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Abstract. The use of ground-based observations is suitable for the assessment of atmospheric water vapour in climate models.
Global Navigation Satellite Systems (GNSS) provide information on the Integrated Water Vapour (IWV), at a high temporal
and spatial resolution. We used IWV observations at 100 European GNSS sites to evaluate the regional climate model ALARO
running at 20 km horizontal resolution and coupled to the land surface model SURFEX, driven by the European Centre
for Medium-Range Weather Forecasts (ECMWF) Interim Re-Analysis (ERA-Interim) data. The observations recorded in the
selected stations span from 1996 to 2014 (with minimum 10 years) and were homogeneously reprocessed during the second
reprocessing campaign of the EUREF Permanent Network (EPN Repro2). The outcome of the reprocessing was then used to
compute IWV time series at these stations. The yearly cycle of the IWV for the 19-year period from 1996 to 2014 reveals
that the model simulates well the seasonal variation. Although the model overestimates IWV during winter and spring, it is
consistent with the driving field of ERA-Interim. However, the agreement with ERA-Interim is less in summer, when the
model demonstrates an underestimation of the IWV. The model presents a cold and dry bias in summer that feedbacks to
a lower evapotranspiration and results in too few water vapour. The spatial variability among the sites is high and shows a
dependence on the altitude of the stations which is strongest in summer and by ALARO-SURFEX. The IWV diurnal cycle
presents best results with ERA-Interim in the morning, whereas ALARO-SURFEX presents best results at midnight.

1 Introduction

The Earth’s climate is controlled by greenhouse gases. Atmospheric water vapour is the most prominent greenhouse gas and
plays a key role in the feedback process of a changing climate (Cess et al., 1990). An increase in temperature enhances
the water-holding capacity of the atmosphere, thus amplifying the greenhouse effect (Trenberth, 1998) Therefore, a good
simulation of the water vapour by climate models is crucial. However, the common measuring systems for water vapour
observations, such as radiosondes and satellite’s instruments, are not adequate for the validation of climate models (Vey et al.,
2010).

The use of ground-based observations has increasingly attracted the attention for measuring water vapour, because of its

high temporal and spatial variability. The ground-based measurements of Global Navigation Satellite System (GNSS) sig-
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nals provide information on the water vapour integrated over the total column of the atmosphere (Wang et al., 2005). They
have the additional advantage over traditional systems, such as radiosondes, of measuring during all weather conditions and
at high spatial and temporal resolutions. The most common GNSS is the American Global Positioning System (GPS), but
additional systems exist, such as the Russian Global Navigation Satellite System (GLONASS), the Chinese Beidou system, or
the European Galileo.

The signals received from GNSS are delayed by the neutral atmosphere, consisting of the troposphere, stratosphere and
mesosphere. The delay induced by the lower neutral atmosphere on the GNSS signal is a valuable source of information for
the estimation of the amount of atmospheric water vapour. This delay is referred to as the tropospheric delay, and can be
converted into IWV by using the surface pressure and a water vapour weighted mean temperature (Tralli and Lichten, 1990).
GNSS receivers demonstrate a high stability, as they monitor the water vapour under almost all weather conditions, with a
temporal resolution of one hour over a long period. Therefore, these long-term measurements are highly suitable for climate
model validation (Wang and Zhang, 2009).

Although considerable research has been devoted to climate monitoring by considering trends in IWV retrieved by GNSS
(Gradinarsky et al., 2002; Nilsson and Elgered, 2008; Ning and Elgered, 2012), less attention has been paid to climate model
validation. Ning et al. (2013) assessed a Regional Climate Model (RCM) for IWV and compared it to GPS measurements. They
revealed an underestimation of the IWV, due to a cold and dry bias represented by the model. Sites close to the sea resulted in
larger mean IWV differences. Therefore, some authors suggested to be careful when validating model grid boxes with point
observations (Ning et al., 2013).

Challenges arise when attempting to explain the temporal and spatial variability of the IWV differences between a RCM
and GNSS observations (Guerova et al., 2016). The GNSS observations that serve as the basis for this study arrive from a
network within the International Association of Geodesy Regional Reference Frame sub-commission for Europe (EUREF,
http://epncb.oma.be). The efforts made during the COST Action ES1206 (GNSS4SWEC) have stimulated and supported the
production of homogeneously reprocessed long-term datasets of tropospheric delays, such as the second tropospheric repro-
cessing campaign carried out within EUREF (EPN Repro2, Pacione et al., 2017). This dataset (converted into IWV) allows
us to validate the regional distribution of water vapour from climate models. We evaluate the ability to simulate the IWV by
the RCM ALARO-0 (Gerard et al., 2009) coupled to SURFEXvS (Masson et al., 2013), driven by the European Centre for
Medium-Range Weather Forecasts (ECMWF) Interim Re-Analysis (ERA-Interim, Dee et al., 2011), at 100 European GNSS
sites for a 19-year period from 1996 to 2014. Both ERA-Interim and ALARO-SURFEX have not assimilated GNSS informa-
tion, so the comparisons among both with the GNSS observations are fair. Specifically, the inter-annual, seasonal and diurnal
variations are investigated, as well as the spatial variation.

This manuscript is organised as follows: in Sect. 2 we describe the procedure of the IWV datasets and the methodology.

Sect. 3 covers the results on the different scales of variability. The results are concluded in Sect. 4.
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2 Datasets
2.1 GNSS-derived IWYV dataset

When travelling through the neutral atmosphere (hereafter referred to as troposphere), the signals emitted by GNSS satellites
and received by ground-based receivers undergo a propagation delay called the tropospheric delay. This is the difference be-
tween the actual path that the signal travels through the troposphere and the path that the signal would have followed in vacuum
conditions. During the GNSS data processing, this path delay is estimated in the zenith direction and is referred to as Zenith
Total Delay (ZTD). A large infrastructure of 323 continuously operating GNSS stations is maintained by EUREF to form the
EUREF Permanent Network (Bruyninx et al., 2012; Thde et al., 2013). Within EUREF, the GNSS observations from the EPN
are analysed operationally by several analysis centres to determine precisely the coordinates of the stations. In the process
they also estimate the ZTD at these stations. Over time, the computation carried out by the different EUREF analysis centres
experiences sometimes inconsistencies due to e.g. the updates of the reference frame and applied models, the use of difference
elevation cut-off angles, different mapping functions (Ning et al., 2016a). A homogeneous reprocessing of the whole dataset
is thus mandatory to overcome such problems prior using this dataset for any climate application. Within EUREF, the GNSS
observations from the entire EPN and for the 19-year period (1996-2014) have been carefully and homogeneously reprocessed
during the so-called second EPN reprocessing campaign (EPN-Repro2, Pacione et al., 2017) in order to produce a climate-

quality tropospheric dataset over Europe.

