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Abstract: We present an analysis of decadal in situ and remote sensing observations of water vapor
over the Cézeaux and puy de Dôme, located in central France (45◦ N, 3◦ E), in order to document the
variability, cycles and trends of surface and tropospheric water vapor at different time scales and the
geophysical processes responsible for the water vapor distributions. We use meteorological stations,
GPS (Global Positioning System), and lidar datasets, supplemented with three remote sources of
water vapor (COSMIC-radio-occultation, ERA-interim-ECMWF numerical model, and AIRS-satellite).
The annual cycle of water vapor is clearly established for the two sites of different altitudes and for
all types of measurement. Cezeaux and puy de Dôme present almost no diurnal cycle, suggesting
that the variability of surface water vapor at this site is more influenced by a sporadic meteorological
system than by regular diurnal variations. The lidar dataset shows a greater monthly variability of
the vertical distribution than the COSMIC and AIRS satellite products. The Cézeaux site presents a
positive trend for the GPS water vapor total column (0.42 ± 0.45 g·kg−1/decade during 2006–2017)
and a significant negative trend for the surface water vapor mixing ratio (−0.16 ± 0.09 mm/decade
during 2002–2017). The multi-linear regression analysis shows that continental forcings (East Atlantic
Pattern and East Atlantic-West Russia Pattern) have a greater influence than oceanic forcing (North
Atlantic Oscillation) on the water vapor variations.

Keywords: atmospheric water vapor; cycles and variability; climatology; decenal trends

1. Introduction

Water under its three phases is a key element of the atmosphere. Atmospheric icing occurs in
high altitude clouds, like cirrus, which have been recognized as important regulators of the radiative
balance of the earth’s atmosphere system [1], and at the top of convective clouds with important issues
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for aircraft security [2]. Under the liquid phase, clouds and precipitation are important components in
the Earth’s energy budget and water cycle, the Earth’s climate, and climate variability [3]. Water vapor
is the main contributor to the greenhouse effect [3]. In the lower troposphere, water vapor acts as a
resource for precipitation, providing latent heating and diabatic heating to weather systems [4]. In the
free troposphere, anomalously dry layers can be interpreted as small-scale features of stratospheric
intrusions [5,6]. For these reasons, water vapor is an Essential Climate Variable (ECV) of the Global
Climate Observing System (GCOS) program [7].

Wulfmeyer et al. [8] presented recently a review of the water and energy cycles, highlighting two
scientific questions essential for the environment and society. They deal with the predictability of
extreme events and with the natural and anthropogenic causes of the change of regional and global
water and energy cycles. Dedicated centers, such as the European Center for Medium-Range Weather
Forecasting (ECMWF), collect and provide data for climate studies, weather forecasting or other
purposes. Recently, Noh et al. compared water vapor retrievals including the ERA-Interim reanalyze
to radiosondes and highlighted some positive mean biases for relative humidity, especially over the
upper troposphere [9].

To develop and maintain long term atmospheric observation supersites is then important
for climate issues, comparisons with global model outputs, and satellite validation. CO-PDD
(Cézeaux-Opme-puy de Dôme) is an instrumented site for atmospheric research located near
Clermont-Ferrand (45◦ N, 3◦ E), labeled nationally and involved in international programs and
networks such as GAW (Global Atmospheric Watch) or ACTRIS-2 (Aerosol Cloud and Trace Gases
Research Infrastructure). It produces in situ and remote sensing measurements of atmospheric
components including water vapor, clouds, and precipitations [10]. The objective of CO-PDD is to
document the evolution of the composition of the troposphere by proposing to the scientific community
a structure for the reception of experiments and a set of long-term measurements to document the
processes linking gases, aerosols, cloud condensation and ice nuclei, clouds, and precipitation. Water
vapor plays a central role linking many of these atmospheric processes. For example, Zhao et al.
recently explored the role of the water vapor content below the freezing level in the response of storm
electrical processes to increased concentrations of cloud condensation nuclei [11]. The objective of
this paper is then to analyze decadal observations of water vapor over Cezeaux and puy de Dôme,
two sites of CO-PDD, in order to document the variability and cycles of water vapor at different
time scales and the geophysical processes responsible for the water vapor distributions using a multi
instrumental approach.

In this paper, Section 2 provides a description of all data sets used in the study. Section 3
presents the methodology and the numerical tools. Section 4 presents the seasonal cycle and short
time variability of water vapor. Section 5 provides the estimation of the contributions of geophysical
forcings. Section 6 describes the long term behavior of water vapor and Section 7 summarizes the paper.

2. Data Sets

In this Section we present the instrumented site, instrumentation and in-situ, remote sensing,
and satellite data used in this study.

2.1. CO-PDD, the Cézeaux, Opme, and Puy de Dôme Sites

2.1.1. Scientific Context, Networks, and Geographical Location

The puy de Dôme has a very long history related to atmospheric observation, beginning in
1876 when the first French meteorological mountain observatory was open. CO-PDD is now an
atmospheric measurement site made up of the puy de Dôme microphysical and chemical station
(1465 m, 45.77◦ N, 2.96◦ E), located away from immediate sources of pollution, of the Opme rain
measurement site (680 m, 45.71◦ N, 3.09◦ E), located in a rural area and of the remote sensing Cézeaux
University site (410 m, 45.76◦ N, 3.11◦ E), located in peri-urban area, near the town of Clermont-Ferrand.
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A situation map is provided in Figure 1. Puy de Dôme is now a global GAW station and CO-PDD is
involved in the ACTRIS-2 and ICOS European infrastructures and its French components ACTRIS-FR
and ICOS-FR [10,12]. The research based on CO-PDD data aims to document the evolution of the
composition of the troposphere, by improving our knowledge on:

• The temporal variations of the properties of the gases, aerosols, and clouds on the medium and
long-term and their vertical distribution in the troposphere.

