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ARTICLE INFO ABSTRACT
Keywords: The amplification of global warming because of the feedbacks associated with the increase in atmospheric
Integrated water vapor moisture and the decrease in sea ice and snow cover in the Arctic is currently the focus of scientists, policy
Arctic

makers and society. The amplification of global warming is the response to increases in precipitation originally
caused by climate change. Arctic predominant increases in specific humidity and precipitation have been
documented by observations. In comparison, evapotranspiration in the Arctic is poorly known, in part, because
the spatial and temporal sparsity of accurate in situ and remote sensing observations. Although more than 20
observations sites in the Arctic are available, where AERONET sun photometer integrated water vapor (IWV)
measurements have been conducted, that information have been barely used. Here, we present a comparison of
IWV observations from radiosondes and AERONET sun photometers at ten sites located across the Arctic with the
goal to document the feasibility of that set of observations to contribute to the ongoing and future research on
polar regions. Sun photometer IWV observations are averaged for three-time windows; 30 min, 6 and 24 h. The
predominant dry bias of AERONET IWV observations with respect to radiosondes, identified at tropical and
midlatitudes, is also present in the Arctic. The statistics of the comparison show robust results at eight of the ten
sites, with precision and accuracy magnitudes below 8 and 2% respectively. The possible causes of the less robust
results at the other two sites are discussed. In addition, the impact of selecting other temporal coincidence
windows in the average sun photometer IWV used in the comparison were tested. Auto-correlation in diurnal sun
photometer IWV could produce appreciable bias in the statistics used for the comparison. We suggest using only
one pair of values per day, consisting in the daily mean IWV sun photometer and the IWV radiosonde observation
value. This feature should be valid also for comparison of IWV from sun photometer and other instruments.
Maximum 10% error level of IWV from sun photometer observations, when compared with radiosondes, have
been found for the Arctic. It is in the same order of magnitude than at tropical and middle latitudes locations. It
has been demonstrated the feasibility of AERONET IWV observations in the Arctic for research on this variable.
AERONET standard instruments and its centralized-standard processing algorithm allow its IWV observations to
be considered a relative standard dataset for the re-calibration of other instrumental IWV observations assuming
radiosondes as the absolute standard dataset.

Sun photometer
Radiosonde
AERONET

1. Introduction 2007). Climate warming has been predicted to introduce changes in the
hydrological cycle globally (Collins et al., 2013) and particularly in the

Water vapor is the main natural greenhouse gas in the Earth’s at- Arctic (Bintanja and Selten, 2014). The analysis of key observational
mosphere. It absorbs longwave radiation and radiates part of it back to indicators in the Arctic, most of them monitored since 1971, demon-
the Earth’s surface, contributing to climate warming (Forster et al., strated fundamental changes. Among them, the intensification of the

* Corresponding author.
E-mail address: antuna@goa.uva.es (J.C. Antuna-Marrero).

https://doi.org/10.1016/j.atmosres.2022.106059

Received 21 September 2021; Received in revised form 4 January 2022; Accepted 27 January 2022

Available online 2 February 2022

0169-8095/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:antuna@goa.uva.es
www.sciencedirect.com/science/journal/01698095
https://www.elsevier.com/locate/atmosres
https://doi.org/10.1016/j.atmosres.2022.106059
https://doi.org/10.1016/j.atmosres.2022.106059
https://doi.org/10.1016/j.atmosres.2022.106059
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosres.2022.106059&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J.C. Antuna-Marrero et al.

hydrological cycle, associated to observed increasing temperatures, is
evident from the increase in humidity, precipitation, river discharge,
glacier equilibrium line altitude and land ice wastage (Box et al., 2019).

Recent research reviewed the atmospheric role in the Arctic water
cycle, finding from the observational evidence that in general for recent
decades the specific humidity and precipitation have increased (Vihma
et al., 2016). However, the changes in evapotranspiration are poorly
known, being among the main reasons the sparsity (in space and time) of
accurate in situ and remote sensing observations. Large errors and un-
certainties in the Arctic in atmospheric reanalysis are also cited and
attributed to the lack of reliable observations and to the inhomogeneity
of the data during the entire analysis period using state-of-the-art
assimilation methods (Vihma et al., 2016).

