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[1] Ground-based GPS measurements can provide independent data for the assessment of
climate models. We use the atmospheric integrated water vapor (IWV) obtained from GPS
measurements at 99 European sites to evaluate the regional Rossby Centre Atmospheric
climate model (RCA) driven at the boundaries by the European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalysis data (ERA Interim). The GPS data were compared
to the RCA simulation and the ERA Interim data. The comparison was first made using the
monthly mean values. Averaged over the domain and the 14 years covered by the GPS
data, IWV differences of about 0.47 kg/m2 and 0.39 kg/m2 are obtained for RCA-GPS and
ECMWF-GPS, respectively. The RCA-GPS standard deviation is 0.98 kg/m2 whereas it is
0.35 kg/m2 for the ECMWF-GPS comparison. The IWV differences for RCA are positively
correlated to the differences for ECMWF. However, this is not the case for two sites in Italy
where a wet bias is seen for ECMWF, while a dry bias is seen for RCA, the latter being
consistent with a cold temperature bias found for RCA in that region by other authors.
Comparisons of the estimated diurnal cycle and the spatial structure function of the IWV
were made between the GPS data and the RCA simulation. The RCA captures the
geographical variation of the diurnal peak in the summer. Averaged over all sites, a peak at
17 local solar time is obtained from the GPS data while it appears later, at 18, in the RCA
simulation. The spatial variation of the IWV obtained for an RCA run with a resolution of
11 km gives a better agreement with the GPS results than does the spatial variation from a
50 km resolution run.
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1. Introduction

[2] Water is found on the Earth in three states: vapor,
liquid, and solid. It is constantly changing between these
states due to evaporation and condensation, which in turn
significantly affects the Earth’s climate system. In addition
to its role in the hydrological cycle, the atmospheric water
vapor is also an efficient greenhouse gas and is one of the
most important constituents in climate feedback processes
[Cess et al., 1990; Held and Soden, 2000; Semenov and
Bengtsson, 2002]. A warmer climate increases the amount
of water vapor in the atmosphere causing a positive feedback
meaning that more outgoing long-wave radiation is absorbed
and reemitted back to the ground. Therefore, a good knowl-
edge about the water vapor content of the atmosphere—in

the following referred to as integrated water vapor (IWV)—
is crucial in climate research. The IWV in the past and the
present climate, and its future changes are simulated by
climate models. Based on an investigation of eight regional
climate models, using reanalysis boundary conditions,Wyser
et al. [2008] found that the IWV can be reasonably well sim-
ulated at monthly and daily time scales, but with considerable
differences between individual models. The IWV simulation
from regional climate models run with reanalysis boundary
fields will differ from the IWV given by reanalysis data due
to the data assimilation, which keeps the reanalysis data
closer to the observations. The reanalysis data may be used
to evaluate simulations of the IWV values. However, it is
not always suitable for climate applications over long time
periods due to changes in the observing systems [Bengtsson
et al., 2004]. Therefore, it is also important to evaluate
climate model simulations using accurate and independent
IWV observations.
[3] Traditionally, the long-term variation of the atmospheric

IWV is monitored using radiosonde measurements [Ross and
Elliott, 1996, 2001], which are also assimilated in the weather
forecasting model to provide reanalysis products [Uppala
et al., 2005]. However, the accuracy of the radiosonde-derived
IWV is limited by the sensor characteristics that vary in space
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and time [Wang and Zhang, 2008].Meanwhile, the instrumen-
tal stability also varies (e.g., due to sensor changes), which
may introduce offsets in the measured IWV. This limits the
role of the radiosonde data for climate research [Titchner
et al., 2009]. Satellite-based measurements are able to provide
IWV globally using remote sensing methods observing in the
infrared and the optical frequency bands [Chaboureau et al.,
1998] or using microwave remote sensing techniques [Jury
and Waliser, 1990]. Satellite observations are also based on
different instruments over long time periods and they may
not provide data under all weather conditions.
[4] More recently, the IWV has been inferred from the