• The processes linking these different atmospheric components (gas, aerosol, cloud).
• The impact of anthropogenic changes on the composition of the troposphere, and their

consequences in terms of climate (cloud, radiation) and meteorology (precipitation).

A summary of the data sets used in this study is provided in Table 1.

Table 1. Data sets used in this study.

Technique Location Variable Availability Temporal
Resolution

Vertical
Resolution

GPS 1 Cézeaux IWV 2 2006–2017 5 min Vertical column
GPS puy de Dôme IWV 2013–2017 5 min Vertical column

Meteorol station Cézeaux WVMR 3 2003–2017 5 min Single point
Meteorol station puy de Dôme WVMR 1995–2017 5 min 4 Single point

CRDS 5 puy de Dôme WVMR 2016–2018 1 h Single point
Lidar Cézeaux WVMR 2009–2016 2 min Very high

AIRS 6 Radius of 100 km
around Cézeaux WVMR 2002–2017 Few minutes Low

COSMIC 7 Radius of 100 km
around Cézeaux WVMR 2006–2017 Few days High

ECMWF 8 45.75◦ N, 3.125◦ E WVMR 1978–2017 6 h High
ECMWF 45.75◦ N, 3.125◦ E IWV 1978–2017 3 h Vertical column

1 Global Positioning System. 2 Integrated Water Vapor, in mm. 3 Water Vapor Mixing ratio, in g·kg−1.
4 Since 1999 (15 min from 1995 to 1998). 5 Cavity Ring Down Spectrometer. 6 Atmospheric Infra-Red Sounder.
7 Constellation Observing System for Meteorology, Ionosphere, and Climate. 8 European Centre for Medium Range
Weather Forecasting.

2.1.2. Meteorological Stations

Near ground humidity measurements are available at Cézeaux since 2002 and at puy de Dôme
since 1995. The meteorological sensors of the Cézeaux and puy de Dôme sites are Vaisala HMP45
(HUMICAP 180 humidity sensor and Pt100 temperature sensor). The accuracy of the humidity sensor
is ±2% for a temperature equal to 20 ◦C and relative humidity values between 0% and 90%; and ±3%
for relative humidity values above 90%. The temperature dependence of the humidity sensor is±0.05%
per ◦C. The temperature sensor has an accuracy of±0.2 ◦C at 20 ◦C [13]. The water vapor mixing ratios
(WVMR) are calculated from relative humidity, pressure, and temperature using the Hyland–Wexler
formula for the calculation of saturated water vapor pressure [14].
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Figure 1. Situation map and Google-Earth view allowing to locate (a) COPDD in Europe, (b) Puy de 
Dôme (PUY) and Cezeaux (CEZ) relative to Clermont-Ferrand area viewed from South, (c) puy de 
Dôme view from West and (d) Cézeaux view from South East. 

Figure 1. Situation map and Google-Earth view allowing to locate (a) COPDD in Europe, (b) Puy de
Dôme (PUY) and Cezeaux (CEZ) relative to Clermont-Ferrand area viewed from South, (c) puy de
Dôme view from West and (d) Cézeaux view from South East.
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2.1.3. Spectrometer

A CRDS (Cavity Ring Down Spectrometer) commercialized by Picarro is in operation at the puy
de Dôme station since April 2011. Over this period three instruments have been used. The first one
(G1301 model) was measuring CO2, CH4, and H2O from April 2011 to February 2015, whereas the
next two (G2401 model) were measuring in addition CO respectively from February 2015 to August
2016, and from August 2016 up to now. Wavelength-Scanned Cavity Ring Down Spectroscopy is a
time-based measurement using a near-infrared laser to quantify spectral features of molecules in a gas
circulating in an optical measurement cavity [15]. The effective path length of up to 20 km optimizes
precision and sensitivity. The measurement time interval of H2O is about 5 s, and in this work we used
hourly means. The precision provided by the manufacturer is 50 ppm. Unlike CO2 and CH4, there is
no regular calibration for water vapor. The raw data are corrected according to a calibration against a
calibrated hygrometer [16,17], which is applied to all CRDS-Picarro analyzers:

Hcal = 0.772× Hraw + 0.019493 × H2
raw (1)

The scatterplot comparing direct coincidences between meteorological station and Picarro CRDS
WVMR at the puy de Dôme station (not shown) presents a good agreement between the two
instruments (R2 = 0.98, regression line equation y = 1.0394 × −0.0033).