The ZTD consists of a Zenith Hydrostatic Delay (ZHD) component that reflects the whole density of the neutral atmosphere
and a Zenith Wet Delay (ZWD) component that reflects the wet state of the atmosphere caused by water vapour. For climate
application, ZWD is usually converted to IWV, and expressed as kg m™ as it is the mass of water vapour in a column of the

atmosphere. The conversion is done by subtracting the hydrostatic delay from the estimated ZTD:

ZWD=ZTD — ZHD (1)

IWV =k.ZWD 2)

According to Askne and Nordius (1987) and Hogg et al. (1981) the coefficient & is:

10°
K= 3)
prv(ﬁ + k/Z)
where p,, is the density of liquid water (999.97 kg m™), R, is the specific gas constant of water vapour (461.51 J*! kg'!),
T,, is the vertically integrated mean temperature within an atmospheric water vapour column represented by N levels, where

the temperature at each level is weighted with the specific humidity. Besides, k; and k’, are atmospheric refractivity constants
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(3739 + 12 K> h Pa’! and 0.22 + 0.02 K? h Pa™!). In this work, T}, was derived from the ERA-Interim pressure level data. This

is an appropriate strategy as discussed by Hagemann and Bengtsson (2003) and is suitable for this study.

Following (Bevis et al., 1992) the ZHD can be written as a function of the pressure measured at the GNSS station:

P
ZHD = 0.0022768 —— N85 )

f(A Honss)
where Pgpss is the pressure at the GNSS antenna height (in hPa) and was derived from the ERA-Interim surface pressure,
but converted to the antenna height by making use of the barometric formula. The fi\,Hgyss) is a function close to unity that
accounts for the variation in gravitational acceleration, with latitude A\ and height H of the surface above the ellipsoid (in m)

(Saastamoinen, 1972):

F(A, Hgps) = 1 —0.00266c0s(2X) — 0.00000028 Hnss (5)

The conversion of ZTD to IWV introduces errors that affect the uncertainty of the IWV estimation. The pressure and mean
temperature derived from ERA-Interim influence the accuracy of the ZHD and & coefficient (Ning et al., 2013, 2016b). The
uncertainties in ZTD determine 75 % of the total IWV uncertainty for three sites in Germany, New-Zealand and Norway from
the Global Climate Observing System Reference Upper-Air Network (Ning et al., 2016a; Bodeker et al., 2016). For these sites,
the total IWV uncertainty was 0.68, 0.65 and 0.53 kg m™? for the site in Germany, New-Zealand and Norway respectively. The
corresponding standard deviations that represent the variations in IWV uncertainty were 0.16, 0.13 and 0.06 kg m™ respectively

(Ning et al., 2016a).

2.2 ERA-Interim IWV dataset

ERA-Interim is a global atmospheric reanalysis from 1979, continuously updated in real time, but with a 2006 release of
the data assimilation system. ERA-Interim does not incorporate the assimilation of GNSS data. The system includes a 4-
dimensional variational analysis (4D-Var) with a 12-hour analysis window, giving a temporal resolution of 6h. The spatial
resolution of the dataset is approximately 80 km (0.75° x 0.75°) on 60 vertical levels from the surface up to 0.1 hPa. Today,
this is the most state-of-the-art reanalysis product of the ECMWF, but an improved reanalysis product called ERAS is currently
under development. Unfortunately, this product was not available during this study so we were appointed to make use of
ERA-Interim.

The ERA-Interim IWV values have been extracted from the surface fields at the GNSS station location. The IWV values
from the four grid boxes surrounding the GNSS station were horizontally interpolated, and weighted with the inverse distance
to the GNSS station. Furthermore, the ERA-Interim IWV was corrected using a vertical interpolation to the GNSS station
height, as the model topography using in ERA-Interim usually does not agree with the height of the GNSS station height. We
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applied the approach proposed by Hagemann and Bengtsson (2003), in which the adjustment is obtained by the (numerical)
integration of the specific humidity q over the height difference between the GNSS station and the model surface in 30-m
steps, which generally corresponds to a pressure difference smaller than 4 hPa. A constant dewpoint depression is assumed to

height-adjust the specific humidity.
2.3 ALARO-SURFEX IWYV dataset

The regional climate model used in this study is the ALARO model version 0, a configuration of the Aire Limitée Adaptation
Dynamique Développement International (ALADIN) model with improved physical parameterisations (Gerard et al., 2009),
combined with the Application de la Recherche a I’Opérationnel a Meso-Echelle (AROME), first baseline version released in
1998. The ALADIN model is the limited area model version of the global scale Action de Recherche Petite Echelle Grande
Echelle Integrated Forecast system (ARPEGE-IFS) (Bubnova et al., 1995; ALADIN International Team, 1997). ARPEGE is
a global spectral model, with a Gaussian grid for the grid-point calculation. The vertical discretisation uses hybrid terrain-
following pressure coordinates. The ALARO-0 model has been developed with the ARPEGE Calcul Radiatif Avec Nebulosité
(ACRANEB) scheme for radiation based on Ritter and Geleyn (1992). This ALARO-0 model configuration has been operating
at the Royal Meteorological Institute of Belgium (RMI) for its operational numerical weather forecasts since 2010. The new
physical parameterisation within the ALARO-0 model was specifically designed to run at convection-permitting scales, with a
particular focus on an improved convection and cloud scheme (Gerard and Geleyn, 2005; Gerard, 2007; Gerard et al., 2009).
The ALARO-0 model domain is centred over Western Europe at 46.47°N and 2.58°E with a dimension of 149 x 149 horizontal
grid points and spacing of 20 km in both horizontal axes, with a Lambert conformal projection (Fig. 1). The model consists of
46 vertical layers with the lowest model level at 17 m and the model top extending up to 72 km. The regional climate model
is coupled to the land surface model SURFace EXternalisée (SURFEX, Masson et al., 2013). SURFEX is based on a tiling
approach with each tile providing information on the surface fluxes according to the type of surface: nature, town, inland water
and sea.

The regional climate model was driven by initial and lateral boundary conditions provided by the ERA-Interim reanalysis. A
relaxation zone of eight grid points was used at the lateral boundaries of the domain (Davies, 1976). The zonal and meridional
wind components, atmospheric temperature, specific humidity, surface pressure and soil moisture and soil temperature were
updated every 6 model hrs as lateral boundary conditions and interpolated to hourly distributions. They were introduced as
initial conditions across the domain.

The IWV in ALARO-SURFEX has been derived using the model pressure, the surface pressure and the specific humidity
at each model level. Since the GNSS station height can differ from the height of the surface layer in the model, an altitude
correction was applied. First, the model surface layer height at the GNSS station was determined by a bilinear interpolation

from the surrounding four grid boxes with the centre coordinates at the neighbouring grid box in the model to the GNSS station
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coordinates. Next, from this height difference, the pressure at the GNSS station was calculated using the barometric formula

(Oceanic and Administration, 1976):

(99 M)
T2m (R Lp)

T2m + Lb (hstat — hm)

P = Pgen (6)

where Py, is the model surface pressure of the nearest grid box to the GNSS station, 72m is the model 2 m temperature of
the nearest grid box to the GNSS station, L, is the standard lapse rate of -6.5 K km™', A, is the height of the GNSS station, ,,
is the horizontally interpolated model height of the grid boxes nearest to the GNSS station, g is the gravitational acceleration
(9.80665 m s2), M is the molar mass of the Earth’s air (0.0289644 kg mol ') and R" the universal gas constant (8.3144598 J
mol! K1).