ground-based measurements of the GPS based on the path
delay of radio signals that propagate through the neutral
atmosphere. Given the ability of operating under almost all
weather conditions and the long-term stability, the GPS
technique has a superiority to measure long time series of
the IWV with a temporal resolution as high as a few minutes
[Wang and Zhang, 2009]. GPS receivers are increasing in
numbers globally and locally, providing an improved spatial
resolution of the GPS-derived IWV. In addition, in differ-
ence to the radiosonde data, the ground-based GPS data
have not yet been assimilated in the climate reanalysis
products (European Centre for Medium-Range Weather
Forecasts (ECMWF) ERA Interim used in this work), mean-
ing that they offer an independent data set suitable for the
evaluation of climate models. Furthermore, by applying a
reprocessing strategy, it is possible to obtain homogenous
GPS-derived IWV time series; see, e.g., Gradinarsky et al.
[2002] and Vey et al. [2009, 2010], for the evaluation of
climate models over long time periods.
[5] This work addresses the use of the IWV from ground-

based GPS data for an assessment of the quality of a regional
climate model used for simulations of present and future
climate conditions in Europe. Section 2 describes the data
analysis to infer the IWV and how the gridded model values
are compared to the GPS-derived IWV. To investigate
the quality of the IWV estimates from GPS, an analysis to
estimate the total uncertainty of the GPS-derived IWV is
discussed in section 3. The results are presented in section
4, followed by the conclusions in section 5.

2. Data Sets and Analysis Procedures

2.1. GPS Data

[6] We used GPS measurements with a maximum length
of 14 years (1 January 1997 to 31 December 2010) and a
minimum length of 6 years (see Figure 1) acquired at 99 sites
in Europe between latitudes 39�N and 71�N, and between
longitudes –22�E and +31�E. The ionospheric free linear
combinations were processed by GIPSY/OASIS II v.5.0
[Webb and Zumberge, 1993] using the precise point posi-
tioning strategy [Zumberge et al., 1997]. The reprocessed
satellite orbit and clock products were used (http://gipsyo
asis.jpl.nasa.gov/gipsy/docs/GipsyUsersAGU2007.pdf). An
a priori zenith total delay (ZTD) was first formed by the
sum of an a priori zenith hydrostatic delay (ZHD) and an a
priori zenith wet delay (ZWD). The a priori of ZHD was
obtained using the model presented by Saastamoinen [1973]
(a typical value for a site at the sea level is around 2.3m),
and a value of 0.1m for the a priori ZWD was used for all

GPS sites. These empirical a priori values are often used in the
GIPSY processing and are not critical for our application [Thomas
et al., 2011]. Corrections for the a priori ZTD together with the
horizontal delay gradients were estimated using an elevation
cutoff angle of 10� and updated every 5min. The estimated
ZTD was obtained by the sum of the a priori ZHD, the a priori
ZWD, and the estimated correction.
[7] The Niell Mapping Functions were used to convert

the zenith delay to the delay in the direction of the obser-
vation [Niell, 1996]. We also implemented the absolute
calibration of the phase center variations for all antennas
[Schmid et al., 2007] and an ocean tide loading correc-
tion using the FES2004 model [Lyard et al., 2006] in
the data processing.
[8] To obtain the ZWD, Zw, we subtracted the ZHD, Zh,

from the estimated ZTD, Zt [Elgered, 1993]

Zw ¼ Zt � Zh (1)

where the ZHD can be calculated by

Zh ¼ 2:2767� 0:0015ð Þ P0

f l;Hð Þ (2)

and

f l;Hð Þ ¼ 1� 2:66�10�3cos 2lð Þ � 2:8�10�7H
� �

(3)

where ZHD is in units of mm; P0 is the ground pressure in
hPa; l and H are the site latitude in degrees and the height
above the geoid in m, respectively. A derivation of equation (2)
can be found in Davis et al. [1985]. The uncertainty
� 0.0015mm/hPa was calculated assuming that all uncertain-
ties of the input parameters are uncorrelated. We used the
ground pressure obtained from the reanalysis product of
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Figure 1. Length of the time series (in years) available for
each GPS site. The circle denoting the site is color coded.
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the ECMWF after the vertical interpolation of the model’s
pressure profile to the height of the GPS site. The uncertainty
of the ECMWF-derived ground pressure was evaluated by
Heise et al. [2009] where they compared the interpolated
ground pressure from the ECMWF analysis to the local
ground measurements at more than 60 globally distributed
GPS sites using 1 year of data. The results revealed an
agreement with an overall mean bias and a standard deviation
of 0.0 and 0.9 hPa, respectively. We did a similar test, but only
for the GPS site at the Onsala Space Observatory, using more
than 10 years of data. The result shows a mean bias and a stan-
dard deviation of 0.1 and 0.6 hPa, respectively.
[9] We can describe the ratio between the ZWD and the