2.1.4. GPS Ground Receivers

Two ground GNSS (Global Navigation Satellite System) receivers operate continuously on
CO-PDD sites since 2006 (CLFD, Cézeaux) and 2013 (PDOM, puy de Dôme). These stations are
operated by OPGC/LaMP and data are distributed through the French Permanent Network [18], in the
framework of ACTRIS-2 project, observations from these two receivers are continuously analyzed
(with around 50 other French ground GNSS receivers) using a dedicated processing in order to
retrieve the integrated water vapor (IWV) contents. GPS data were processed using Gipsy/oasis
II software version 6.4 in Precise Point Positioning mode [19] using JPL ephemerides and clocks.
We apply the IERS2010 recommendations for solid Earth tides model [20] and FES2004 model for
the ocean tide loading effect [21]. No atmospheric loading correction is applied. Absolute antenna
models are used for transmitters (satellites) and receivers. Second order ionosphere correction is
used. Phase ambiguities are fixed using the wide lane phase biases computed by JPL (Jet Propulsion
Laboratory) [22]. Tropospheric delays are modeled by time varying Zenith Hydrostatic Delays (ZHDs),
Zenith Wet Delays (ZWDs), and horizontal gradients along with their respective Vienna mapping
functions [23]. The a priori values for the zenith delays and the values for the mapping functions
are computed from 6-hourly ECMWF (European Centre for Medium Range Weather Forecasting)
analyses. The ZWD parameters and horizontal gradients are modeled as random walk processes with
a 5 min time resolution and corrections to the a priori values is estimated during the data processing.
The random walk parameters are fixed to 5 mm/√h and 0.5 mm/√h for the ZWDs and gradients,
respectively, following the tests made in previous studies [24,25]. ZWD are converted in IWV using
a priori ZHD, Bevis formula [26] and Tm provided by TU-Wien. The precision is about 0.5 mm to
2.5 mm, in agreement with the literature [25].

2.1.5. Raman Lidar

A Raman Lidar is in operation at Cézeaux and produce vertical profiles of water vapor since 2009.
It uses a Nd: Yag Quantel laser to emit nominal 60 mJ/pulse at 355 nm, with a repetition rate of 10 Hz.
A Galilean telescope expands ten times the beam diameter (50 mm), and reduces the divergence of the
laser beam to 0.14 mrad. The reception part is based on:

• a 400 mm Cassegrain telescope, equipped with a field stops set from 1 mm to 4 mm,
• a detection box dedicated to the splitting of the collected photons with respect to their wavelength
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• LICEL photomultiplier modules equipped with R7400 Hamamatsu PMT tubes for each
different channel.

Water vapor concentrations are calculated using the ratio between 408 nm and 387 nm Raman
signals. The calibration coefficient is routinely calculated using ECMWF ERA-Interim specific humidity
profiles of the closest grid point to the lidar (45.75◦ N, 3.125◦ E). The vertical raw resolution of water
vapor profiles is 7.5 m and their typical range is 1–10 km, for a 8 h night session. The acquisition
software is based on the principles of automation programming, and on a user-friendly user-machine
interface. The system is implemented with a complementary module for the automatic operation
management [27]. The water vapor channel has been implemented in 2009, and data from 2010 to
2016 are analyzed in this work. In 2018, a renovation project funded by CNRS-INSU, ACTRIS-FR, and
CNES allows to change the aging Quantel laser source for a Spectra Physics Indy Laser with a nominal
100 mJ/pulse, to optimize the infrastructure of the lidar, inside the building of the University, in order
to facilitate alignment and quality check operations, to improve the stability of the system, and to add
acquisition channels at 532 and 1064 nm wavelengths for aerosol-cirrus measurements (color ratio).

2.2. Satellite Observations

2.2.1. AIRS/AQUA

The Atmospheric Infra-Red Sounder (AIRS) is a cross-track nadir scanning sounder launched on
4 May 2002 on board the Earth Observing System (EOS) of the NASA’s AQUA satellite. AQUA has
a near-polar and sun-synchronous orbit of 98.2◦ inclination and 98.8 min period, at an altitude of
705 km [28]. The repeat cycle period is 233 orbits (16 days) with a ground track repeatability of±20 km.
The equatorial crossing local times are 1:30 a.m. in a descending orbit and 1:30 p.m. in an ascending
orbit. Nadir scanning AQUA orbit and AIRS scanning geometry allows sounding most of the globe
twice daily. The water vapor profiles are obtained over footprints of 45 km × 45 km, with a vertical
resolution of 1 km in the troposphere. The infrared spectrum is measured in 2378 channels covering
the spectral range from 3.7 µm to 15.4 µm, 41 of which are being used for water vapor retrieval.
The version 6 (6.0.7.0) Level-2 retrieval products created using AIRS IR-Only has been used on the
period 31 August 2002–31 August 2017 (AIRS2RET). The spatial resolution is 50 km per 50 km.
The water vapor mixing ratios provided on the 9 pressure levels from 925 hPa down to 200 hPa have
been used (H2OMMRLEVSTD). Data in a radius of 100 km around the Cézeaux site have been selected.
According to the AIRS Version 6 Release Level 2 Product User Guide [29], AIRS is insensitive to water
vapor at mixing ratios of less than 15–20 ppm. Moisture profiles are obtained at an accuracy of 15%
per 2 km thick layer in the lower troposphere and 20–60% in the upper troposphere.