The IWYV has been calculated by vertically integrating the water vapour content, starting from the pressure at the GNSS
station up to the pressure corresponding with a height of about 20 km. This height of 20 km is well above the tropopause so

with this upper limit, we capture the entire columnar water vapour amount.
2.4 Methodology

From the entire reprocessed GNSS dataset, we selected stations based on the following criteria: (i) the station had to fit within
the model domain, (ii) the data length of the station had to cover at least 10 yrs, and (iii) the selected months from the dataset
of the station had to cover at least 15 days with non-missing values. These criteria resulted in a total of 100 GNSS stations, for
the 19-yr period of 1996-2014 (Fig. 1).

For the analysis, we calculated the IWV time series from the four neighbouring grid boxes nearest to the station coordinates
from both ERA-Interim and ALARO-SURFEX. For this purpose, both reanalysed and modelled IWV were archived at 6-hr
time steps (00 UTC, 06 UTC, 12 UTC, 18 UTC) starting at 1 January 1996. For subsections 3.1,3.2 and 3.3, we calculated
the monthly means from these IWV values at the different stations. In this process, we identified one specific GNSS station
Saint Jean des Vignes in France (SJDV, http://epncb.oma.be/_networkdata/siteinfo4onestation.php?station=SJIDVOOFRA) that
showed large differences with both ALARO-SURFEX and ERA-Interim. These differences appear in the same order of mag-
nitude for both models and are constant in time. They do not seem to be related to orographic difference between the model
grid boxes and the location of the GNSS station, as the difference in altitude between the model height and the GNSS station
is 184 m. Therefore, the differences could be related to the GNSS station itself and was removed from the dataset.

From the monthly mean values, we computed different types of variability: the inter-annual variability and the intra-annual
variability. In both cases we use the average IWV values over all stations for each year i and each month j, with i=1..N
and j=1..M, and N=19 and M=12. The inter-annual variability is associated with the year-to-year variability in IWV and is
computed in two steps: (i) compute the monthly IWV anomalies w.r.t. the monthly mean over the 19 years; (ii) calculate the
standard deviation of these anomalies for each month (resulting in 12 monthly values). The intra-annual variability refers to

variability at the time scale of less than 1 year and is computed in two steps as well: (i) take the yearly IWV anomalies w.r.t.
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the yearly mean values over the 12 months and (ii) calculate the yearly standard deviation of these anomalies (resulting in 19
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Figure 1. The domain used within this study at 20 km horizontal resolution centred at 46.47°N and 2.58 ° E with a dimension of 149x149
horizontal grid points. The distribution of the Global Navigation Satellite Systems (GNSS) stations that fulfil the criteria for the validation of

the models. The background colour gradient represents the orography of the domain.

The significance of the differences between ERA-Interim/ALARO-SURFEX and the GNSS observations was assessed by
applying the Kolmogorov-Smirnov (K-S) test. This test determines whether the datasets have the same (continuous) distribu-
tion. As integrated water vapour follows a non-normal distribution (Foster et al., 2006), the advantage of using this test is that
it does not make any assumption on the distribution of the data and is non-parametric (von Storch and Zwiers, 1999). The

significance was tested for the monthly values over the entire simulated 19-yr period at the 5% significance level.

3 Results
3.1 Dataset comparison

The IWV monthly values (all stations together) show a correlation coefficient of 0.99 and 0.98 for ERA-Interim and ALARO-
SURFEX respectively with the IWV derived from GNSS (Fig. 2). The spread of the model versus GNSS IWV values increases
with increasing IWV values. The slopes of the linear regression lines of both the ERA-Interim and ALARO-SURFEX IWV
values with respect to the corresponding GNSS IWV values are close to 1, resp. being 0.997 and 0.962. The lower slope for the
ALARO-SURFEX vs. GNSS linear regression is due to overestimation of ALARO-SURFEX w.r.t. the GNSS IWV (positive
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IWYV bias) at the low IWV range, and an increasing IWV underestimation (increasing negative biases) in the middle and upper
range of IWV Values (see Table 1).

The linear regression slopes of ERA-Interim IWV vs. GNSS IWV are increasing for the different IWV ranges considered in
Table 1), and is larger than 1 for the upper range (above 25 kg m2). This is due to an increasing number of ERA-Interim IWV
outliers above the 1:1 line with increasing IWV values. For all IWV ranges, ERA-Interim has a positive IWV bias w.r.t. GNSS,
with similar values. The linear regression slopes of ALARO-SURFEX IWV vs. GNSS IWV are lower than 1 for all IWV ranges
(Table 1). Despite smaller (but negative) biases by ALARO-SURFEX for all IWV ranges, the standard deviations are larger for
both middle and upper range (below 10 kg m™? and 10-25 kg m?). This indicates a larger variability of ALARO-SURFEX w.r.t.
GNSS around the 1:1 line than the ERA-Interim w.r.t. GNSS. This is due to the lack of assimilated ground-based observations
by ALARO-SURFEX (Ning et al., 2013).

Q - o ERAI
vV ALARO
A4
VooV
ERAI-GNSS (0.997X+0.331, R2=0.99)
8 — ALARO-GNSS (0.961X+0.541, R2=0.98)

ERAI / ALARO (kg m-2)
20
Il

10
1

0 10 20 30 40
GNSS observations (kg m-2)

Figure 2. The scatterplot of the monthly Integrated Water Vapour (IWV, kg m™) values for all station locations for the 19-yr period of
1996-2014 of ERA-Interim and ALARO-SURFEX with respect to the Global Navigation Satellite Systems (GNSS) observations. The black

line represents the 1:1 fitted line with intercept O and slope 1.
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Table 1. Statistics related to the scatterplot of the monthly Integrated Water vapour (IWV, kg m™) values.