A broad range of ground-based techniques are being currently used
for water vapor observations: sun photometry (e.g. Alexandrov et al.,
2009), radiosondes (e.g. Durre et al., 2006, 2009), Global Navigation
Satellite System (GNSS) (e.g. Elgered et al., 1997; Vaquero-Martinez and
Anton, 2021), Fourier transform spectrometers (Leblanc et al., 2011;
Vogelmann et al., 2015), Microwave Radiometers (MWR) (e. g., Steinke
et al., 2015) and Raman lidar systems (Whiteman et al., 2012; Vogel-
mann et al., 2015). Additionally, several satellite instruments provide
accurate water vapor observations (e.g, Roman et al., 2015; Vaquero-
Martinez et al., 2018), with high spatial resolution worldwide including
the Arctic region (Vaquero-Martinez et al., 2020). Operational radio-
sondes observations of the water vapor vertical profiles are the source of
one of the main integrated water vapor (IWV) databases, the Integrated
Global Radiosonde Archive —2; (IGRA-2) covering from the first half of
the XX century to the present (Durre et al., 2006). Radiosonde IWV
observations (IWVgonde) commonly are assumed as the reference in
comparison with other instruments (e. g. Pérez-Ramirez et al., 2014;
Anton et al., 2015; Vaquero-Martinez et al., 2019).

According to the Global Energy and Water Exchanges (GEWEX)
water vapor assessment (G-VAP) report, a consistent analysis of the
quality of all mature and freely available long-term water vapor data
records has not been carried out to date (Schroder et al., 2017). Inte-
grated water vapor observations made from sun photometers in the
Arctic are one of those datasets which has not been the subject of
consistent analysis. The public archives of the NASA Aerosol Robotic
Network (AERONET) contain observations from 24 sites north of 66.5°N
with variable time covertures dating back, in some few sites, to 1997
(AERONET, 2021).

Sun photometers are easy to deploy and have a low cost compared
with most of the other techniques described above. Solar direct irradi-
ance measurements recorded by sun photometers in spectral channels,
within water vapor absorption bands, can be used to retrieve the water
vapor transmittance (Schmid et al., 2001). In the particular case of
AERONET, they use the same state-of-the-art instruments, calibration
procedures and algorithms for observations quality control and pro-
cessing guarantying homogeneity and high quality in the total water
vapor retrievals. The AERONET Version 3 algorithm retrieves the water
vapor transmittance for the 935 nm channel using the absorption con-
stants unique to the 935 nm filter, and then derives the total column
water vapor abundance (u) and converts u to total column water vapor
content or precipitable water vapor in centimeters (Giles et al., 2019).
Although IWVgp (Integrated Water Vapor derived from Sun Photome-
ters) from AERONET shows consistent biases with respect to the rest of
the ground-based and satellite instruments, they provide a unique ho-
mogeneous dataset, because of its standard instruments and its
centralized-standard processing algorithm. These homogeneity features
make IWVgp observations from AERONET an ideal relative standard to
extend the use of IWV observations by-ground based techniques in
Arctic areas, thus increasing spatial coverage. The use of sun photometry
to this end, instead the reference radiosonde, can be addressed if the
uncertainty or possible bias are well known.

IWV observations from sun photometers at individual sites in the
Arctic have already been used for comparisons with multiple
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instruments at global scale studies. Examples are the comparisons with
IWV observations from MODIS satellite instruments (Bright et al., 2018;
Wang and Liu, 2020), with GPS (Vaquero-Martinez and Anton, 2021)
and with Fourier transform spectrometers (Weaver et al., 2017). In the
Arctic, very few comparisons of the IWV observations from sun pho-
tometers with IWV observations from radiosondes, considered as the
reference standard, have been reported. They were conducted at
Barrow, Alaska (Pérez-Ramirez et al., 2014), at PEARL and OPAL, Can-
ada (Weaver et al., 2017), and Hornsund, Norway (Kruczyk and Liwosz,
2015). Several Arctic sun photometer series of IWV observations have
been used in comparisons for broader regions of the world, but as part of
dataset composites, with no available individual Arctic sites comparison
statistics (e. g. Van Malderen et al., 2014; Gong et al., 2020).

In this framework, the main objective of this work is to compare
radiosonde and sun photometer IWV observations in the Arctic to esti-
mate the accuracy and precision of IWVgp AERONET product in this
important region. This paper is structured as follows: Section 2 describes
the datasets, the coincidence criteria selected, and the processing and
statistics chosen. Section 3 shows and discusses the main results, while
Section 4 exposes and summarizes the conclusions.