2.2.2. COSMIC/FORMOSAT

The global positioning system radio occultation method is a relatively new technique based on
signal phase delays recorded on a space-qualified GPS-GNSS receiver mounted on low-earth-orbiting
satellites [30]. Since April 2006, the COSMIC (Constellation Observing System for Meteorology,
Ionosphere, and Climate)/FORMOSAT 3 mission provides radio occultation measurements of vertical
profiles of refractivity used to derive vertical profiles of atmospheric temperature and water vapor
pressure [31]. We calculated the WVMR profiles using atmospheric and water vapor pressures.
We extracted all points from 100 km around the CO-PDD sites using the CDAAC Data Download
Interface. Since its launch, data of the COSMIC/FORMOSAT mission have been used in weather and
climate studies, including, for example, African weather [32], boundary layer height [33], width of the
tropical belt [34], or tropopause inversion layer [35].



Atmosphere 2018, 9, 302 7 of 22

3. Methodology and Numerical Tools

3.1. ECMWF ERA-Interim

ERA interim is a reanalysis dataset produced by ECMWF. It covers the period 1979 to now and
atmospheric parameters can be extracted at 6-h intervals (00, 06, 12 and 18UT) for latitude–longitude
grids from 3◦ × 3◦ to 0.125◦ × 0.125◦ for 15 isentropic levels and 37 pressure levels between 1 and
1000 hPa. ERA-Interim has replaced the ERA-40 archive. The main advances in the ERA-Interim
data assimilation compared to ERA-40 are the 12 h 4D variational analysis (4D-Var), the T255
horizontal original resolution, improvement in the humidity analysis, model physics and data
quality control, variational bias correction of satellite radiance data, and other improvements in
bias handling [36]. These data sets are currently available in the website of ECMWF [37]. In this study,
specific humidity (converted to WVMR) and integrated water content have been extracted for the grid
point 45.75◦ N–3.125◦ E) in order to compare with observations presented in Section 2.

3.2. Long Term Trend Estimation

Water vapor presents a strong annual cycle. For the best determination of long term trends of
water vapor it is necessary to remove the annual cycle before establishing the best fit of a linear trend.
This approach is based on the regression analysis, developed by Mastenbrook et al. [38] and applied to
detect stratospheric water vapor trends. It consists of fitting equations of the form:

Y(t) = a0 + a1·t + a2 ∗ cos
(

2·π·t
I

)
+ a3· sin

(
2·π·t

I

)
+ ε(t) (2)

This equation is established for each vertical level independently by the least square method.
Daily means have been used to calculate the trend. Thus, t is time, a0 + a1 ∗ t is the equation of the
linear trend with a1 the slope and a0 the ordinate at the origin, a2 ∗ cos

( 2·π·t
I

)
+ a3 ∗ sin

( 2·π·t
I

)
is the

annual cycle during the period of our study, I is the number of data that constitutes annual cycle and
ε (t) is the residual term.

This technique reduces the noise related to the maximum and the minimum humidity at certain
periods of the year, and then the uncertainty associated with the trend calculation. The meteorological
station series at puy de Dôme are a specific case because of the change of location and station instrument
in 2010. Then the trend of this data set will be estimated by separating two periods, 1995–2010
and 2011–2017.

The uncertainty of the trend is related to the statistical error of the slope, which represents the
geophysical variability of the humidity data. We are in the framework of the Student law, which allows
the estimation of the statistical error on the slope of the regression line by:

∆a1 = σ̂a1 ·t
n−2
(1−∝)/2 (3)

with:
σ̂a1 =

σ̂ε

n·V(x)
and σ̂ε =

1
n− 2

·∑n
t=1 ε(t)

2 (4)

where n is the number of measurements x with a sampling of one day, V(x) is the variance of the
observation variable and tn−2

(1−∝)/2 is the quantile of the Student’s t distribution, equal to 1.645 at 95%
level of confidence.

3.3. Determination of the Influence of Geophysical Forcings on Water Vapor Variations

We aim to estimate the influence of geophysical forcings on water vapor distributions. We must
first determine that geophysical forcings can potentially influence the water vapor. For that we used
the monthly teleconnection indexes calculated from NCEP/NCAR reanalysis data and published by
NOAA [39].
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The teleconnection indexes of 10 geophysical forcings are published, but some of them concern
regions far from Clermont-Ferrand. Finally, we only used three teleconnection indexes:

• North Atlantic Oscillation (NAO).
• East Atlantic Pattern (EA).
• East Atlantic-West Russia Pattern (EA-WR).

Discovered in the 1920s, NAO is a large scale meridian dipole anomaly in sea-level pressure,
with the two centers of action located approximately over Iceland and the Azores [40]. It has been
shown that NAO has a strong influence on European regional distributions of surface temperature [41],
precipitations [42], and ground level aerosols [43].

EA was first described by Wallace and Gutzler [44] as an anomalously high 500 mb height anomaly
over the subtropical North Atlantic and Eastern Europe when in positive mode. It is a second mode of
inter-annual variability of the tropospheric circulation in that area. Particularly in Southern Europe,
the EA pattern is at least as important as the NAO for explaining inter-annual variations of sensible
climate variables such as air temperatures, sea-surface temperatures, precipitation, and wind [45].