Allranges  Lower than 10kgm?  Between 10 and 25 kgm?  Above 25 kg m™

ERA-Interim Slope  0.997 0.951 0.988 1.013
Bias 0.276 0.301 0.239 0.365
Std 0.618 0.557 0.515 1.014

ALARO-SURFEX  Slope 0.962 0.859 0.952 0.845
Bias -0.091 0.184 -0.124 -0.252
Std 0.842 0.566 0.792 1.172

3.2 Yearly and seasonal variability

The mean GNSS-based IWV over the 19-yr period is 16.31 kg m™ and is higher for ERA-Interim with 16.58 kg m™2 and
lower with ALARO-SURFEX with 16.22 kg m™ (Fig. 3a). Both ERA-Interim and ALARO-SURFEX are able to reproduce the
yearly IWV variability. For all data sets, the inter-annual variability is very small compared to the intra-annual variability (Fig.
3a, Table 2). The mean inter-annual variability is 1.20, 1.17 and 1.16 kg m2 for GNSS, ERA-Interim and ALARO-SURFEX
respectively, whereas the mean intra-annual variability is 5.57, 5.52 and 5.39 kg m? for the corresponding datasets. The IWV
overestimation of ERA-Interim w.r.t. GNSS is a persistent feature for all the years, whereas ALARO-SURFEX has a positive
IWYV bias w.r.t. GNSS at the beginning of the year and a negative IWV bias in the summer periods (Fig. 3b). As a result, the
ALARO-GNSS IWYV difference time series show a strong seasonal behaviour. This results in a mean IWV difference of -0.08
kg m? by ALARO-SURFEX and 0.28 kg m™ by ERA-Interim w.r.t. GNSS.
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Figure 3. The inter-annual variability of monthly averaged Integrated Water Vapour (IWV, kg m™) from 1996 to 2014 for (top) the Global
Navigation Satellite Systems (GNSS) observations, the ERA-Interim and the ALARO-SURFEX simulations and (bottom) absolute differ-
ences between ERA-Interim and ALARO-SURFEX and the observations. The horizontal lines in (top) represent yearly means and the mean
value and standard deviation over all years is quoted in the inset panel. The horizontal lines in (bottom) represent the zero line (in black) and

the linear fit through both datasets (ERA-Interim vs. GNSS in orange and ALARO-SURFEX vs. GNSS in blue) .

2008

Table 2. Statistics related to the monthly Integrated Water Vapour (IWV, kg m?) values.

2010 2012

2014

Technique Mean IWV over 19-yr (kg m'?) Inter-annual Intra-annual

Mean (kg m?) Sud (kg m?2) Mean (kg m?2) Std (kg m2)
GNSS 16.31 1.20 0.27 5.57 0.31
ERA-Interim 16.58 1.17 0.26 5.52 0.32
ALARO-SURFEX  16.22 1.16 0.26 5.39 0.31

10
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All seasons during the 19-yr period present an overestimated IWV by ERA-Interim, except for two summer seasons in 2000
and 2004. These two summers correspond to anomalously low temperatures in ERA-Interim. The seasonality of the ERA-
Interim vs. GNSS IWYV differences is larger for the first years of the time series and is less pronounced afterwards. A possible
explanation is the increased data assimilation in ERA-Interim in the more recent years. On the other hand, the ERA-Interim
IWYV biases w.r.t. GNSS seem to be rather constant in time. This is in contrast to the ALARO-GNSS IWYV biases, which
seem to decrease in time (drifting) (Fig. 3b). The seasonal cycle of ALARO-SURFEX exists for all the years, with a peak of
overestimated IWV in spring.

The overall IWV seasonal cycle, averaged over all the GNSS station locations, is shown for the three datasets in Fig. 4a. The
highest value is obtained in August (about 25 kg m2) and the lowest in February (about 10 kg m). The standard deviations
are larger in summer for all datasets. ERA-Interim overestimates the IWV values for all months with a fairly constant bias, on
average 0.28 kg m2. They give significant differences in winter and spring to the GNSS IWVs (Fig. 4b) because of the lower
IWYV values in these seasons.

Meanwhile, the ALARO-SURFEX IWYV biases with respect to GNSS IW Vs are more variable throughout the year. ALARO-
SURFEX is relatively good in simulating the IWV in winter, autumn and spring with 0.03 kg m>, -0.18 kg m™? and 0.13 kg
m2 respectively, but significantly underestimates IWV in summer with an average of -0.34 kg m™ (Fig. 4b). This results in a
month-to-month standard deviation by ALARO-GNSS of 0.84 kg m™, whereas ERAI-GNSS only presents a standard deviation
of 0.62 kg m? (Fig. 4b). Furthermore, the monthly standard deviations that represent the year-to-year variability and station-
to-station variability are on the average 0.6 kg m™ for ERA-GNSS and 0.8 kg m? for ALARO-GNSS, resulting in a 35% larger
variability of ALARO-GNSS.

11



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1097 Atmospheric

Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 29 November 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License. Discussions
o |
™ —a— GNSS

ERAI

AT
PG

ERAI-GNSS 0.28 +-0.62
® ALARO-GNSS -0.09 +-0.84

WV (kg m™?
15 20

10

3
!

IWV difference (kg m™2
0
|
L
'
|
L
>—.]—<

o
M
<
>
<
[
o -
>
wn
@]
z
W)

Month

Figure 4. Monthly averaged Integrated Water Vapour (IWV, kg m?) (top) from Global Navigation Satellite Systems (GNSS) and modelled
by ERA-Interim and ALARO-SURFEX and (bottom) differences between ERA-Interim and the GNSS observations and between ALARO-
SURFEX and GNSS observations averaged over the 19-yr period of 1996-2014 and all GNSS stations. The vertical bars represent the

standard deviations for the 19 years and 100 stations. The * represent the statistically significant IWV differences using the K-S test.

The seasonal variability visible in the IWV difference between ALARO-SURFEX and GNSS can be related to the seasonal
variability of the temperature and the precipitation bias present in the model. The average precipitation over all grid boxes
nearest to the GNSS stations shows a wet bias of 5-38% (Fig. 5a) compared to the 0.22° ECA&D E-OBS dataset (Haylock
et al., 2008). E-OBS is a daily high-resolution gridded observational dataset, which consists of the daily mean temperature and
the daily accumulated precipitation. The most recent version v14.0 was selected on the 0.22° rotated pole grid, corresponding
to a 25 km horizontal resolution in Europe.

The overall wet bias is associated with an overall cold bias of -0.5°C to -1.8°C when averaging the 2 m temperature mea-
surements over the grid boxes that contain the GNSS station locations (Fig. 5b). These findings are in agreement with the

general model performance of ALARO-SURFEX for the 10-yr validation period of 1991 to 2000 (Berckmans et al., 2017).
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Both precipitation and temperature follow a clear seasonal cycle with strong biases in winter that increase in early spring
and subsequently decrease in summer, when they are minimal, followed by gradually increasing biases again in autumn. The

seasonal cycle of precipitation bias coincides well with the seasonal cycle of IWV bias for autumn, winter and spring (Fig. 4b).
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Figure 5. Monthly bias (presented by boxplots) by ALARO-SURFEX averaged over the 19-yr period of 1996-2014 and all grid boxes nearest
to the Global Navigation Satellite Systems (GNSS) stations of (a) daily accumulated precipitation (%) and (b) daily mean 2 m temperature
(°C) with respect to E-OBS. The boxplots indicate the standard deviation above and below the mean of the data, the horizontal bars represent

the median of the data, the red diamonds represent the mean of the data, and the outliers are shown by open circles.