2. Places, data, and method
2.1. Study area

Fig. 1 shows the geographical distribution of the 10 Arctic AERONET
sites selected in this work. They extent across the Arctic from Barrow
(Alaska; 156.66°W) to Tiksi (Russia; 128.92°E), and from Sodankyla
(Norway; 67.37°N) to PEARL (Canada; 80.05°N). They were selected
according to the following criteria: 1) location northernmost than
66.5°N (within Arctic circle) and 2) availability of radiosonde profiles at
the site or within a radius below 100 km. Table 1 provides information
about the geographical location and the main features of the IWV from
sun photometer (IWVgp) records for each site: latitude, longitude, alti-
tude, total number of individual observations, total number days with
observations, period of years covered by the observations and amount of
years with observation in that period. Hornsund station does not satisfy
the mentioned second criteria, because it is located at 230 km from the
nearest sounding site: Ny-Alesund-AWI; however, considering the
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Fig. 1. Map of the Arctic showing the geographical locations of the sites used in
the present study.
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Table 1

Atmospheric Research 270 (2022) 106059

The left section under AERONET shows for the sites where the sun photometers are located, its geographical locations, altitude (m), number of observations and days,
period of years they cover and the total of years of data (in parenthesis). The right section under IGRA-2 show the sounding sites located in the vicinity of the sun
photometer, the distance between both instrument as well as the altitude of the sounding and the altitude difference (in m) between the sounding site and the sun

photometer (in parenthesis).

AERONET IGRA-2

Site Lat (°N) Long (°E) Alt(m) Observ. Days Period (Years) Site D(km) Alt. (m)
Barrow 71.31 —156.66 8 30,547 1262 1997-2020(23) Barrow 5.0 12(-4)
Resolute 74.71 —94.97 35 73,529 866 2004-2019(14) Resolute 0.1 46(—11)
PEARL 80.05 —86.42 615 137,779 1104 2007-2019(12) Eureka UA 12.2 10(605)
OPAL 79.99 —85.94 5 92,395 967 2007-2019(11) Eureka UA 0.8 10(-5)
Ittoqqort. 70.48 —21.95 68 25,989 885 2010-2019(9) Ittoqqort. 0.0 70(-2)
Ny Alesund 78.92 11.92 7 4354 180 2017-2019(3) Ny Alesund 0.0 16(—9)
Hornsund 77.00 15.54 12 15,824 827 2004-2017(14) Ny Alesund 230.0 16(—4)
Andenes 69.28 16.01 379 37,463 1153 2002-2020(15) Andoya 6.4 10(369)
Sodankyla 67.37 26.63 184 17,273 885 2007-2019(8) Sodankyla 0.0 179(5)
Tiksi 71.59 128.92 17 4634 335 2010-2015 (6) Tiksi 0.4 6 (11)

Integrated water vapor over the Arctic: Comparison between radiosondes and sun photometer observations.

reasonable results reported by Kruczyk and Liwosz (2015) comparing
IWVgp from Hornsund and IWVypqe from Ny-}o\lesund-AWI, we decided
to include it.

2.2. Data and instrumentation

Sun photometry measurements of IWV are conducted at different
water vapor wavelength-dependent absorption bands. The Cimel-318
sun photometer, AERONET standard instrument, uses the 935 nm
wavelength as mentioned above. IWVgp observations used in this study
are from AERONET version 3, level 2.0 (Giles et al., 2019). The IWVonqe
dataset consists of eight radiosounding sites complying the second
condition imposed in the selection of the IWVgp dataset from the AER-
ONET sites. Seven of the sites present radiosonde profiles in the site area.
For the other 3 sites we used nearby soundings. For PEARL and OPAL we
used the IWVgonge from Eureka at ~12 and 1 km of distance, respec-
tively. The largest distance between sounding and photometer sites is
the case of Hornsund, because the soundings are carried out in Ny-
Alesund about 230 km apart.

