha-
vior for temperature and RH, and columnar integrated behavior for
IWV), adding the results of the mean ABLHmax. Then, we divided the
atmosphere in nine probed volumes: H1 (bins: 1–14, from 0 to 0.55 km
agl), H2 (bins: 15–19, from 0.6 to 1.0 km agl), H3 (bins: 20–22, from
1.2 to 1.5 km agl), H4 (bins: 23–25, from 1.6 to 2.0 km agl), H5 (bins:
26–29, from 2.2 to 3.1 km agl), H6 (bins: 30–32, from 3.5 to 4.4 km
agl), H7 (bins: 33–35, from 5.0 to 6.2 km agl), H8 (bins: 36–37, from
7.0 to 8.0 km agl),H9 (bins: 38–39, from 9.0 to 10.0 km agl), in order to
look for the seasonal variability of the median of the temperature and
RH within the different tropospheric regions. In addition, we also used
the median-seasonal trend of PW along the five years took from NASA
AERONET level 1.5 level data for the Granada station to support some
of the results obtained.

4. Results and discussion

4.1. Characterization of MWR performances versus RS

Fig. 1 presents the (bias and SDbias) between MWR radiometer and
RS for temperature and relative humidity under clear and all-weather
conditions. These two statistic parameters are interpreted as the accu-
racy and the precision, respectively, of the MWR measurements. Fig. 1a
shows high variability of the temperature bias for all-weather condi-
tions mostly in the first hundreds of meters, passing from positive to
negative values. The larger deviations observed close to ground have
been observed in similar comparisons for previous studies and could be
due to the larger uncertainties of the radiative transfer models for the
most transparent MWR channels, which affect more the temperature
retrievals in the lowest layers (Navas-Guzmán et al., 2016). In general,
below 2.0 km agl, the variability shows low-temperature bias values
from 1.7 to −0.4 K. The variability starts to increase from negative to
positive within 2.0 to 4.0 km agl (up to 1.0 K). This bias increases up to
1.8 K above 4.0 km agl, indicating the losing of accuracy with altitude
always with positive values. The SDbias of the temperature deviation
profiles in all-weather conditions shows values lower than 3.0 K below

2.0 km agl, increasing up to 3.2 K from 2.0 to 4.0 km agl, and keeping
constant close to 3.0 K from 4 to 7 km agl. The cloud-free conditions
analysis shows the same variability in the mean bias within the first
hundreds of meters than the one observed for all-weather conditions,
after this region the bias changed from positive to negative values, os-
cillating from 1.8 to −0.4 K (below 2.0 km agl). Then, between 2.0 and
4.0 km agl, the bias pass from negative to positive. Above 4.0 km agl
some variability lower than 1.7 K, indicating the losses of the accuracy
as altitude increases. The temperature SDbias profile under cloud-free
conditions presents values lower than 1.1 K from ground to 2.0 km agl,
while they increase (up to 1.8 K) for higher altitudes. It is important to
point out the lower SDbias values observed under cloud-free conditions,
indicating a higher precision of temperature MWR measurements under
clear conditions than for all-weather conditions.

In addition, the surface heating caused by solar radiation tends to
increase the variability of the temperature profiles over the firsts kilo-
meters of the troposphere (up to 3.0 km agl). Above this altitude the
atmosphere becomes cooler and the SDbiasprofiles becomes quite con-
stants.