EA-WR is one of the three prominent teleconnection patterns that affect Eurasia throughout year.
This pattern has been referred to as the Eurasia-2 pattern by Barnston and Livezey [46]. It is a zonally
oriented pattern with four main anomaly centers, located over Western Europe, Caspian Sea, Northern
China, and central North Atlantic. Over the eastern Mediterranean region, the positive EAWR winter
periods are associated with more intense northern air flows [47]. EA-WR has a strong impact on the
coupling between the sub-tropical Atlantic Jet and the African Jet, which in turn affects the climate
variability over Europe from mid-winter to late spring [48].

In addition, the tropospheric water vapor presents annual and semiannual cycles, parameterized
on a monthly basis as follows:

Yannual (t) = cos
(

2·π·t
12

+ϕ

)
(5)

and:

Ysemiannual (t) = cos
(

2·π·t
6

+ϕ

)
(6)

where ϕ = 2·π·θ
180 .

With θ being the phase coefficient between the water vapor signal and the annual or semi-annual
sinusoidal functions, determined by maximizing the correlation between the variation of water vapor
and the sinusoidal functions. The time evolution of the teleconnection indexes used and of the annual
and semiannual cycles is represented in Figure 2.

Finally, the method of estimation of the influence of the geophysical forcings on water vapor
is based on a multiple regression fitting, the observed variable being decomposed as the sum of
the contributions of all forcings, annual and semiannual cycles, and a residual term εminimized by
least-squares approach:

Y(t) = β0 + β1·t + β2·Ysemiannual (t) + β3·Yannual(t) + β4·NAO(t) + β5·EA(t) + β6·EAWR (t) + ε (t) (7)
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and (e) EA indexes.
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The term β1 of Equation (7) could be also used to estimate the long term trend. However, we prefer
to use the term a1 of Equation (2) because if the forcings have a long term evolution influencing the
long term trend studied, this effect would not been quantified in the term β1 but in the forcing terms.
The degree of dependence between the variables is evaluated through the autocorrelation coefficient
of the residual term. Regression uncertainties are calculated as follows [49]:

σ2
a = v(k)·σ2

s
1 +ϕ
1−ϕ (8)

where σ2
s is the variance of the residual term and v(k) the variance of the covariance matrix of

the forcing.
The capacity of regression fitting model to describe the data is estimated through the coefficient of

determination R2, which provides a measure of how well observed water vapor data are replicated by
the model, based on the proportion of total variation of outcomes explained by the model. The value
of R2 is close to one when the model explains very clearly the total variations in the geophysical signal
Y (t) and decreases to zero when it is not the case. This approach has been used previously for the
study of stratospheric ozone and temperature trends at mid-latitudes in the northern hemisphere
(AMOUNT model [50]), and for temperature and ozone trend estimates in the southern subtropical
upper troposphere and lower stratosphere (TRENDRUN model [51,52]).

4. Seasonal Cycle and Short Time Variability of Water Vapor

4.1. Surface Water Vapor

In addition to carbon dioxide, variations of water vapor at the interface between the earth’s
surface and the atmosphere play an important role in the functioning of ecosystems [53]. It is therefore
important to characterize the variations and cycles of water vapor near the surface. Figure 3 illustrates
the seasonal and daily variations of surface WVMR at Cézeaux and puy de Dôme. The annual cycle of
water vapor is clearly established for both sites and all types of measurements. The maximum of water
vapor is observed in summer (June to August) and the minimum in winter (December to February),
and autumn (September to November) is slightly wetter than spring (March to May). The seasonal
means of WVMR are given in Table 2.

The mean surface WVMR calculated for each season from the meteorological station at Cézeaux
is very close to ones from the meteorological station at puy de Dôme. Generally, the average of WVMR
decreases with altitude, and water vapor concentrates in the low troposphere. This has been observed
at different locations from radiosoundings and lidar [54–56]. Here we do not observe this vertical
decrease of water vapor between the meteorological station at Cézeaux (423 m) and those of puy de
Dôme (1463 m). The CO-PDD sites are affected by dominant westerly winds from oceanic origin [57],
and we suggest that foehn local processes dehydrates the air at Clermont-Ferrand compared to puy
de Dôme, after getting over the puy chain reliefs. This dynamical process has been studied for other
mountain chains, for example over the Andes [58] or the Pyrenees [59].

Table 2. Seasonal means ± standard deviation of WVMR (in g·kg−1) from the meteorological station at
Cezeaux, the meteorological station and the CRDS analyzer at puy de Dôme.

Station Summer Autumn Spring Winter

CLFD 8.9 ± 0.6 6.8 ± 1.2 5.4 ± 1.1 3.9 ± 0.3
PDOM 8.7 ± 0.6 6.6 ± 1.3 5.1 ± 1.0 3.6 ± 0.3
CRDS 8.6 ± 1.7 5.5 ± 1.7 4.9 ± 1.6 3.3 ± 1.2
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4.2. Vertical Columns and Profiles

The variability of surface water vapor illustrated by standard deviation is similar for puy de
Dôme and Cézeaux meteorological stations. It is larger in autumn and spring (more than 1 g·kg−1)
than summer (0.6 g·kg−1) and winter (0.3 g·kg−1). The CRDS data presents slightly larger variability
(between 1.2 and 1.7 g·kg−1), but the series are shorter (less than two years). Two years meteorological
stations data series show a variability of the same order of magnitude than the CRDS series.