The largest difference between the ALARO-SURFEX IWVs and the GNSS-based IWVs occur in summer (Fig. 4b). On the
contrary, the smallest temperature and precipitation bias appears in summer. This can be explained by a feedback between the
land surface and the atmosphere that is strongest during summer (Seneviratne et al., 2010). Even though the temperature biases
are smallest in summer, the means are still negative with values of -0.45 °C, -0.63 °C and -1.06 °C for June, July and August
respectively. The lower temperatures in summer as compared to the observations are likely to lead to lower evapotranspiration
rates. This result is in agreement with the findings by Ning et al. (2013).

The water vapour-evapotranspiration feedback is less dominant in the winter, when large-scale stratiform systems determine
the weather and less interaction exists between the land surface and the atmosphere (Koster et al., 2000). Moreover, the pre-
cipitation is largely overestimated in winter (Fig. 5a) which corresponds to a larger overestimation of IWV (Fig. 4b). During
autumn and spring, the previously explained land surface-atmosphere interaction exists for a selected number of stations. More
specifically, it exists for 6 stations in autumn and 4 stations in spring (Fig. 5, Fig. 4b), as the region covering our stations hosts
different climate regimes. Therefore, the coupling between the temperature and the IWV depends on the coupling strength

between the land surface and the atmosphere.
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3.3 Spatial variability

The IWV differences are very different among the individual sites and vary from -1.4 kg m™? to +4.6 kg m™? in winter (Fig. 6a,b)
and from -2.0 kg m™ to values above +2 kg m™ in summer (Fig. 6¢,d). From these figures, we could not note any latitudinal
or longitudinal dependence of the IWV biases between ERA-Interim or ALARO-SURFEX, and GNSS. We will therefore
concentrate on the dependence of the IWV biases on the altitude of the GNSS sites. As we found a clear seasonal variation of
the ALARO-GNSS IWYV biases in the previous section, we will discriminate between winter (DJF) and summer (JJA) in the
discussion here.

ERA-Interim overestimates the IWV in winter for 91 stations, of which 71 stations show a difference less than 0.5 kg m2
(Fig. 6a), resulting in a mean difference of 0.34 kg m™. The IWV differences are similar for stations located in flat areas (<
100 m), at middle altitudes (> 100 m & < 1000 m), and at high altitudes (> 1000 m) with values of 0.34 kg m2, 0.36 kg m™
and 0.25 kg m™? respectively (Table 3). Besides, the standard deviations are very similar for the different altitude ranges.

However, at some locations in southern France (Aix-en-Provence), at the southern coastline of Spain (Almeria) and north-
eastern Italy (Bolzano), ERA-Interim shows very high positive IWV differences with GNSS of more than 1.5 kg m? (Fig.
6a). One of these stations, Bolzano, is located at 278 m and the height in ERA-Interim is 1579 m. For all stations with height
differences of more than 500 m between the GNSS station and the ERA-Interim orography, the mean IWV difference is 0.76
kg m (Table 3). For GNSS stations with such high topographic differences that are located in mountainous regions with large
topographic gradients, the spatial representativeness of the IWV field above the GNSS station by the four surrounding ERA-
Interim grid points can be questioned. In these cases, the correction of the ERA-Interim IWV value for the height difference

between the ERA-Interim surface grid points and the GNSS antenna is insufficient.
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Figure 6. The spatial distribution of the Integrated Water Vapour (IWV, kg m™?) of the difference between (a,c) ERA-Interim and the Global
Navigation Satellite Systems (GNSS) observations and between (b,d) ALARO-SURFEX and the GNSS observations for (a,b) winter (DJF:
December-January-February) and (c,d) summer (JJA: January-February-March), averaged over the 19-yr period of 1996-2014. Significance
of the differences was tested between the ERA-Interim/ALARO-SURFEX and observations for each station. No significant differences are

found at the 5% significance level.

15



10

15

20

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1097 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 29 November 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

Table 3. Classification of the IWV differences based on altitude characteristics. The values between brackets correspond to the standard

deviations.
Winter Bias Summer Bias
Number stations ERA-Interim  ALARO-SURFEX  ERA-Interim  ALARO-SURFEX
All stations 100 0.34 (0.29) 0.03 (0.44) 0.22 (0.47) -0.35 (0.62)
Stations < 100 m 44 0.34 (0.29) -0.04 (0.45) 0.16 (0.46) -0.69 (0.64)
Stations > 100 m and < 1000 m 52 0.36 (0.30) 0.07 (0.44) 0.34 (0.47) -0.18 (0.61)
Stations > 1000 m 4 0.25 (0.25) 0.34 (0.32) -0.60 (0.51) 1.28 (0.45)
Stations with altitude difference > 500 m 9 (ERAI) | 3 (model) 0.76 (0.37) 0.27 (0.53) 0.87 (0.64) 1.71 (0.72)
Stations with altitude difference <500 m 91 (ERAI) | 97 (model)  0.30 (0.28) 0.02 (0.43) 0.15 (0.45) -0.41 (0.61)

In winter, a large number of stations (about 80%) show smaller differences between ALARO-SURFEX and GNSS than
between ERA-Interim and GNSS (Fig. 6b). In total, 81 stations present IWV differences between -0.5 m™ and +0.5 m™. This
results in a mean difference of only 0.03 kg m? compared to 0.34 kg m™? by using ERA-Interim. The mean difference is
smallest for stations in flat areas (< 100 m) with -0.04 kg m2, and increases for stations at higher altitudes (> 100 m & < 1000
m) with 0.07 kg m?2. At highest altitudes (> 1000 m) the IWV difference is much larger with 0.34 kg m (Table 3). Therefore,
ALARO-SURFEX is more sensitive than ERA-Interim to the station height for modelling the appropriate IWV. However, the
variability (indicated by the standard deviations) is similar for the different altitudes.

Similarly as for the winter, ERA-Interim overestimates IWV for 69% of the GNSS stations in summer (Fig. 6¢). This results
in an average value of 0.22 kg m™ which is lower than the winter averaged value by ERA-Interim. Furthermore, 73 stations
give small differences of -0.5 kg m™ to +0.5 kg m™ between ERA-Interim and the observations. Smallest IWV differences
occur for the GNSS stations located in flat areas with an average of 0.16 kg m™ (< 100 m) (Table 3). For stations at higher
altitudes (> 100 m & < 1000 m) the mean IWV difference increases to 0.34 kg m and is -0.6 kg m™ for stations at altitudes
above 1000 m (Table 3). This deterioration of the IWV difference with highest altitudes of the GNSS stations could not be
distinguished for winter.

In contrast to the general overestimation of ERA-Interim, ALARO-SURFEX underestimates IWV in summer for 76% of the
stations (Fig. 6d). The geographical distribution of the ALARO-SURFEX biases with GNSS is different in summer and winter.
Only 39 stations present small IWV differences between -0.5 kg m? and +0.5 kg m™? when simulated by ALARO-SURFEX.
Large negative IWV differences occur for GNSS stations located in flat areas (< 100 m) with an average of -0.69 kg m™ and
large positive IWV differences exist for GNSS stations located at high altitudes (> 1000 m) with an average of 1.28 kg m™
(Table 3). The IWV is best represented by the stations between 100 m and 1000 m of altitude.