The same analysis was performed for RH under all-weather condi-
tions and cloud-free conditions (Fig. 1b). Under all-weather conditions,
the RH bias profile shows relatively low deviations, passing from po-
sitive values (from surface to 1.6 km agl) to negative (from 1.6 until
2.0 km agl) (from 3 to −4.0%). The RH bias becomes greater (up to
−18.0%) from 2 to 4 km agl; then above 4 km agl reach up −11.0%.
The SDbias ranges from 10 to 16.3% from ground to 2 km agl, above this
altitude it presents a variation from 15 to 21.0% (from 2 to 4 km
agl).Then, it decrease from 4 to 7 km agl from 21 to 17%. Cloud-free
conditions bias profile has a similar behavior below 2 km agl (ranging
from 2.0 to −4.0%), then increasing up from −4.0 to −21.4% until
4 km. Finally, a decrease is seen to −4.5% from 4 to 7 km agl. Re-
garding SDbias-RH profile in cloud-free conditions, from ground to 2 km
agl the discrepancy was ranging from 0.5 to 13.3%, increasing from 2to
3.0 km agl up to 19.3%, then decreasing up to 15% until 4.0 km agl.
From 4.0 km agl to the top of the profile, decreasing until 9.3%. This
losing of precision, mostly between 2 and 4 km agl, might be associated
to the method for retrieving the RH profiles. This type of profile lose
accuracy above the ABL, mainly because at this altitudes the absolute
humidity is typically quite low (due to the low temperatures) becoming
very difficult a proper detection of this property by microwave radio-
metry and, therefore, the RH retrievals loose precision. The SDBias-RH
profile of all-weather conditions presents higher variability respect to
cloud-free conditions, showing a difference around 5% over almost all
the profile, which might be associated to the cloud presence.

Summarizing this inter-comparison, it is worth to point out that
temperature profiles obtained from MWR makes an underestimation of
those taken by RS just between 1.5 and 2.3 km agl, the profile below 1.5

Table 1
MWR measurements over five-years at Granada station, reporting for each year the total of days (D) and profiles (P) measured by month.

Year 2012 2013 2014 2015 2016

Month D P D P D P D P D P

January 31 12648 31 12648 20 14400 5 3600 28 20160
February 29 11832 28 11424 28 20160 28 20160 29 20880
March 31 12648 31 12648 31 22320 31 22320 11 7920
April 30 12240 30 12240 11 7920 30 21600 26 18720
May 31 12648 8 5760 20 14400 16 11520 31 22320
June 30 12240 30 21600 30 21600 0 0 24 17280
Juli 31 12648 31 22320 21 15120 18 12960 31 22320
August 31 12648 31 22320 31 22320 31 22320 31 22320
September 30 12240 30 21600 30 21600 30 21600 17 12240
October 31 12648 31 22320 16 11520 27 19440 31 22320
November 30 12240 24 17280 30 21600 30 21600 25 18000
December 31 12648 14 10080 15 10800 30 21600 0 0
TOTAL 366 149328 319 192240 283 203760 276 198720 284 204480
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and above 2.3 km agl presented an overestimation. The RH bias profile
exhibits an overestimation below 1.5 km agl, but above this altitude, an
underestimation of the RH profiles is seen from MWR respect to the
obtained for RS.

In order to characterize the performance of MWR to retrieve IWV
(IWVMWR), an integration of the r (z) profile calculated from RS was
performed to derive IWVRS. Fig. 2 shows the scatter plot between
IWVMWR and IWVRS. The fit for cloud-free conditions shows a slope
closer to one (0.85 ± 0.03) and a better determination coefficient
(R CFC

2 =0.96) than all-weather conditions (slope=0.68 ± 0.03,
R AWC

2 = 0.82), which determines that cloud-free days fit better. This
fact is associated to the vertical and horizontal homogeneity that at-
mosphere presents under cloud-free conditions, which is not seen for RS
and MWR measurements under cloud presence, evidencing high data
dispersion in all-weather conditions (moving away to the 1:1 line). The
MBE is also calculated to reinforce the fact that all-weather conditions
introduce large errors respect to cloud-free conditions measurements,
showing a MBE to cloud-free conditions up to−0.80 kg/m2, meanwhile
for all-weather conditions the MBE is up to −1.25 kg/m2. As seen in
Fig. 2, the cloud presence introduces high data-dispersion, weakening
the correlation.