The IWV,onde data used have been obtained from IGRA-2. The gen-
eral information about the development, attributes and available in-
formation from IGRA dataset is provided in Durre et al. (2006). We used
its updated version, IGRA-2, with an improved quality control in general
(Durre et al., 2008; Durre et al., 2018). In particular, the quality controls
of the relative humidity and dew point values introduced in the update
from IGRA to IGRA-2 are exposed in detail in Durre et al. (2018). Once
the quality control process is concluded, a large group of derived at-
mospheric variables is calculated, which are stored in a file for this
purpose. The IWV is one of these variables and is calculated as stated by
Durre et al. (2009). These data are stored in a NOAA-NCEP repository
(Durre et al., 2016).

The altitude difference between the sun photometer located at
PEARL (615 m asl) and the radiosonde facility at Eureka (10 m asl) is
605 m; this difference is 369 m between Andenes (379 m asl) and
Andoya (10 m asl). Hence, the IWVgqpqe Values were corrected to match
the altitude of the sun photometer site. The procedure replicated the one
current in place for IGRA-2 database (Durre et al., 2009). However, the
vertical integration to calculate the IWVg,pqe uses as its lower pressure
level at each sounding the one corresponding to the altitude of the sun
photometer site.

2.3. Spatiotemporal coincidence criteria

Radiosonde observations at 12:00 and 00:00 Universal Time Coor-
dinated (UTC) are available at all sites. An important issue of the
available Arctic sites compiled for this research is their distribution
between two time zones associated to two geographical regions,

Greenland and European Arctic (GEA), where the 12:00 UTC sounding
coincide with the 12:00 Local Time (LT) at meridian 0°; while for eastern
Russia, Alaska and Canadian Arctic (RACA), the 12:00 UTC sounding
coincide with the 00:00 LT at meridian 180° E or W. This fact is
important because the sun photometer observations are carried out
when sunlight is available, making its observations dependent on the
diurnal cycle. That can be seen in Fig. 2, that shows the hourly distri-
bution of the IWVgp for the 10 sites. For the RACA sites the number of
observations around 12 UTC is minimum, while for the GEA it is
maximum. Soundings at 00:00 UTC are, therefore, selected in the
comparison for the RACA sites and those at 12:00 UTC are selected for
GEA sites.

Radiosondes take approximately 30 min to make a complete atmo-
spheric profile for the purposes of calculating IWVonqe. Then, for a more
accurate comparison, IWVgp values from sun photometer observations
have been averaged for the 30 min time window of the radiosonde
measurements as in Pérez-Ramirez et al. (2014). In addition, two more
time windows are used in this work around the radiosonde measure-
ments: 6 h window (averaging from 09:00 to 15:00 LT) and daily win-
dow (averaging all available data, from 00:00 to 24:00, in the day of
radiosonde). These averaged IWVsp measurements are named as IWV;sp.

2.4. Statistics

The chosen statistics for the comparison between IWV from radio-
sondes and photometers are: 1) the Mean Bias Error (MBE), which de-
fines the mean of the differences between IWV,,4. and IWVsp (AIWV),
quantifying the accuracy on IWVsp; and 2) the standard deviation of the
differences between IWV,,4e and IWVsp (STD), which represents the
precision of IWVsp. Both statistics are defined in Egs. (1) and (2),
respectively:

MBE = %Zjvzl [A1WV)) e}

1 N — 2
STD = \/ > [amwv, — AWV 2

where N is the number of the pairs of coincident IWVgypge and
IWVgpvalues, AIWV; is the IWVoqe; — IWVsp; difference of the j-
element, and AIWV is the mean value of the N values of AIWV;. The
relative magnitudes (in %) of STD (rSTD) and MBE (rMBE) are deter-
mined dividing each of them by the mean value of the N observations of
IWVgonde UWVionee). In addition, the Pearson linear correlation coeffi-
cient (R) and the slope of the linear regression fit between IWV,,4e and
IWVgp have been calculated. The relative error estimates (RE), in %, for
each pair of TWVnge and IWVsp values are calculated using the
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Fig. 2. Diurnal variability of the IWVgp for all the sites. IWVgp hourly mean values (blue stars) and its ¢ (discontinuous black lines). The hourly number of ob-
servations is shown (red discontinuous line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

following expression:

vasunde — IWVSP
RE=———+——x100 3
IWVsonde * ( )

3. Results
3.1. Hourly IWVy, and diurnal cycle

Before the comparison between sun photometer and radiosonde IWV
data, an analysis about the IWVgp data is carried out to study the
available data. In this sense, Fig. 2 shows the hourly means of IWVgp
using all the available observations for each site. The hourly number of
observations and the diurnal variability of the IWVgp for each the site
(IWVsp + 61wy, where omwy,is the IWVspstandard deviation, are also
depicted. The latitudinal sites distribution, causing the midnight sun in
summer, produces a unique polar pattern of almost 20 or more hours of
available sun photometer observations. Along the year available

observations are constrained to parts of the spring and autumn and the
whole summer. At RACA sites the gaps in observations are located
around the 12:00 UTC, with the higher observations amounts around
00:00 UTC. At the GEA sites, the pattern is the opposite, higher obser-
vation amounts around 12:00 UTC and gaps around 00:00 UTC.