The two sites present almost no diurnal cycle. That suggests that the variability of surface
water vapor at this site is more influenced by sporadic meteorological systems than by regular
diurnal variations.

The CO-PDD sites are equipped with remote sensing instruments providing total columns and
vertical profiles of water vapor. In this section, we document the variability of IWV at Cézeaux and
puy de Dôme as seen by the different techniques presented in Sections 2 and 3.

Figure 4 illustrates the seasonal and daily variability of IWV at Cézeaux and puy de Dôme.
Similarly to surface observations, a strong seasonal cycle is observed on the two sites: at Cézeaux the
average values are between 23 mm in summer and 9.6 mm in winter, and at puy de Dôme, the average
values are between 15.9 mm in summer and 7.2 mm in winter. The differences of IWV content between
the two sites are 7 mm (30% of puy de Dôme IWV), 4.7 mm (28%), 4.7 mm (34%), and 2.4 mm (25%) for
respectively summer, autumn, spring, and winter. This result shows that the foehn effect we mentioned
in Section 4.1 does not affect significantly the total column, as observed in the Swiss Alps [60].
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We do not observe a significant daily cycle. Similarly to surface observations, the variability
is slightly higher in spring and autumn, compared to summer and winter, and comparable for
puy de Dôme and Cézeaux. This result is slightly different to those observed above Zugspitze
(Garmisch-Partenkirchen, Germany, 2962 m above sea level), where the variability is larger in
summer [61]. Recently, the diurnal cycle of water vapor has been determined from the GPS ground
network in the Volga-Ural region of Russia by Kalinnikov and Khutorova [62], who showed also
maximal amplitude of the diurnal harmonics in summer for stations located on the windward side
of mountains.

Figure 5 presents the monthly mean and standard deviation of WVMR profiles from lidar,
compared with two satellite products, COSMIC and AIRS.
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Figure 5. (a,c,e) Monthly mean and (b,d,f) standard deviation of WVMR profiles of (a–b) Lidar
(2010–2016), (c–d) COSMIC (2006–2017), and (e–f) AIRS (2002–2017), the white lines represent the limit
of WVMR under and above the threshold of 5 g/kg.

The annual cycle of water vapor (maximum values in summer and minimum in winter) observed
on GPS IWV is occurring over the whole troposphere until the tropopause (near 12 km), and is
similar for the three datasets, in amplitude and altitude. In addition, the three datasets highlight a
larger monthly variability in the lower layers than in the free troposphere and in summer than in
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winter. One difference we can observe is that the monthly variability is larger for the lidar dataset,
than COSMIC, and finally AIRS.

This higher variability of the lidar dataset can be explained by the fact that the series do not
cover the same period, and lidar measures water vapor very locally, while COSMIC and AIRS probe a
larger part of the atmosphere. A part of the differences in the variability could also be attributed to the
difference of vertical resolution and the number of observations.

The 5 g·kg−1 isocontours altitude is near 2 km in summer, and less than 1 km in winter.
Farah et al. [63] used several different approaches to determine the boundary layer height, and showed
that the boundary layer varies from 400 m to 2500 m, with important daily and seasonal variations.
A more precise comparison with water vapor profiles could provide additional elements to determine
the boundary layer height for this site.

5. Geophysical Forcing Contributions

We present the estimation of the influence of the geophysical forcings on water vapor variations
using the methodology described in Section 3.3. Table 3 presents the contributions and incertitudes for
the semi-annual cycle, annual cycle, EA, EA_WR and NAO forcings for the different observation series:
WVMR at the meteorological site of puy de Dôme between 2011 and 2017, WVMR at the meteorological
site of Cézeaux between 2004 and 2017 IWV at the meteorological site of Cézeaux between 2009 and
2016, and WVMR deduced from the satellite AIRS at 850 hPa on the most closed point of Cézeaux
between 2003 and 2016.

Table 3. Contribution (in percentages) and corresponding uncertainty of the semi-annual cycle, annual
cycle, and the different forcings EA, EA-WR, and NAO to WVMR at puy de Dome, WVMR at Cézeaux,
IWV at Cézeaux, and WVMR deduced from AIRS at 850 hPa. The last column provides the coefficient
of determination R2.

Data Series Semi Annual
Cycle (%)

Annual
Cycle (%) EA (%) EA-WR (%) NAO (%) R2 (%)

PDOM WVMR
(2011–2017) 6.6 ± 2.6 57.4 ± 2.9 12 ± 7.2 12 ± 5.2 4.7 ± 5.5 92.7

CLFD WVMR
(2004–2017) 5.7 ± 1.7 62.0 ± 1.8 11.5 ± 4.5 12.4 ± 4.0 1.2 ± 3.6 92.8

CLFD GPS IWV
(2009–2016) 8.1 ± 1.4 62.7 ± 1.4 12.7 ± 3.8 10.9 ± 3.1 0.5 ± 2.9 94.9

AIRS WVMR
(2003–2016) 8.1 ± 1.02 65.6 ± 1.0 12.7 ± 4.2 -5.1 ± 4.0 4.6 ± 3.6 96.1

All values of coefficients determination are higher than 92.8%. This shows that the regression
model explains correctly the variability of the water vapor over time. As expected, the annual cycle is
the dominant component in all the studied parameters. The annual cycle is found to explain 57% of
the variation of water vapor for all the studied parameters, with a maximum value of 65.6 ± 1% for
AIRS WMMR.