IWV, V, by the parameter Q

V ¼ Zw
Q

¼ Zt � Zh
Q

(4)

where Q is related to the atmospheric temperature and
humidity profiles. It was given by Askne and Nordius [1987]

Q ¼ 10�6rwRw
k3
Tm

þ k
0
2

� �
(5)

where rw is the density of liquid water; Rw is the specific
gas constant of water vapor; and k3 and k02 are constants
determined from laboratory experiments of the refractivity.
The values we used were given by Bevis et al. [1994]. The
mean atmospheric temperature Tm can be estimated from
the vertical profiles of the atmospheric temperature, T, and
the partial pressure of water vapor, e, [e.g., Bevis et al.,
1994; Hagemann et al., 2003; Wang et al., 2005]:

Tm ¼

Z 1

0

e hð Þ
T hð Þ dhZ 1

0

e hð Þ
T hð Þ2 dh

: (6)

[10] To obtain Tm for each GPS site, we used the vertical
profiles of atmospheric temperature and humidity given by
the reanalysis product of ECMWF. A root-mean-square
difference of 1.1 K in Tm was found by Wang et al. [2005]
based on global comparisons between the ECMWF reanaly-
sis and radiosonde measurements using 6 years of data.

2.2. Rossby Centre Atmospheric Climate Model (RCA)
and ECMWF Data

[11] The regional Rossby Centre Atmospheric climate
model (RCA), developed at the Swedish Meteorological and
Hydrological Institute, is a hydrostatic gridpoint model with
semi-Lagrangian dynamics based on the numerical weather
prediction model HIRLAM [Undén et al., 2002]. The RCA
solution is relaxed toward the forcing boundary data across
an eight point wide relaxation zone following the boundary
formulation presented by Davies [1976], with a tanh-based
relaxation function. Most physical parameterizations in RCA
have been replaced or further developed for the model to
operate in the climate mode in the 10–50 km resolution range
[Jones et al., 2004]. The version of the model used in this work
is RCA3, which includes a new land surface scheme where

each model gridpoint is divided into subtiles depending on
surface type, i.e., water, open land, forest, and snow [Samuelsson
et al., 2006, 2011]. The evaporation fluxes for each tile are
combined into a mean value, which affects the humidity
above the gridpoint. Therefore, the dominating tile type will
dominate the IWV value.
[12] For climate scenarios the RCA is run with global

climate model fields at the boundaries to produce high resolution
climate scenario data for impact studies. For model develop-
ment the model is run for present-day climate using reanalysis
data at the boundaries. For this work, RCA was run over
Europe with a horizontal resolution of 50 km and 24 vertical
levels with boundary data from the ECMWF reanalysis data
(ERA Interim) with a horizontal resolution of 2.0� and with
a temporal resolution of 6 h. The ECMWF temperature and
humidity fields were interpolated in space (vertically and
horizontally) and in time to the RCA grid at each time step
(30min). The RCA and ECMWF IWV were calculated at
the gridpoint closest to the GPS site using the height of the
GPS site.
[13] The uncertainty of the model simulated IWV has been

assessed for the ECMWF reanalysis products. For older
versions of reanalysis (e.g., ERA40), Trenberth et al. [2005]
found that the values are reasonable over land and where there
are data from radiosondes but with relatively large errors over
oceans. For the more recent ERA-Interim that is used in this
work, the agreement to observations is significantly improved
[Dee et al., 2011]. The uncertainty of the model IWV,
however, has so far not been assessed for RCA3. This work
is one way to evaluate the quality of the model.

3. Uncertainty of the GPS IWV

[14] Before carrying out the evaluation, the uncertainty of
the GPS-derived IWV is addressed. As discussed in section
2.1, the IWV is calculated from the ZTD, the ZHD, and the
conversion factor Q. Therefore, we can determine the total
uncertainty of the IWV using uncertainties associated with
each input variable (assumed uncorrelated)

sV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sZt
Q

� �2

þ sZh
Q

� �2

þ V
sQ
Q

� �2
s

: (7)