The performance of the MWR has also been analyzed distinguishing
between daytime and night-time measurements (Fig. 3), but only for
cloud-free conditions since it is the scenario with better performance.
The temperature bias is up to 2.0 K reached in the first hundreds of
meters, which is the region with higher variability. Above that, a po-
sitive temperature bias is observed below 1.8 km agl, ranging from 0.7
to 1.0 K for daytime and from 0.5 to 0.6 K until 1.5 km agl for night-
time, showing lower variability during night-time because of the sun-
light absence. The bias becomes negative from 1.8 to 3.5 km agl (up to
−0.5 K) for daytime and from 1.5 to 2.3 km agl (up to−0.5 K) to night-
time. The bias becomes positive above 3.5 km agl reaching 1.7 K for
daytime and 1.8 K above 2.3 km agl for night-time. The SDbias analyzed
under the same three ranges of altitude, presented lower values for
daytime close to 0.6 K, 1.3 K and 1.7 K than night-time 1.0 K, 1.2 K and
2.0 K, in fact the night-time is relatively more variable under the first

2 km agl, maybe associated to the thermal inversions during the night.
The same behavior is also seen on RH bias-profile where the daytime

profile is more variable within the first 1.5 km agl (up to 8%) than
night-time one (up to 2%), which is almost constant in the first 1.5 km.
The variability at daytime is mostly associated to the Sun presence,
because the temperature modifies the water vapor pressure. From this
altitude until 4.5 km agl for daytime and 5.5 km agl at night-time, the
RH bias becomes negative decreasing up to −26.5% and −16.8%, re-
spectively. From 4.5 to 7 km agl for daytime and night-time from 5.5 to
7 km agl, the RH mean-bias decreased to −8.1% and −8.4%, respec-
tively. RH-SDbias presented the following values according to the alti-
tude ranges exposed above, for daytime from 6 to 8.8% (up to1.5 km
agl), up to 23.5% (up to 4.5 km agl) and decreasing to 18.3% (up to7
km agl), while night-time variates from 5 to 10.0% (within 1.5 km agl),
increasing to 20.0% (up to 4.5 km agl) and it starts to descend up to

Fig. 1. Mean bias (solid line) and standard deviation (dashed line) on all-weather conditions (AWC, blue) and cloud-free conditions (CFC, red) for temperature (a)
and RH (b) profiles between RS and MWR. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. IWV from MWR versus RS for all-weather conditions (AWC, in blue) and
cloud-free conditions (CFC, in red). The gray dashed-line refers to 1:1 line. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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11.1% at 7.0 km agl. From this analysis, we can point out that the MWR
present quite good performance for RH in the first two kilometers, with
mean bias and SDbias lower than 10%. Above 2 km (agl) these profiles
should be used more carefully, taking into account that error might be
as high as 20%, affecting strongly the calculations performed.

4.2. Statistical analysis of five-year of MWR measurements

4.2.1. Diurnal cycle analysis
In order to investigate the diurnal cycle of the temperature and RH

profiles in the troposphere, the hourly-mean cycle for temperature and
RH profiles is analyzed for each season and every year from 2012 to
2016 (Figs. 4 and 5, respectively). To complete the study, ABLHmax

retrievals have been included. Fig. 4 shows the hourly-mean behavior of

Fig. 3. Mean bias (solid line) and standard deviation (dashed line) on daytime (red) and night-time (blue) for T (a) and RH (b) profiles between MWR and RS, all for
cloud-free conditions (CFC). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Mean 24-h cycle for temperature profiles and ABLH by season and year. The magenta line refers to the mean ABLHmax and the white contour is the SD. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the temperature profiles, where we can see that the maximum effect of
the solar irradiation at surface level is close to 16 UTC and the
minimum around 7 UTC, variating slightly depending of the season. In
addition, due to the solar heating of the surface, the lowermost tropo-
sphere is heated with a variable vertical extension, reaching up to 6 km

agl in summer, and up to 5 km agl in autumn, becoming lower in winter
(up to 2 km agl) and spring (up to 4 km agl). This effect mainly drives
the evolution of the mean-ABLH, which is a crucial parameter for
studying aerosol dynamics and air masses transport (de Moreira et al.,
2018).