In summary, we find that the dependence of the model-GNSS IWV bias on the altitude of the GNSS station is the strongest
in summer and also the strongest in ALARO-SURFEX. The IWV biases increase with increasing altitude for the stations,
both for summer and winter, except in winter with ERA-Interim. For stations with height differences larger than 500 m, IWV

differences from 0.75 kg m™ up to 1.71 kg m™? are observed except for ALARO-SURFEX in winter.
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3.4 Hourly variability

The IWV varies during the day due to changes in the solar radiation. Therefore, it is of interest to investigate the capability of
the model to capture this daily variations. The IWV is observed on a high temporal resolution by the GNSS stations, hence it
is a valuable technique for validating the ability of regional climate models to represent the diurnal cycle (Ning et al., 2013;
Wang et al., 2007). It is not possible to investigate the exact comparison of the amplitude of the diurnal cycle, as a phase shift
could be present (Ning et al., 2013) and because this shift is not detectable as we only archived ERA-Interim data every 6 hrs.
So, hereafter we investigate the seasonal variations of the diurnal cycle.

The observed IWV diurnal cycle is the strongest in summer with an amplitude of approx. 1 kg m™ and the weakest in winter
with an amplitude of less than 0.5 kg m™ (Fig. 7). For all seasons, the observed IWV peaks in the evening at 18 UTC and is
lowest at 06 UTC (Fig. 7). These characteristics of the IWV diurnal cycle are captured similarly by the three datasets. Different
factors contribute to this diurnal variation, the most important factor being the temperature increase during the day that drives
the evaporation due to increased water vapour holding capacity, which increases the IWV. During the night, condensation takes
place, which causes cooling and a decrease of the IWV (Ortiz de Galisteo et al., 2011). The diurnal variability is controlled by
varying factors such as precipitation and wind speed (Wang et al., 2007; Wang and Zhang, 2009).

The IWV diurnal differences between ERA-Interim or ALARO-SURFEX and the GNSS-based IWVs are examined (Fig.
8), again for the different seasons separately. ERA-Interim overestimates IWV for all seasons and for all hours, except for 06
UTC and 12 UTC in summer (Fig. 8a). During winter, ERA-Interim presents largest differences of 3-4% that are consistent
from midnight till evening. For spring, summer and autumn, the differences are largest at 00 and 18 UTC (around 2 to 3%),

and smallest at 06 and 12 UTC (+/- 1%).
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Figure 7. Amplitude of the diurnal cycles of the Integrated Water Vapour IWV) (kg m?) for (left) GNSS observations, (middle) ERA-Interim
and (right) ALARO-SURFEX subtracted from the mean seasonal cycle and averaged over the 19-yr period of 1996-2014 and all GNSS
stations and their neighbouring grid boxes in the models for spring (MAM: March-April-May), summer (JJA: June-July-August), autumn
(SON: September-October-November) and winter (DJF: December-January-February). The error bars represent the standard deviations for

the year-to-year variability.
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Figure 8. Amplitude of the diurnal cycles of the Integrated Water Vapour IWV) relative difference (%) between (left) ERA-Interim and
(right) ALARO-SURFEX with the GNSS-derived IWVs averaged over the 19-yr period of 1996-2014 and all GNSS stations and their
neighbouring grid boxes in the models for spring (MAM: March-April-May), summer (JJA: June-July-August), autumn (SON: September-

October-November) and winter (DJF: December-January-February). The error bars represent the standard deviations.

In contrast to ERA-Interim, the representation of the IWV diurnal variations by ALARO-SURFEX is now highly different
between spring and winter on the one hand and summer and autumn on the other hand (Fig. 8b). During summer and autumn,
the IWV is underestimated by the model at all time, with increasing differences from midnight (when they are close to zero)
towards noon and decreasing again in the afternoon. We believe that the strong underestimation at 12 UTC is due to the
mechanism of an evaporation-temperature interaction that is most pronounced during the day due to incoming solar radiation.
The same diurnal variations of the ALARO-GNSS biases are found for spring and winter, but are offset with 1 to 2%, so that
the best agreement is now found for the observations at noon, and the worst at midnight. So ALARO-SURFEX simulates IWV
better at 00 UTC for summer and autumn at 12 UTC for spring and winter (Fig. 8b).

In contrast to summer, ALARO-SURFEX is very good in representing the IWV daily cycle in winter and outperforms ERA-
Interim (Fig. 8a,b). Moreover, it performs well for spring with similar values than ERA-Interim. A possible explanation might
be that the water vapour during winter and spring is more controlled by large-scale stratiform systems, that are forced by
ERA-Interim. Therefore, the behaviour of ERA-Interim and ALARO-SURFEX in winter and spring is more comparable than
in summer and autumn. Moreover, it seems that ALARO-SURFEX further improves the representation of the IWV daily cycle

for these seasons because of the upgraded microphysics scheme.
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4 Conclusions

This study explored the potential of the ERA-Interim reanalysis and the Regional Climate Model (RCM) ALARO-SURFEX
in simulating the atmospheric water vapour content derived from ground-based GNSS observations. The reprocessing efforts
made within EUREF during the course of the the COST Action ES1206 (GNSS4SWEC) led to the development of an extremely
valuable dataset for climate monitoring. Within our model domain, 100 stations were selected from the EPN-Repro2 dataset
covering the 19-yr period 1996-2014. The IWVs from ERA-Interim and ALARO-SURFEX have been validated by IWVs
derived from GNSS.

Over the complete period and over all stations, the correlation between the IWVs derived from GNSS and the IW Vs modelled
by both ERA-Interim and ALARO-SURFEX were 0.99 and 0.98 respectively. The variability of IWV from ERA-Interim
was lower than from ALARO-SURFEX, due to the assimilated observations in ERA-Interim. The distributions of the IWV
determined from ERA-Interim and ALARO-SURFEX were closest to the GNSS-based values in the middle IWV range, i.e.
between 10 and 25 kg m™2. In the lower IWV range (i.e. < 10 kg m™) and in the upper IWV range (i.e. > 25 kg kg m?), ALARO-
SURFEX underestimated IWV with more than 10% w.r.t. GNSS whereas ERA-Interim slightly under -and overestimated IWV
w.r.t. GNSS respectively.

For all datasets, the intra-annual variability was much higher than the inter-annual variability by a factor of 4 to 5. Both
ERA-Interim and ALARO-SURFEX were capable of reproducing the observed yearly IWV cycle. However, ERA-Interim
overestimated IWV for most years with an average of 0.27 kg m2, with a decreasing seasonality in the more recent years,
possibly due to the increased amount of data assimilated in ERA-Interim along the years. ALARO-SURFEX demonstrated a
strong seasonal effect with overestimated IWV values in spring and underestimated IWV values for the summer periods.