EA and EA-WR have a strong impact on the coupling between the sub-tropical Atlantic Jet and
the African Jet, which in turn affects the climate variability over Europe [46]. A strong contribution
of EA-WR and EA at the variability of water vapor at Clermont-Ferrand is observed. Each forcing
contributes for all parameters more than 10.9± 3.1% except for EA-WR that has a negative contribution
(−5.1 ± 4.0%) for AIRS WVMR. That means that EA-WR and WVMR AIRS are in phase opposition.

NAO dictates climate variability from the eastern seaboard of the United States to Siberia
and from the Arctic to the subtropical Atlantic, especially during winter. It strongly affects water
management [64]. The contribution of NAO on the variability of water vapor in Clermont-Ferrand is
not significant, except for AIRS WVMR (4.6 ± 3.6%). This is a quite surprising result because the back
trajectory analysis shows that the dominant air mass origins are West (54%), followed by North (18%),
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then East (15%) and South (13%) [9]. We thought that the oceanic westerly air masses should be
correlated with a greater influence of the NAO on the water vapor trends observed at Cézeaux and
puy de Dôme, but this is not the case here. Recently, Pope et al., 2018 [65] used satellite observations
and a chemistry transport model to investigate the influence of NAO on European tropospheric
pollutants. They show that NAO circulation patterns are an important governing factor for European
wintertime composition and air pollution. Wypych et al. 2018 [66] confirmed the significance of
atmospheric circulation in the formation of moisture content in the winter season, but its markedly
lower impact in other seasons. The relationships are characterized by statistically significant spatial
differentiation. In this study CO-PDD is near the limit of two different regions, mid-Atlantic and
mid-continental, with a possible role of local factors impacting moisture content. This could explain
why the demonstration of the influence of NAO on the long series of water vapor observation is
difficult to highlight with our multi regression approach.

6. Decadal Trends from Long Time Series of Water Vapor

The time period covered by the dataset makes it possible to envisage a first estimate of decadal
trends. Figure 6 illustrates the variations, annual cycles, and trends of WVMR at the meteorological
site of Cézeaux between 2002 and 2018, GPS IWV at the meteorological site of Cézeaux between 2007
and 2018, specific humidity at 925 hPa and IWV deduced from ECMWF ERA-Interim also between
2002 and 2018, and WVMR deduced from AIRS at 925 hPa between 2002 and 2018.

GPS IWV presents a positive trend at the site of Cézeaux: 0.42 ± 0.45 mm/decade, but ECMWF
ERA-Interim presents almost no trend: 0.02 ± 0.29 mm/decade. Sussmann et al. [67] found also
positive trends for observations of IWV in Zugspitze Germany (47◦ N, 11◦ E, 2964 m above sea level),
0.79 ± 0.14 mm/decade between 1996 and 2008. Ning et al. [68] calculated also trends of IWV at
101 GPS sites. Trends in all the 101 sites present a large variability, between −0.67 ± 0.34 mm/decade
at Tibb (38◦ N, −122◦ E) and 1.03 ± 0.78 mm/decade at Coco (−12◦ N, 96◦ E). The closest site from
Cézeaux is Zimm (47◦ N, 7.5◦ E), whose trend is 0.18 ± 0.18 mm/decade. Compared to these values,
the trends observed at Cézeaux are inside the range of the global scale study of Ning et al. [68].

Nilsson et al. [69] also present a 10 year ground-based GPS trend estimation in Finland and
Sweden. The linear trends in the IWV are between −0.2 and +1.0 mm/decade. Haas et al. [70]
present long term trends (30 years) in the amount of atmospheric water vapor at the Swedish West
coast derived from four different techniques; very long baseline interferometry, GPS, ground-based
microwave radiometry, and radiosondes. The four techniques detect individual IWV positive trends
on the order of 0.37 ± 0.02 mm/decade to 0.62 ± 0.04 mm/decade. The trends observed at Cézeaux
are inside the range of the values of Ning et al. [64] and Nilsson et al. [65].

The WVMR trend deduced from AIRS at 925 hPa is 0.13 ± 0.07 g·kg−1/decade,
but WVMR deduced from the meteorological station at Cézeaux present a negative trend:
−0.16 ± 0.09 g·kg−1/decade. If many authors present trend estimates from the vertical columns
of water vapor, very few present trend estimates for ground based WVMR. Thao et al. [71] studied
the local linear trends of water vapor monthly anomalies over oceans between 2004 and 2010 using
4 sources of data: Advanced Microwave Scanning Radiometer for Earth Observing System (AMSR-E),
Jason-1 microwave radiometer (JMR), Enlist microwave radiometer (MWR), and ECMWF ERA-Interim.
The linear trend of water vapor above the border section with France from the Atlantic Ocean is
between 0 and −0.2 mm/decade, which is in agreement with the negative trend obtained from the
meteorological station at Cézeaux. WVMR trend at 950 hPa deduced from ECMWF ERA-Interim on
the most closed point of Cézeaux is also negative: −0.09 ± 0.09 g·kg−1/decade.