[15] The uncertainty of the GPS-derived ZTD depends
on many parameters, i.e., satellite orbit errors, unmodeled
ionospheric delay, signal multipath, antenna related errors
(e.g., phase center variations), and mapping functions. How-
ever, it is difficult to evaluate those factors separately and to find
a unique method to combine all error sources together. For sim-
plification, we adopt the claimed ZTD uncertainty (SD=4mm)
from the International GNSS Service [Byun and Bar-Sever,
2009]. The value is a lower threshold of the ZTD uncertainty
and is supported by the results presented by Ning et al. [2012]
where the comparisons of a 10 year long time series of
ZWD, estimated from GPS, geodetic very long baseline inter-
ferometry, and a water vapor radiometer data were carried out.
[16] Because the impact of the uncertainty of the latitude

and the height is negligible (see equation (3)), the uncertainty
of the ZHD is determined by the uncertainties of the ground
pressure and the constant (2.2767mm/hPa) in equation (2)
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sZh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P0sc
f l;Hð Þ

� �2

þ 2:2767sP0

f l;Hð Þ
� �2

s
: (8)

[17] The uncertainty ofQ is mainly determined by the uncer-
tainties ofTm, k3, and k02. There are insignificant contributions of
the uncertainties of rw and Rw (< 0.1% of the total uncertainty)

sQ ¼ 10�6rwRw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sk3
Tm

� �2

þ s2
k
0
2

þ k3
sTm
T2
m

� �2
s

: (9)

[18] Then the total uncertainty of the GPS-derived IWV
can be calculated by substituting equations (8) and (9) to
equation (7).
[19] Table 1 gives examples of the calculated total uncer-

tainties of the IWV for two GPS sites: BODS (–14.4�E,
67.3�N) and MEDI (11.7�E, 44.5�N). The heights above the
mean sea level for the two sites are 9 and 19m, respectively.
The corresponding values for the IWV, the ZTD, the ground
pressure P0, and the mean temperature Tm were set to the
mean values from the year of 2002 for each site. For compar-
ison, we also used a larger value of 6mm for the ZTD
uncertainty. As shown in Table 1, the uncertainty in the
estimated ZTD has the largest impact on the total IWV uncer-
tainty. The uncertainty of the ZHD, caused by uncertainties of
the ground pressure and the constant (2.2767� 0.0015mm/hPa),
has less impact but it is still significant.
[20] Later we present results for the monthly mean IWV,

which has a smaller uncertainty due to the averaging of
random errors. If the errors in individual IWV estimates

are not at all correlated and there are no systematic errors,
it is the uncertainty given for each IWV estimate divided
by the square root of the number of IWV estimates for each
month. However, this is not true for the GPS-derived IWV
because it is subject to both random and systematic errors.
Temporal correlations are seen in the errors in the GPS-
derived ZTD [Stoew et al., 2007]. Using a 1 year long time
series of the ZWD difference between the water vapor radi-
ometer and GPS data at Onsala Space Observatory, Stoew
et al. [2007] found that the decorrelation time of the ZWD
difference is about 1 day. The possible systematic errors
in the GPS-derived ZTD can be caused by many factors,
e.g., satellite orbits errors and multipath effects. It is how-
ever difficult to distinguish the ZTD uncertainty due to
systematic errors from the one caused by random errors.
For each ZTD estimate, GIPSY provides a formal error
which is largely dependent on the amount and distribution
of carrier phase measurements for a given site, and does
not account for systematic errors [Jin et al., 2006; Byun
and Bar-Sever, 2009]. The mean formal error of the ZTD
given by the GIPSY processing is around 3mm for the
investigated area.
[21] We adopt the 1 day decorrelation time and obtain 30

independent estimates for each month meaning that the
formal uncertainty of the monthly mean is approximately
3=

ffiffiffiffiffi
30

p
mm. All the other of the ZTD uncertainties are

assumed to be caused by systematic errors, which are identical
for the individual estimates and the monthly mean values.
[22] The ground pressure was taken from the ECMWF

reanalysis product with assimilated observation data. There-
fore, the errors in the observations, e.g., due to calibration

Table 1. Uncertainties of the GPS-Derived IWV Calculated From the Uncertainties Associated With Input Variables for Two GPS Sites:
MEDI and BODS