Table S1 in the Supplement shows the statistics at each site derived
from the hourly means IWVgp, reported on Fig. 2. The sites showing
more variability are Tiksi, Sodankyla, Barrow and Ny-;\lesund, with the
first three of them showing the higher multi hour IWVgp means with
values of 1.25 4+ 0.15cm, 1.11 + 0.13 cm and 0.97 4+ 0.11 cm. In the case
of Ny—/oklesund, the IWVgp mean is 0.70 + 0.12 cm, the second lowest
value, and the number of observations is the lowest: 4354 (180 days).
The other sites on Table S1with lower variability have also IWVgp mean
lower than 1.0 cm. The IWVgp means for RACA and GEA show values of
0.91 + 0.07 cm and 0.85 =+ 0.07 cm respectively, being the IWVgp mean
for all the sites together 0.88 + 0.04 cm.

It should be considered the fact that the amount of available hourly
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IWVgp observations, denoted by the discontinuous red line in Fig. 2,
depends on the Arctic geographical location. Maximum and minimum
hourly IWVgp observations occur around local noon and night respec-
tively at each site. Absolute maximums (like at Resolute Bay) and
minimums (like at OPal and Ny-Alesund) in Fig. 2 are more plausibly
associated to biased averages, produced by the decay in 2 or more orders
of magnitude in the number of available observations.

3.2. IWV from sun photometer vs. radiosonde

The sun photometer and radiosonde comparison was conducted
considering the mean values in three temporal windows explained
above. The resulting sets of available mean IWVgp values in the three
time windows were classified in two groups. The first group, named
“unconstrained”, consisted in all the available mean IWVgp values in the
three time windows, and the statistics study is shown in Table 2. The
second group, named “constrained” only included the days having
IWVgp observations at the three temporal windows (30 min, 6 h and 24
h), shown on Table S2 in the Supplement.

The left section on Table 2 shows the statistics for the 30 min tem-
poral window. The STD (rSTD) values ranges from 0.03 cm (4.1%) at Ny-
Alesund to 0.18 cm (25%). at Hornsund, with 80% of the sites having
STD (rSTD) values below or equal to 0.10 cm (10%) Hornsund and Tiksi
show higher values.

The MBE (rMBE) is between 0.04 cm (4.4%) at Resolute and — 0.19
cm (—13.9%) at Tiksi, with positive values at Resolute and OPAL
pointing out higher values of IWVgp than IWVyqe at both sites. The
other sites show absolute values of MBE (rMBE) below —0.05 cm
(—5.0%) except at Tiksi.

The slopes of the linear regression fits range between 1.01 at Reso-
lute to 0.83 at Hornsund, with Tiksi and Hornsund below 0.90 and the
rest of the sites above this value. The intercepts of the linear fits are close
to 0 (<0.04 cm) with the exception of Hornsund. As expected from these

Table 2
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results, correlation coefficient R shows the lower values at Hornsund
(0.92) and Tiksi (0.96) while at the rest of the sites it is equal or higher
than 0.99.

Regarding the other temporal windows, the magnitudes of STD and
MBE increase at all the sites respect to 30-min averages. Also, at the
same time, the magnitudes of the R and slope decrease in general too. It
is worth remembering that the statistics for both longer temporal win-
dows have been calculated using all the available daily IWVgp, what
assumes that there are observations in one or two of the other windows
or in other parts of the day. When we imposed the constrain to use only
days with IWVgp observations in all 3 temporal windows, the statistics at
all the sites showed little variation at the 3 temporal windows, as can be
seen in Table S2. This fact is the result of the high level of autocorre-
lation between the IWVgp hourly observations already found by Steinke
etal., (2015) and imposes notable limitation in the selection of temporal
coincidence criteria for comparisons and for the production of climate
data records.