Fig. 5. Mean 24-h cycle for RH profiles and ABLH by season and year. The magenta line refers to the mean ABLHmax and the white contour is the SD. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Seasonal boxplots of temperature presented for nine atmospheric volumes covering the 39 bins of the MWR for the years 2012 (red), 2013 (green), 2014
(blue), 2015 (black) and 2016 (cyan). Winter (panel a), spring (panel b), summer (panel c), and autumn (panel d). In the boxes are represented the 25 and 75
percentile, the median, the maximum and minimum, and the outliers marked with asterisks. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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The algorithm implemented for ABLH retrieval presented in Sec. 3.2
allows us to retrieve the altitude where temperature profile evidences
an abrupt change under stable or unstable atmospheric conditions.
Thus, the mean-ABLHmax presented on Fig. 4, increases gradually from
winter (~ 2.1 km agl) to summer (~ 3.7 km agl), because of the in-
creasing in solar incoming radiation that reaches the Earth's surface. In
autumn, the mean-ABLHmax starts to decrease (~ 2.2 km agl), in
agreement with the ABL studies reported by de Moreira et al., 2018over
this area. ABLHmax starts to increase lately in the morning in winter (~
7 UTC), meanwhile summer exhibits faster increase up from 6 UTC,
associated to the incoming solar insolation that begins earlier to warm
up the surface.

Fig. 4 determines that the warmest year of this study was 2015,with
mean values at 16 UTC up to 11.6 ± 4.0 °C, 19.0 ± 4.1 °C and
30.0 ± 1.8 °C at surface level in winter, spring and summer, respec-
tively. Autumn was an exception, becoming autumn 2013 the warmest
in the period 2012–1016, with mean-maximum temperature of
23.1 ± 5.7 °C. The coldest mean values at ground level by season were
reached in winter 2012 (10.5 ± 3.5 °C), spring 2013 (15.6 ± 7.6 °C),
summer 2013 (27.5 ± 2.1 °C) and autumn 2012 (19.2 ± 6.4 °C).

Fig. 5 presents the same analysis for RH, where the hourly-mean
maximum values for the RH profile at surface level are observed close
to 7 UTC. This is consistent with the lower temperature values, since the
diurnal cycle between temperature and RH is opposite. The intervals
with higher RH are in late night and mornings (from 2 to 10 UTC) and
night (from 21 to 24 UTC), where solar heating is weaker or absent. In
the mornings, RH presents high values at surface level (winter ~ 80%,
spring ~ 65%, summer ~ 50% and autumn ~ 62%). These values tend
to increase with altitude until 4 km agl in winter, spring and autumn,
but in summer reaches up to 3 km because of higher temperatures. In
the late afternoons, this value may be little lower at surface reaching up
in winter ~ 70%, spring ~ 55%, summer ~ 40% and autumn ~ 60%,
experimenting the same increase with altitude until 4 km agl depending
of the season. The driest region observed in the RH profiles at surface
level is close to 16 UTC, and it reaches in winter ~ 60%, spring ~ 48%,

summer ~ 28% and autumn ~ 35%. This region can reach 5 km agl or
more in spring and summer becoming lower in winter and autumn. As
we shown in Section 4.1, the RH mean-bias profiles above 2 km agl,
losses accuracy and precision, therefore the results above this altitude
have larger uncertainties.

From Figs. 4 and 5, it is detected a clear seasonal cycle in tem-
perature, RH and ABLHmax, governed by solar radiation. Granada is
characterized by cold winters (mean hourly maximum temperature at
surface of 10.6 ± 1.1 °C) and warmer summers (mean-hourly max-
imum of 28.8 ± 0.9 °C). In summer, RH at surface can be as low as
18.5 ± 1.9% (mean-hourly minimum value) in the driest part of the
day and in the mornings where humidity is higher; it could reach a
mean-hourly maximum of 55 ± 6%, evidencing the dry conditions of
this city.