The variability of the monthly differences was 25% higher by ALARO-SURFEX than by ERA-Interim, possibly due to
the fact that no observations were assimilated by ALARO-SURFEX. The significant underestimation of IWV in summer by
ALARO-SURFEX was related to the modelled precipitation and temperature bias. An overall cold and dry bias in the summer
led to lower evaporation rates and thus an underestimation of the IWV by ALARO-SURFEX. This mechanism was most pro-

nounced in summer as land surface-atmosphere feedbacks are strongest in summer.

No clear latitudinal or longitudinal dependence of the IWV biases could be detected. Such effect is probably hampered by
the seasonal variation of the biases. The dependence of the IWV on the altitude of the GNSS station was strongest in summer
and strongest for ALARO-SURFEX. The IWVs were corrected for a possible height difference between the surface model
height and the actual height of the station. For stations with large height differences between the reanalysis or model grid box
and the GNSS station, the IWV differences were highest of all stations.

The IWV peaks in the evening and reaches its minimum in the morning. The diurnal cycle has the largest amplitude in sum-
mer and was even enhanced by ERA-Interim. The diurnal cycle of ERA-Interim was most comparable to ALARO-SURFEX in
winter and spring. However, ALARO-SURFEX outperformed ERA-Interim in winter with smaller IWV differences. ALARO-

SURFEX represented IWV best at midnight in summer and autumn and at noon in spring and winter.
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This study focused on model validation at a fixed horizontal resolution of 20 km. At this resolution, the feedback between
water vapour and other meteorological variables could lack a sufficient representation. Therefore, we suggest to validate the
model at higher resolutions to study the feedback mechanism during the summer.

The reanalysis product of ERA-Interim has no assimilated GNSS observations. A clean comparison could be achieved by
assimilating the GNSS observations in ALARO-SURFEX when downscaling the ERA-Interim data. Furthermore, the com-
parison of the reanalysis w.r.t. GNSS can be improved by investigating more in depth the daily and sub-daily cycle of IWV.
Besides, a new reanalysis product is available called ERAS, that includes better assimilation, a higher horizontal resolution at

31 km and a better model than the original ERA-Interim product.

Author contributions.

Julie: simulation ALARO-SURFEX, analysis,text on analysis
Roeland: data ERA-Interim, ideas, help in the writing process
Eric: ideas, discussions, interpretation, writing process
Rosa: data EPNrepro2

Rafiq: providing lateral boundary conditions, providing the model, help in the writing process

Acknowledgements. This work has been supported by the COST Action ES1206 GNSS4SWEC (http://gnss4wec.knmi.nl). This research
was funded by the Belgian Federal Science Policy Office under the BRAIN.be program as MASC contract no. BR/121/A2. The authors
would like to thank Pieter De Meutter for providing scientific support in the model setup. E. Pottiaux and R. Van Malderen also wish to thank

the Solar-Terrestrial Centre of Excellence (STCE) for its support in this study.

21



10

10

15

20

25

30

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1097 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 29 November 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

References

ALADIN International Team: The ALADIN project: Mesoscale modelling seen as a basic tool for weather forecasting and atmospheric
research, WMO Bull., 46, 317-324, 1997.

Askne, J. and Nordius, H.: Estimation of tropospheric delay for microwaves from surface weather data, Radio Sci., 22, 379-386, 1987.

Berckmans, J., Giot, O., De Troch, R., Hamdi, R., Ceulemans, R., and Termonia, P.: Reinitialised versus continuous regional climate simu-
lations using ALARO-0 coupled to the land surface model SURFEXVS, Geosci. Mod. Dev., 10, 223-238, 2017.

Bevis, M., Businger, S., Herring, T., Rocken, C., Anthes, R., and Ware, R.: GPS meteorology: remote sensing of atmospheric water vapor
using the global positioning system, J. Geophys. Res., 97, 15787-15 801, 1992.

Bodeker, G., Bojinski, S., Cimini, D., Dirksen, R., Haeffelin, M., Hannigan, J., Hurst, D., Leblanc, T., Madonna, F., Maturilli, M., Mikalsen,
A., Philipona, R., Raele, T., Seidel, D., Tan, D., Thorne, P., Vomel, H., and Wang, J.: Reference upper-air observations for climate: From
concept to reality, Bull. Am. Meteorol. Soc., pp. 124-135, 2016.

Bruyninx, C., Habrich, H., S6hne, W., Kenyeres, A., Stangl, G., and Volksen, C.: Enhancement of the EUREF permanent network services
and products, IAG Symp., 136, 27-34, 2012.

Bubnova, R., Hello, G., Bénard, P., and Geleyn, J.-F.: Integration of the fully elastic equations cast in the hydrostatic pressure terrain-
following coordinate in the framework of the ARPEGE/Aladin NWP system, Mon. Weather Rev., 123, 515-535, 1995.

Cess, R., Potter, G., Blanchet, J., Boer, G., Del Genio, A., Déqué, M., Dymnikov, V., Galin, V., Gates, W., Ghan, S., Kiehl, J., Lacis, A.,
Le Treut, H., Li, Z.-X., Liang, X.-Z., McAvaney, B., Meleshko, V., Mitchell, J., Morcrette, J.-J., Randall, D., Rikus, L., Roeckner, E.,
Royer, J., Schlese, U., Sheinin, D., Slingo, A., Sokolov, A., Taylor, K., Washington, W., Wetherald, R., Yagai, 1., and Zhang, M.-H.:
Intercomparison and interpretation of climate feedback processes in 19 atmospheric general circulation models, J. Geophys. Res., 95,
601-615, 1990.

Davies, H.: A lateral boundary formulation for multi-level prediction models, Q. J. Roy. Meteor. Soc., 102, 405418, 1976.

Dee, D. P, Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G., Bauer, P,
Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bidlot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer, A. J., Haimberger, L.,
Healy, S. B., Hersbach, H., H6lm, E. V., Isaksen, L., Kallberg, P., Kéhler, M., Matricardi, M., McNally, A. P., Monge-Sanz, B. M., Mor-
crette, J.-J., Park, B.-K., Peubey, C., de Rosnay, P., Tavolato, C., Thépaut, J.-N., and Vitart, F.: The ERA-Interim reanalysis: configuration
and performance of the data assimilation system, Q. J. Roy. Meteor. Soc., 137, 553-597, 2011.

Foster, J., Bevis, M., and Raymond, W.: Precipitable water and the lognormal distribution, J. Geophys. Res., 111, D15 102, 2006.

Gerard, L.: An integrated package for subgrid convection, clouds and precipitation compatible with the meso-gamma scales, Q. J. Roy.
Meteor. Soc., 133, 711-730, 2007.

Gerard, L. and Geleyn, J.-F.: Evolution of a subgrid deep convection parametrization in a limited area model with increasing resolution, Q.
J. Roy. Meteor. Soc., 131, 2293-2312, 2005.