Input Variable MEDI BODS Uncertainty Corresponding IWV Uncertainty

MEDI BODS

[kg/m2] [%]h [%]i [kg/m2] [%]h [%]i

ZTD [mm] 2438 2366 4a 0.63 3.1 70.2 0.61 5.8 71.8
6 0.95 4.6 0.91 8.7

Ground pressure P0 [hPa] 1014.2 1009.1 0.9b 0.32 1.5 18.0 0.30 2.9 17.5
Constantc [mm/hPa] 2.2767 2.2767 0.0015 0.24 0.6 10.1 0.23 1.0 10.2
Mean temperature Tm [K] 278.3 267.9 1.1d 0.08 0.4 1.0 0.04 0.4 0.3
k02 [K/hPa] 22.1 22.1 2.2e 0.03 0.2 0.1 0.02 0.2 0.1
k3 [10

5�K2/hPa] 3.739 3.739 0.012e 0.06 0.3 0.6 0.03 0.3 0.1
IWV [kg/m2] 21 11
Conversion factor Q 6.3 6.5

Total IWV uncertainty (1)f 0.75 3.6 0.72 6.5
Total IWV uncertainty (2)g 1.03 5.9 0.99 9.0

Uncertainty of monthly
mean (1)f

0.31 1.5 0.29 2.6

Uncertainty of monthly
mean (2)g

0.54 2.6 0.52 4.7

aThe claimed 1–s uncertainty of the International GNSS Service ZTD product.
bTaken from Heise et al. [2009] based on the comparison between ECMWF reanalysis and ground measurement.
cThe constant given in Equation (2).
dTaken from Wang et al. [2005] based on the comparison between ECMWF reanalysis and radiosonde data.
eTaken from Table 1 in Bevis et al. [1994].
fCalculated using 4mm for the uncertainty of the ZTD.
gCalculated using 6mm for the uncertainty of the ZTD.
hCalculated with respect to the IWV values of 21 kg/m2 and 11 kg/m2 for MEDI and BODS, respectively.
iPercentage of the total IWV uncertainty (1) is calculated by dividing the square of the uncertainty by the square of the total IWV uncertainty since the
uncertainties are root-sum-square.
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errors, are systematic for at least one day. Again we assumed
that there are 30 estimates with independent errors when
calculating the monthly mean uncertainty of the ground
pressure. The uncertainty of the constant (2.2767mm/hPa)
is systematic for the whole data set. The calculated uncer-
tainties of the monthly mean of the IWV for two sites are
presented in Table 1. Given the insignificant impact of the
uncertainties of Tm, k02, and k3, they were neglected.
Including them would only increase the monthly mean
uncertainty by 3% for the worst case, i.e., if all three errors
are systematic and if their absolute values are added.

4. Results

4.1. Assessment of Monthly Means

[23] The IWV obtained from RCA and from the reanalysis
product of ECMWF were compared to the IWV from the
GPS data. Model data were obtained from the nearest
gridpoint to each GPS site. Given that the height difference
between the grid box of the model and the GPS site can be
the primary cause of the IWV difference [e.g., Hagemann
et al., 2003; Wang and Zhang, 2009], it is necessary to refer
the IWV value from models to the height of the GPS site.
This was done by carrying out a cubic spline vertical interpo-
lation using the lapse rate in the boundary layer. For each
comparison, both the models and the GPS data were aver-
aged over one month from their original temporal resolu-
tions (GPS: 5min; RCA: 30min; ECMWF: 6 h). Due to
gaps in the GPS data set, we only included those months
with at least 15 days of data available to make the values
representative for each month. The result was that 20% of
the sites have no month excluded, while the number of
excluded months are 1–2, 3–5, 6–10, and 10–13, for 59%,
13%, 6% and 2% of all the sites, respectively. Thereafter,
we investigated the systematic effect introduced by gaps
in the GPS data by comparing the model-derived IWV to
the one obtained from the GPS data with and without
including months with data gaps. We found differences less
than 0.1 kg/m2 in the mean IWV difference for all sites
indicating that gaps in the GPS data introduce no significant
systematic effect.
[24] Figures 2 and 3 depict examples of the time series of

the monthly mean IWV and the difference between the
GPS and the models’ data for two sites, KIR0 (21.1�E,
67.9�N) and MATE (16.7�E, 40.7�N), with the heights
above the mean sea level of 362 and 490m, respectively.
As expected, the results show a clear seasonal variation in
the IWV time series, which is seen for both GPS and
models. The mean IWV differences for the RCA-GPS
comparisons are –0.28 kg/m2 and –0.12 kg/m2, respec-
tively, while the corresponding standard deviations are
0.82 kg/m2 and 1.30 kg/m2. The mean IWV differences
for ECMWF-GPS are 0.17 kg/m2 and 0.52 kg/m2 while
the standard deviations are 0.26 kg/m2 and 0.54 kg/m2. As
an example of detailed results comparisons for the year
2006 are shown in Figure 4. For the KIR0 site, a good cor-
relation between the GPS and the ECMWF IWV is seen for
the whole year, while a larger difference is seen from the
RCA IWV for the month of August. For the site of MATE,
larger IWV differences are seen in the summer for both
RCA and ECMWF, but with the opposite sign. In order
to investigate the seasonal variation of the monthly means