4.2.2. Statistical analysis of temperature and RH in the vertical coordinate
In this section, a seasonal variability study of atmospheric variables

like temperature and RH in altitude and IWV in column is presented.
Fig. 6 shows the temperature boxplots by year and season. In addition,
we divided the profile by nine bins to cover the whole troposphere as
was describe in section 3.3, allowing us to investigate effects inside the
low troposphere, which is directly linked with ABL (typically from 0 to
3 km agl) and middle and high troposphere (from 3 km agl to 10 km
agl). Accordingly, to the results obtained in Section 4.2.1, we are only
interested on studying when temperature exhibits their maximum value
along the day over all seasons (RH behaves oppositely); therefore, this
statistical analysis will be performed at 16 UTC. Around this hour, the
ABL is fully developed and the atmosphere is good mixed.

Temperature boxplots dataset shows that 25% of the lowest and
25% of the highest temperatures are symmetrically distributed respect
to the median value showing low data dispersion for most of height-
ranges evaluated. In general, all seasons presented in 2013 smaller
boxes than the other seasons, mostly between H1 to H4. Fig. 6 presents
that outliers are more frequent within H1 to H5, increasing in summer,
associated to the increase of the variability caused by high temperatures

Fig. 7. Seasonal boxplots of RH presented for nine atmospheric volumes covering the 39 bins of the MWR for the years 2012 (red), 2013 (green), 2014 (blue), 2015
(black) and 2016 (cyan). Winter (panel a), spring (panel b) summer (panel c) and autumn (panel d). In the boxes are represented the 25 and 75 percentile, the
median, the maximum and minimum, and the outliers marked with asterisks. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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within ABLH.
RH boxes (Fig. 7) are quite larger than temperature pointing a

higher data dispersion. In addition, RH shows much more outliers (both
above and below the boxes), mainly associated to (i) the cloud presence
and (ii) the decrease of the absolute humidity with altitude, making less
accurate the radiometric measures. This fact makes that MWR retrievals
present higher or lower values than real measurements above 2.0 km
agl, producing more outliers. RH presents a trend to increase from H1 to
H3 and decreasing from H4 to H9 for winter, spring and autumn. This
trend is broke up in summer when this increase reaches higher altitudes
(from H1 to H6), and decreases from H7 to H9.

In general, IWV data boxplots presented in Fig. 8 exhibit less data-
dispersion. The distribution of the data shows high equilibrium below
25% and above 75%, meaning that values are relatively well distributed
around the median with lower data outliers. This variable presents a
seasonal trend to increase from winter to summer and decreasing in
autumn, showing their high relation with temperature seasonal trend.

4.2.3. Inter-annual trend analysis by season
Table 2 reports for each season the inter-annual trend of tempera-

ture and RH computed by means of the calculation of the linear fits of
the median values registered. Temperature only exhibits an inter-an-
nual increase from H1 to H7 in winter season, from 0 to 1.0 km agl,
increased between 0.4 and 0.6 °C/year, depending on the height range.
Thus, winters in Granada are becoming warmer, mostly within the first
2.0 km agl. With a weaker correlation (R2= 0.44), summers exhibit an
increase of 0.4 °C/year only close to surface (H1). The rest of the sea-
sons do not present a clear inter-annual trend, with determination of R2

coefficients below 0.50 for all height-ranges.
The results of the inter-annual increase of temperature are in