Gerard, L., Piriou, J.-M., Bruzkova, R., Geleyn, J.-F., and Banciu, D.: Cloud and precipitation parameterization in a meso-gamma-scale
operational weather prediction model, Mon. Weather Rev., 137, 3960-3977, 2009.

Gradinarsky, L., Johansson, J., Bouma, H., Scherneck, H.-G., and Elgered, G.: Climate monitoring using GPS, Phys. Chem. Earth, 27,
335-340, 2002.

Guerova, G., Jones, J., Dousa, J., Dick, G., de Haan, S., Pottiaux, E., Bock, O., Pacione, R., Elgered, G., Vedel, H., and Bender, M.: Review
of the state of the art and future prospects of the ground-based GNSS meteorology in Europe, Atmos. Meas. Tech., 9, 5385-5406, 2016.

22



35

10

15

20

25

30

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1097 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 29 November 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

Hagemann, S. and Bengtsson, L.: On the determination of atmospheric water vapor from GPS measurements, J. Geophys. Res., 108, 1-14,
2003.

Haylock, M. R., Hofstra, N., Tank, A. M. G. K., Klok, E. J., Jones, P. D., and New, M.: A European daily high-resolution gridded data set of
surface temperature and precipitation for 1950-2006, J. Geophys. Res., 113, D20 119, 2008.

Hogg, D., Guiraud, F., and Decker, M.: Measurement of excess radio transmission length on earth-space paths, Astron. Astrophys., 95,
304-307, 1981.

Ihde, J., Habrich, H., Sacher, M., Schne, W., Altamimi, Z., Brockmann, E., Bruyninx, C., Caporali, A., Dousa, J., Fernandes, R., Hornik, H.,
Kenyeres, A., Lidberg, M., Mikinen, J., Poutanen, M., Stangl, G., Torres, J., and Volksen, C.: EUREF’s contribution to national, European
and global geodetic infrastructures, IAG Symp., pp. 189-196, 2013.

Koster, R. D., Suarez, M. J., and Heiser, M.: Variance and predictability of precipitation at seasonal-to-interannual timescales, J. Hydrome-
teorol., 1, 26—46, 2000.

Masson, V., Le Moigne, P., Martin, E., Faroux, S., Alias, A., Alkama, R., Belamari, S., Barbu, A., Boone, A., Bouyssel, F., Brousseau, P.,
Brun, E., Calvet, J.-C., Carrer, D., Decharme, B., Delire, C., Donier, S., Essaouini, K., Gibelin, A.-L., Giordani, H., Habets, F., Jidane, M.,
Kerdraon, G., Kourzeneva, E., Lafaysse, M., Lafont, S., Lebeaupin Brossier, C., Lemonsu, A., Mahfouf, J.-F., Marguinaud, P., Mokhtari,
M., Morin, S., Pigeon, G., Salgado, R., Seity, Y., Taillefer, F., Tanguy, G., Tulet, P., Vincendon, B., Vionnet, V., and Voldoire, A.: The
SURFEXV7.2 land and ocean surface platform for coupled or offline simulation of earth surface variables and fluxes, Geosci. Mod. Dev.,
6, 929-960, 2013.

Nilsson, T. and Elgered, G.: Long-term trends in the atmospheric water vapor content estimated from ground-based GPS data, J. Geophys.
Res., 113, 1-12, 2008.

Ning, T. and Elgered, G.: Trends in the atmospheric water vapor content from ground-based GPS: the impact of the elevation cutoff angle,
IEEE J. Sel. Top. Appl., 5, 744-751, 2012.

Ning, T., Elgered, G., Willén, U., and Johansson, M.: Evaluation of the atmospheric water vapor content in a regional climate model using
ground-based GPS measurements, J. Geophys. Res., 118, 329-339, 2013.

Ning, T., Wang, J., Elgered, G., Dick, G., Wickert, J., Bradke, M., Sommer, M., Querel, R., and Smale, D.: The uncertainty of the atmospheric
integrated water vapor estimated from GNSS observations, Atmos. Meas. Tech., 9, 79-92, 2016a.

Ning, T., Wickers, J., Deng, Z., Heise, S., Dick, G., Vey, S., and Schone, T.: Homogenized time series of the atmospheric water vapor content
obtained from the GNSS reprocessed data, J. Climate, 29, 2443-2456, 2016b.

Oceanic, N. and Administration, A.: U.S. Standard Atmosphere, U.S. Government Printing Office, Washington D.C., United States, 1976.

Ortiz de Galisteo, J., Cachorro, V., Toledano, C., Torres, B., Laulainen, N., Bennouna, Y., and de Frutos, A.: Diurnal cycle of precipitable
water over Spain, Q. J. Roy. Meteor. Soc., 137, 948-958, 2011.

Pacione, R., Araszkiewicz, A., Brockmann, E., and Dousa, J.: EPN-Repro2: A reference GNSS tropospheric data set over Europe, Atmos.
Meas. Tech., 10, 1689-1705, 2017.

Ritter, B. and Geleyn, J.-F.: A comprehensive radiation scheme for numerical weather prediction models with potential applications in climate
simulations, Mon. Weather Rev., 120, 303-325, 1992.

Saastamoinen, J.: Contributions to the theory of atmospheric refraction, B. Geod., 105, 279-298, 1972.

Seneviratne, S. 1., Corti, T., Davin, E. L., Hirschi, M., Jaeger, E. B., Lehner, 1., Orlowsky, B., and Teuling., A. J.: Investigating soil moisture-

climate interactions in a changing climate: A review, Earth-Sci. Rev., 99, 125-161, 2010.

23



35

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1097 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 29 November 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

Tralli, D. and Lichten, S.: Stochastic estimation of tropospheric path delays in global positioning system geodetic measurements, B. Geod.,
64, 127-159, 1990.

Trenberth, K.: Atmospheric moisture residence times and cycling: implications for rainfall rates and climate change, Climatic Change, 39,
667-694, 1998.

Vey, S., Dietrich, R., Riilke, A., and Fritsche, M.: Validation of precipitable water vapor within the NCEP/DOE reanalysis using global GPS
observations from one decade, J. Climate, 23, 1675-1695, 2010.

von Storch, H. and Zwiers, F.: Statistical Analysis in Climate Research, Cambridge University Press, Cambridge, United Kingdom, 1999.

Wang, J. and Zhang, L.: Climate applications of a global, 2-hourly atmospheric precipitatble water dataset derived from IGS tropospheric
products, J. Geodesy, 83, 209-217, 2009.

Wang, J., Zhang, L., and Dai, A.: Global estimates of water-vapor-weighted mean temperature of the atmosphere for GPS applications, J.
Geophys. Res., 110, 1-17, 2005.

Wang, J., Zhang, L., Dai, A., Van Hove, T., and Van Baelen, J.: A near-global, 2-hourly data set of atmospheric precipitable water from
ground-based GPS measurements, J. Geophys. Res., 112, 1-17, 2007.

24