of the IWV difference, we calculated the mean IWV differ-
ences and standard deviations for each month, averaged
over the whole 14 years and all the 99 sites. Figure 5

Figure 2. The time series of the monthly mean IWV and
difference between RCA and GPS for the sites of (a) KIR0
and (b) MATE.

Figure 3. The time series of the monthly mean IWV and
difference between ECMWF and GPS for the sites of (a)
KIR0 and (b) MATE.
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depicts a significant seasonal variation for RCA, which
tends to underestimate IWV in the summer (July and
August). In addition, the monthly standard deviation is
larger in the summer for both RCA and ECMWF. We also
carried out similar tests for different years and for different
regions (see subsets in Table 2). All results demonstrate the
same pattern as is seen in Figure 5.
[25] The mean IWV differences and standard deviations

for individual sites are shown in Figures 6, 7, and 8. The
mean IWV difference varies from –0.50 kg/m2 to +1.09 kg/m2

for RCA-GPS and from –0.21 kg/m2 to +1.12 kg/m2 for
ECMWF-GPS. The differences seen for ECMWF are
consistent with the results presented by Heise et al. [2009]
for the European region. The two comparisons in Figure 6 re-
sult in similar patterns. However, a larger discrepancy is seen
for two sites in Italy where ECMWF has a wet bias while
RCA has a dry bias. This dry bias is in accordance with a cold
temperature bias and an underestimate of the diurnal temper-
ature range for the same region [Samuelsson et al., 2011]. The
lower temperature will lead to less surface evaporation and
hence an underestimate of IWV. As expected, due to the fact
that no observations were assimilated in RCA, the standard
deviation of the IWV difference for RCA-GPS
is approximately three times larger than the one for
ECMWF-GPS (see Figures 7 and 8). A clear latitude
dependence is seen in the standard deviation, which increases
as the site latitude decreases due to larger IWV values
(see Table 2).
[26] Table 2 presents statistics from the IWV comparisons

for several subsets of the data. We investigated the impact of
differences in vertical and horizontal position of the model
gridpoint as well as the model surface type. Averaged over
all 99 sites and the whole 14 years, monthly mean IWV
differences of 0.47 kg/m2 and 0.39 kg/m2 (relative difference
of 3.5% and 2.9%) were obtained for RCA-GPS and
ECMWF-GPS, respectively. The corresponding standard
deviations were 0.98 kg/m2 and 0.35 kg/m2 (relative
standard deviations of 7.4% and 2.6%). No changes in the
results were seen when we used a subset of the data from
the last 7 years (2004–2010). Slightly larger standard devia-
tions are seen for both models for the sites south of 55�N.
Statistics for the sites with the height difference between
GPS and models, larger or smaller than 100m, do not show
significant differences. The horizontal difference between
the closest model gridpoint and the GPS site, larger and
smaller than 17 km, shows no impact, neither on the bias
nor on the standard deviation.
[27] Sites close to the sea, where the surface tile of the

model gridpoint has more than 60% water coverage, have
a larger mean IWV difference for RCA and a slightly larger
value for ECMWF compared to sites further away from the
sea. This is likely due to the fact that the model gridpoint
surface flux, such as evaporation, is a mean value calculated
from each sub tile for the different surface types as described
in section 2.2. Because the evaporation is larger from a water
surface, it will dominate the mean value and can affect the
mean IWV for such points when comparing to a GPS site
on land.