Figure 7 illustrates the variations, annual cycles, and trends at puy de Dôme: WVMR at the
meteorological station at puy de Dôme between 1995 and 2018, GPS IWV at puy de Dôme between
2013 and 2018, ECMWF ERA-Interim and AIRS WVMR at 850 hPa.
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Figure 7. Variations of water vapor (blue dots), annual cycles and trends (red lines), as function of
time for the puy de Dôme station. (a) WVMR from the meteorological sensor (black dots after 2010),
(b) GPS IWV content, (c) WVMR from ECMWF ERA-Interim (850 hPa), (d) WVMR from AIRS (850 hPa),
and (e) WVMR from COSMIC (1500 m).
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IWV data at puy de Dôme is available between 2013 and 2018. This period is too short to
establish a decadal trend. We have identified a discontinuity in 2010 in the series of WVMR from the
meteorological station at puy de Dôme, corresponding to a displacement of the instrument of about
twenty meters during the renovation of the puy de Dôme station, combined with a sensor change.
Then we have separated the series in two parts: after and before 2010.

WVMR deduced from ECMWF ERA-Interim specific humidity at 850 hPa presents almost
no trend: −0.005 ± 0.051 g·kg−1/decade. WVMR at the meteorological station at puy de Dôme
presents a positive trend in the first part until 2010 (0.38 ± 0.22 g·kg−1/decade) and a negative
trend after 2010 (−1.48 ± 0.51 g·kg−1/decade). AIRS shows a positive WVMR trend at 850 hPa
(0.132 ± 0.063 g·kg−1/decade) close to the trend observed at 925 hPa (0.129 ± 0.068 g·kg−1/decade),
due to the low vertical resolution of the instrument. In the study of Thao et al. [67], the regional
trends between 2004 and 2010 in the eastern part of the North Atlantic Ocean are also quite uncertain
and dependent on the datasets analyzed. Trend of WVMR detected by AIRS at 850 hPa is equal
to 0.13 ± 0.06 g·kg−1/decade. The vertical level 1500 m of COSMIC shows also a positive trend,
but non-significant because of the small number of points.

At the end, the trend results can be summarized as follows:

• At the Cezeaux site, the trend of IWV (2007–2017) is positive but not significant and the trend of
WVMR (2003–2017) is negative.

• At the puy de Dôme site, the trends are difficult to analyze because the series are temporally short
or inhomogeneous.

• Trends of IWV and specific humidity of ECMWF ERA-Interim are weaker than trends calculated
from observation series.

• AIRS WVMR trends are in disagreement with ECMWF and the meteorological sensor WVMR
trends, probably due to the low vertical resolution of AIRS.

7. Conclusions

In this study we presented an analysis of a long data set of lidar, GPS, CRDS, and meteorological
observations at the sites of puy de Dôme and Cezeaux. We compare the variability, cycles and long
term trends to the ECMWF ERA-Interim reanalysis, AIRS, and Cosmic satellites.

WVMR CRDS data are very well correlated with the WVMR data of the meteorological station at
puy de Dôme (R2 = 0.98). The WVMR at puy de Dôme reaches its maximum in summer (8.9 g·kg−1),
and its minimum in winter (3.6 g·kg−1), and autumn is slightly wetter than spring. Data show a daily
variability larger in summer than in winter, but almost no daily cycle (less than 1 g·kg−1). That suggests
that the variability of surface water vapor at this site is more influenced by sporadic meteorological
systems than by regular diurnal variations. WVMR observed at the site of puy de Dôme are close to
those observed at Cézeaux, despite the difference of altitude between the two sites (around 1000 m).
CO-PDD is under the influence of dominant westerly winds from oceanic origin, and we suggest that
foehn local processes dehydrate the air close to the surface at Clermont-Ferrand compared to puy
de Dôme, after getting over the puy chain reliefs. This dynamical process has been studied for other
mountain chains, for example over the Andes [56] or the Pyrenees [57]. The foehn local process seems
to have an impact only on the low layers as the IWV at puy de Dôme are lower than those measured at
Cézeaux.

The analysis of lidar and satellite vertical profiles shows that the monthly variability is larger
for the Lidar dataset than satellite products used in this study (COSMIC and AIRS). Given the high
variability of water vapor and the limited time coverage of the datasets, the decadal trends are difficult
to establish using these data sets.

The IWV trend at the Cezeaux site is positive but not significant and the trend of WVMR is
negative. At the puy de Dôme site, the trends are difficult to analyze because the series are temporally
short or inhomogeneous. The trends of IWV and specific humidity from ERA-Interim reanalysis are
weaker than trends calculated from the observation series.
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The analysis of geophysical forcings shows that EA and the EA-WR are the most influent on
tropospheric water vapor distributions. NAO dictates climate variability from the eastern seaboard of
the United States to Siberia and from the Arctic to the subtropical Atlantic, especially during winter.
It strongly affects water management, but this effect is not verified by the contribution of NAO on the
variability of water vapor in Clermont-Ferrand. This is quite a surprising result because backtrajectory
analyses show that dominant air masses come from West (53%), and are from oceanic origin.

In the future, we will continue to investigate variability and trends of water vapor on the CO-PDD
sites. It would be interesting to couple the evolution of water vapor to geophysical mechanisms
influencing water vapor, such as stratosphere-troposphere exchanges and precipitation events, through
case studies or a more sophisticated statistical approach.
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