agreement with climatological studies performed at Iberian Peninsula
by Río et al. (2011) and Coll et al. (2017), reporting a surface tem-
perature increasing trend in winter in the South and South-Eastern of
the peninsula, where Granada station presented the drier conditions in
the southern region of the peninsula. The results obtained here presents
higher values for the inter-annual trend of temperature respect to those
reported in literature, mainly because the instrumentation involved, the
dataset size and the statistical techniques used in the datasets. More-
over, the inter-annual temperature increases in winter season reported
in this study are also in agreement to the report of CALIMA (Car-
acterización de Aerosoles originados por Intrusiones de Masas de aire
Africanas, characterization of African air masses outbreaks,http://www.
calima.ws/episodiosocurridos.html), which is a program in charge to
quantify the Saharan dust events over Iberian Peninsula. Its record in-
dicates that from 2013 to 2015 the Saharan dust outbreaks have in-
creased their number and become more intense in winter season,
mostly within the second fortnight of February.

Regarding RH, winter presents a clearly linear increase for all the
altitudes analyzed (note that information at ranges H6-H9 are not in-
cluded due to the loose of accuracy and precision of the RH retrievals
following section 4.1). The highest rates of increasing are in the middle
of the troposphere (between H4 and H5, 7.4 and 5.4%/year, respec-
tively). In spring, the RH increases linearly from H2 to H4. In summer
and autumn, non-significant inter-annual trend were observed.

Table 3 presents the inter-annual trend of IWV and PW by season.
Our computations indicate that IWV is increasing over the years with
high correlations in winter (1.0 ± 0.1kgm−2/year, R2= 0.95) and
summer (0.8 ± 0.1kgm−2/year, R2= 0.73), while PW only experi-
mented an increasing trend high correlated (0.07 ± 0.03 cm/year,
R2= 0.6) in winter. This behavior in winter pointed out that every year
during our study Granada is becoming more humid; furthermore, the
likelihood of precipitations is higher in winter than in the rest of sea-
sons. The IWV in spring presented no-correlation (up to 0.26) due to the
higher median value found in 2016 (up to 12.5 kgm−2), this value tends
to change the real tendency to decrease of this season (also seen in
Fig. 8). If we perform the analysis hiding spring 2016 median data, IWV
in spring presents a decreasing tendency with a slope up to
−0.2kgm−2/year and R2= 0.80. The fact of IWV in 2016 becomes
higher is not clearly seen in this study, just we could associate to the
statistical weight, because in March the percentage of missing data is up
to 64.5% (11 days measured), so the median value of the month could
affect the seasonal median. IWV in autumn presented a strong corre-
lation (R2=0.95) with a linear decrease up to –0.75 kgm−2/year
which is not really linked with inter-annual temperature cycle. This
analysis showed no-correlation of PW in spring, summer and autumn,
however the seasonal trends for both IWV and PW are the same, in-
creasing from winter to summer and decreasing in autumn. The higher
values of IWV were reached in spring and summer, mostly associated to
the vegetation presence and high temperatures, which increases the
evapotranspiration process. Finally, it is important to taking into ac-
count the warm air mases that comes from Atlantic Ocean and Medi-
terranean Sea, with high temperatures, this fact increase the capacity of
these air masses to harbor water vapor before saturation.

5. Conclusions

Our analysis over a 5-year dataset of the RPG-HATPRO MWR leaded
us to quantify its accuracy and precision by means of the mean-bias and
standard deviation for temperature and RH vertical profiles under
cloud-free conditions and all-weather condition, and integrated water
vapor (IWV) column product. In addition, an analysis of the MWR
performances during night- and day-time was carried out under cloud-
free conditions. We found that the temperature bias profile under all-
weather conditions exhibited high confidence, mostly below 2 km agl
with values ranging from 1.7 to −0.4 K. The SDbias under all-weather
conditions was quite constant in altitude, with values around 3 K in the
whole troposphere. Under cloud-free conditions, the mean bias showed
quite similar values than under all-weather conditions, although some
differences were found in the lowest layer (below 1.5 km) and between
3 and 5 km (agl), where the mean bias was slightly higher under cloud-
free conditions reaching up 1.8 K. An important point to be remarked is
the lower SDbias that was observed under cloud-free conditions. The
SDbias profile presented values ranging between 1.1 and 1.8 K in the
whole troposphere, indicating a higher precision of the MWR under
these conditions.