4.2. Assessment of Temporal and Spatial Variability
in IWV

[28] The diurnal cycle is one of the most obvious and
reliable signals reflecting the solar variation throughout the
day. Given its high temporal resolution, GPS-derived IWV
is valuable for evaluating the ability of climate models to
capture the diurnal cycles. Figure 9 depicts the diurnal
cycles of IWV for the summer months, June, July, and
August, as a function of the local solar time (LST) averaged
for all sites using data from GPS, RCA, and ECMWF. The
RCA captures the diurnal cycle reasonably well but with a
later phase and a smaller amplitude. The mean peak time is
at 18 LST compared to the mean peak time of the GPS at

Figure 4. A close look on the monthly mean IWV for the
year of 2006 and for the sites of (a) KIR0 and (b) MATE.
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Figure 5. The mean IWV difference (a) and the standard
deviation (SD) (b) shown for each month averaged over all
14 years and all the sites.
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17 LST. The smaller amplitude is mainly due to larger night-
time values. The amplitude and phase differences may
partly be explained by that the model value is an average
over 50 � 50 km and a time step of 30min whereas the
GPS data represent one point with a time step of 5min.
The differences in amplitude and phase may, however, also

be due to errors in the convective and surface parameteriza-
tions, as found by Jeong et al. [2011] investigating the RCA
diurnal cycle of precipitation. For ECMWF, we only have
values every 6 h, but as for RCA, the IWV amplitude is
smaller and the mean value is higher both for the night and
the day compared to the GPS data. The variation of the peak

Table 2. Statistics From the Comparisons of the IWV Between Models and GPS

Mean GPS IWV Mean Difference Standard Deviation

Subset [kg/m2] [kg/m2] [%]a [kg/m2] [%]a

All sites for the whole 14 years (1997–2010)
RCA-GPS 13.33 0.47 3.5 0.98 7.4
ECMWF-GPS 13.33 0.39 2.9 0.35 2.6
All sites for the last 7 years (2004–2010))
RCA-GPS 13.37 0.47 3.5 0.98 7.3
ECMWF-GPS 13.37 0.42 3.1 0.34 2.5
75 sites with the latitude north of 55�N
RCA-GPS 12.64 0.48 3.8 0.95 7.5
ECMWF-GPS 12.64 0.40 3.2 0.33 2.6
24 sites with the latitude south of 55�N
RCA-GPS 15.51 0.42 2.7 1.09 7.0
ECMWF-GPS 15.51 0.36 2.3 0.42 2.7
56 sites with the horizontal distance larger than 17 kmb

RCA-GPS 13.53 0.48 3.6 0.97 7.2
ECMWF-GPS 13.53 0.35 2.6 0.35 2.6
43 sites with the horizontal distance smaller than 17 kmb

RCA-GPS 13.08 0.45 3.4 0.99 7.6
ECMWF-GPS 13.08 0.43 3.3 0.35 2.7
17 sites with the height difference larger than 100m
RCA-GPS 12.23 0.41 3.4 0.89 7.3
ECMWF-GPS 12.23 0.46 3.8 0.41 3.4
82 sites with the height difference smaller than 100m
RCA-GPS 13.56 0.48 3.5 1.00 7.4
ECMWF-GPS 13.56 0.37 2.7 0.34 2.5
23 sites with the water coverage larger than 60%c

RCA-GPS 13.42 0.62 4.6 0.93 6.9
ECMWF-GPS 13.42 0.46 3.4 0.33 2.5
76 sites with the water coverage smaller than 60%c

RCA-GPS 13.31 0.42 3.2 1.00 7.5
ECMWF-GPS 13.31 0.36 2.7 0.36 2.7

aPercentage of the mean GPS IWV.
bThe horizontal distance between the GPS site and the closest model gridpoint.
cThe GPS sites where the surface tile of the model gridpoint has a water coverage larger, or smaller, than 60% (see text).
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Figure 6. The mean IWV difference (kg/m2) for (left) RCA-GPS and (right) ECMWF-GPS.
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time of the diurnal cycle for each site for the summer months
is shown in Figure 10 where a clear positive correlation is
seen between GPS and RCA. The peak varies from 16 to
19 LST for the GPS data while there is a dominant peak
at 18 LST for the RCA data. The RCA captures the
geographical variations from west to east, with later peaks
in the afternoon further east, and the late night and early
morning peaks along the east coast of Sweden. These
coastal IWV outliers may be related to the observed and
modeled peaks in precipitation in early morning at 4–7A.
M. found by Jeong et al. [2011], which they suggested
could be linked to deep convection development over the
Baltic Sea. Future studies with a high horizontal resolution
model of 2–3 km will enable a study of these local effects
and also help to investigate the differences in the GPS
and modeled IWV.
[29] The GPS data can also be used to investigate the

spatial variability of the IWV. As discussed in section 3,

satellite orbit errors are one of factors which significantly
contribute to the uncertainty of the GPS-derived IWV.
However, GPS sites in a small network have almost the
same geometry of the satellite constellation and therefore
an orbit error introduces a similar offset in the IWV. As a
result, a reduced impact of such errors occurs when we
calculate the spatial structure function of the IWV, which
is defined as

DV ¼< V
!
X þ!r

	 

� V

!
X

	 
h i2
> (10)

where V is the IWV at the sites,
!
X is the position of the first

site; !r is the vector between the two sites; and the angle
brackets denote the expectation value.
[30] We have a dense subnetwork in the region between

latitudes 55�N and 61�N, and between longitudes 11�E
and 19�E (see Figure 1). We used these GPS data to
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calculate the spatial structure function of the IWV and com-
pared it to the one obtained from the models for the same
sites. In order to investigate the impact due to different hor-
izontal resolution in the model, the spatial structure function
of the IWV was also calculated using an RCA simulation
run with a higher horizontal resolution of 11 km. Figures 11
and 12 depict DV as a function of the distance

!r�� ��. There is a
better agreement between the GPS and the RCA structure
functions, indicating that the RCA data reflect the atmo-
spheric spatial variations better than the ECMWF reanalysis.
This is expected since the resolution used in the ECMWF

was only 2�. In addition, a smaller and also relatively
distance independent difference is seen for the 11 km
horizontal resolution (see Figure 12b). The least squares
estimates of the power-law dependence of DV on !r are
1.0, 1.2, and 1.3 for the GPS, the RCA, and the ECMWF
data, respectively when we used the models’ data with a
50 km horizontal resolution. The corresponding result using
RCA with an 11km resolution is 1.0. The result indicates that
a higher horizontal resolution can improve the ability of a re-
gional climate model to reflect the spatial variation of the IWV.

5. Conclusions

[31] The atmospheric IWV in a regional climate model
(RCA) is evaluated using ground-based GPS measurements
from 99 European sites, each with a maximum time series of
14 years. We also used the reanalysis product of ECMWF.
Averaged over all the sites and the 14 years IWV differences
of 0.47 kg/m2 and 0.39 kg/m2 relative to the GPS monthly
means are obtained for RCA and ECMWF, respectively. The
IWV difference for individual sites varies from –0.50 kg/m2

to +1.09kg/m2 for RCA-GPS and from –0.21kg/m2

to +1.12kg/m2 for ECMWF-GPS. The corresponding
standard deviations are 0.98 kg/m2 and 0.35 kg/m2. The stan-
dard deviation for RCA-GPS is approximately three times
larger than the standard deviation for ECMWF-GPS due to
the fact that no observations were assimilated in RCA.
[32] The IWV difference for RCA is positively correlated

to the difference for ECMWF. However, this is not the case

Figure 9. Diurnal cycles of IWV as a function of local
solar time for the summer months (JJA) obtained from the
data for all sites and all years.

Figure 10. Peak time of the diurnal cycle of the IWV, for the summer months (JJA), obtained from the
GPS data and the RCA simulation for each GPS site (upper panels) and histograms of the peak time (lower
panels). The hour is in local solar time.
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for two sites in Italy where a wet bias is seen for ECMWF
and a dry bias is seen for RCA. The dry bias seen in the
RCA is in accordance with a cold temperature bias found
for the same region [Samuelsson et al., 2011].
[33] Models tend to give a larger IWV (more significant

for the RCA model) for the sites nearby sea where the
surface tile of the model gridpoint has a water coverage
larger than 60%. This may be due to that the IWV value
obtained from models is the mean for the gridbox. The
result indicates that care has to be taken when comparing
the GPS data to the model gridded output.
[34] Comparing the diurnal cycles of the IWV show that

the RCA captures the diurnal cycle but has a smaller ampli-
tude, due to a higher nighttime value, and a slightly
later peak time (18 LST instead of 17 LST for GPS). The
geographical variation of the peak time was fairly well
captured by the model.
[35] Using a subset of the data, from a dense GPS network,

we compare the GPS and the RCA IWV in terms of representing
the spatial variability. A horizontal resolution of 11 km, instead
of 50km, in the RCA results in a significantly better agreement.
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his valuable comments. This research was supported by VINNOVA, the
Swedish Governmental Agency for Innovation Systems, through the
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