The performance for RH under all-weather conditions showed from
surface to 2 km agl that biaswas ranging from 3.0 to −4.0% with SDbias

between 10 and 16.3%, and from 2 to 4 km the bias was up to −18%

Fig. 8. Seasonal boxplots of IWV the years 2012
(red), 2013 (green), 2014 (blue), 2015 (black) and
2016 (cyan). The line within the box refers to the
median value, and the top and bottom of the box are
the 75 and 25 quartiles, respectively. The outliers are
marked with a red cross symbol. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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with SDbias ranging between 15 and 21%. Above 4 km the bias reached
up to −11.0 with SDBias ranging from 12 to 17%. The same altitudes
ranges were evaluated under cloud-free conditions showed high con-
fidence within the first 2 km ranging from 2.0 to −0.4 with SDbias from
0.5 to 13.3%, then from 2 to 3 km agl were up to −4.0 to −21.4 with
SDbias 19.3%, and decreasing up to −4.5% with SDbias 9.3%. The tem-
perature and RH SDbias showed a positive offset close to 2.5 K and 5%,
respectively, between all-weather conditions and cloud-free conditions,
associated with cloud presence. Finally, a performance of the IWV
product allowed us to see the effect of the cloud presence over this
product. Thus, the determination coefficient was up to 0.82 for all-
weather conditions, meanwhile it increases up to 0.96under cloud-free
conditions The MBE was lower for all-weather conditions (−0.80 kg/
m2) than cloud-free conditions (−1.25 kg/m2).

The cloud-free conditions database (temperature and RH) was in-
vestigated under daytime and night-time scenarios. This classification
exhibits a time-dependency associated to the solar heating on the sur-
face, becoming more variable during daytime respect to night-time. The
temperature bias profile was ranging from 0.7 and 1.0 K with SDbiasup
to 1.0 K agl at daytime below 1.8 km agl and from 0.5 to 0.6 K at night-
time with SDBias0.6 K below 1.5 km. This error increase with altitude.
The RH also presents low errors below 1.5 km agl up to 8% at daytime
with SDbias ranging from 6 to 8.8% and up to 2% with SDbias ranging
from 5 to 10% at night-time. After this altitude, the accuracy and
precision increase rapidly with height.

The results obtained here allows to assess the reliability range of the
HATPRO MWR G2 system, in order to use products like temperature,
RH and IWV in further applications like foresting models, ABL studies,
and aerosol hygroscopic growth, among others at this mid-latitude re-
gion.

The second part of this work was focused on a statistical study over
a 5-year dataset. Firstly, it was observed that temperature, IWV and
ABLHmax daily-seasonal cycle presents an increasing trend from winter
to summer, decreasing in autumn, meanwhile RH daily-seasonal cycle

is opposite, maximum in winter decreasing until summer and then in-
creasing again in autumn; all of them governed by the solar radiation.
The maximum temperature values were around 16 UTC coinciding with
the minimums RH values, instead RH maximums are located from 2 to
10 UTC and from 21 to 24 UTC. The hourly- mean cycle leading us to
conclude that 2015 was the warmest year for all seasons, except in
autumn 2013 that showed up an abruptly increase of temperature re-
spect to other years. The coldest seasons do not follow a yearly pattern,
becoming the coldest winter 2012, spring 2014, summer 2014 and
autumn 2015. The highest RH values were found in winter 2016, spring
2016, summer 2015 and autumn 2016; and the lowest RH values in
winter 2012, spring 2014, summer 2014 and autumn 2014. Finally, the
inter-annual study is linked with seasonal, pointing out that tempera-
ture and RH showed up an inter-annual linear increase in winter with a
mean-trend up to (0.5 ± 0.1) °C/year and (3.4 ± 1.7) %/year, re-
spectively, from ground to 6 km agl. IWV presented an inter-annual
linear increase up to 1 kgm−2/year in winter and 0.78 kgm−2/year in
summer. The autumn presents a linear decrease trend up to −0.75
kgm−2/year.

This work will provide solid ancillary information for ongoing in-
vestigations on topics such as aerosol hygroscopic growth, forecast
models, aerosol transport and ABLH calculations over this region by
using MWR products.
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Table 2
Inter-annual trends of temperature and RH by season and height-range. Where W (winter), S (spring), SU (summer) and A (autumn).

H1 H2 H3 H4 H5 H6 H7 H8 H9

T (K) Slope (°C/year) 0.5 ± 0.6 0.5 ± 0.5 0.6 ± 0.3 0.6 ± 0.5 0.4 ± 0.8 0.4 ± 0.8 0.6 ± 0.5 0.1 ± 1.8 0.1 ± 3.1 W
R2 0.60 0.73 0.90 0.52 0.70 0.50 0.50 0.06 0.06
Slope (°C/year) 0.7 ± 0.3 0.8 ± 0.3 0.8 ± 0.3 −0.3 ± 0.3 0.1 ± 0.4 0.1 ± 0.3 0.1 ± 0.3 −0.2 ± 0.3 0.1 ± 0.8 S
R2 0.18 0.26 0.29 0.001 0.01 0.001 0.001 0.01 0.01
Slope (°C/year) 0.4 ± 0.7 0.3 ± 0.9 0.3 ± 1.1 0.3 ± 0.8 0.2 ± 0.7 0.2 ± 1.0 0.3 ± 1.0 0.2 ± 0.8 0.1 ± 0.7 SU
R2 0.44 0.36 0.28 0.22 0.001 0.12 0.24 0.01 0.03
Slope (°C/year) 0.3 ± 0.5 0.4 ± 0.4 0.1 ± 0.5 −0.3 ± 0.7 −0.2 ± 0.7 −0.3 ± 0.7 −0.3 ± 0.6 −0.3 ± 0.6 −0.4 ± 0.5 A
R2 0.01 0.08 0.01 0.20 0.10 0.16 0.15 0.11 0.18

RH (%) Slope (%/year) 2.6 ± 0.1 2.6 ± 0.1 2.9 ± 0.1 7.4 ± 0.1 5.42 ± 0.03 – – – – W
R2 0.79 0.77 0.54 0.56 0.91 – – – –
Slope (%/year) −1.7 ± 0.1 2.1 ± 0.1 1.7 ± 0.2 2.1 ± 0.1 0.9 ± 0.2 – – – – S
R2 0.19 0.91 0.68 0.76 0.15 – – – –
Slope (%/year) −0.4 ± 0.3 −1.7 ± 0.1 −2.0 ± 0.1 −1.2 ± 0.1 1.3 ± 0.2 – – – – SU
R2 0.04 0.19 0.18 0.08 0.17 – – – –
Slope (%/year) −2.3 ± 0.1 −2.8 ± 0.1 −2.6 ± 0.1 −1.7 ± 0.1 1.3 ± 0.2 – – – – A
R2 0.40 0.17 0.17 0.18 0.12

Table 3
Inter-annual trend of IWV and IWVaeronet by season in the period 2012–2016.

Slope (kgm-2/year) R2 Season

IWVMWR (kgm2) 1.0 ± 0.1 0.95 Winter
0.3 ± 0.7 0.26 Spring
0.8 ± 0.1 0.73 Summer
−0.8 ± 0.2 0.95 Autumn

IWVaeronet (cm) 0.07 ± 0.03 0.60 Winter
0.01 ± 0.05 0.02 Spring
0.03 ± 0.03 0.30 Summer
−0.03 ± 0.04 0.20 Autumn
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