In general, the statistics for the individual Arctic sites show a good
agreement between the IWVg,nqe and IWVgp, except for Tiksi and
Hornsund, with errors in the range between 5 and 10% in line with the
results reported by Alexandrov et al. (2009), Pérez-Ramirez et al. (2014)
and Berezin et al. (2017). The analysis of the statistics also confirms sun
photometer observations underestimating radiosonde observations of
IWV, in line with previous studies in Arctic region (e.g. Schneider et al.,
2010; Pérez-Ramirez et al., 2012; Weaver et al., 2017).

Table 2 also lists the statistics results for the two time zone regions:
Russia, Alaska and Canadian Arctic (RACA) and Greenland and Euro-
pean Arctic (GEA), as well as for all the sites together. At the 30 min time
window there are almost unnoticeable differences between both regions,
no matter that there are 20% more observations at RACA than at GEA.
The results of the statistics for all the sites together show almost no
difference at all between the results at RACA and GEA, as expected,
because of the existence of almost no difference between both time zone

Statistics of the comparison of IWVgp vs IWV 4. for each site/region for the three-time windows used to calculate IWVp for all the available observations. For STD and
MBE the first value is the magnitude of the statistic (cm) and the second in parenthesis is the relative value (%), using the IWV 4, for the normalization. In the case of
the linear fit, IWVgsp vs IWV 4., the first value is the slope and the one in parenthesis the intercept.

UNCONSTRAINED TEMPORAL WINDOWS

Site/Region 30 min 09-15 LT 00-24 LT
STD/ MBE/cm Linear R N STD/ MBE/cm Linear R N STD/ MBE/cm Linear R N
cm (% (%) Fit cm (%) (%) Fit cm (%) (%) Fit
0.10 —0.04 0.93 0.37 —0.07 0.73 0.35 —0.09 0.72

Barrow (10.1) (-3.8) (0.03) 0.99 409 (34.2) (-6.7) (0.22) 0.80 813 (31.5) (-8.1) (0.22) 0.81 1069
0.05 1.01 0.25 —0.03 0.76 0.26 —0.04 0.73

Resolute (5.8) 0.04 (4.4) (0.03) 0.99 315 (27.5) (-2.8) (0.19) 0.81 516 (28.4) (—4.8) (0.20) 0.81 760
0.04 —0.01 0.96 0.18 —0.03 0.78 0.18 —0.05 0.75

PEARL (7.0) (-1.3) (0.02) 0.99 516 (29.2) (—4.4) (0.10) 0.86 750 (28.4) (-7.2) (0.11) 0.87 960
0.05 0.96 0.20 —0.03 0.81 0.20 —0.04 0.79

OPAL (6.1) 0.01 (0.8) (0.04) 0.99 344 (22.2) (-2.7) (0.15) 0.88 592 (22.4) (-5.0) (0.14) 0.89 828
0.17 —-0.19 0.86 0.46 —0.22 0.58 0.49 —0.18 0.59

Tiksi (12.0) (-13.9) (0.00) 096 74 (34.2) (-16.6) (0.34) 0.72 182 (36.3) (-12.9) (0.38) 0.68 280
0.09 —0.01 0.93 0.29 —0.05 0.75 0.28 —0.07 0.74

RACA (10.4) (-1.4) (0.04) 0.98 1658 (31.2) (-5.7) (0.17) 0.84 2853 (30.9) (-7.2) (0.17) 0.84 3897
0.05 —0.01 0.96 0.08 —0.01 0.93 0.11 —0.03 0.88

Ittogqortoo. (6.1) (-1.0) (0.03) 0.99 474 (9.6) (-1.1) (0.05) 098 733 (12.8) (-3.3) (0.08) 0.97 865
0.03 —0.01 0.96 0.06 —0.02 0.93 0.14 —0.04 0.86

Ny,/?\lesund (4.1) (-0.8) (0.02) 1.00 56 (8.6) (-2.3) (0.03) 0.99 130 (17.5) (-5.7) (0.07) 0.95 168
0.18 —0.03 0.83 0.18 —0.01 0.85 0.18 —0.03 0.82

Hornsund (25.0) (-3.9) (0.09) 0.92 224 (24.1) (-1.5) (0.10) 0.91 545 (23.4) (-3.6) (0.12) 0.91 730
0.06 —0.02 0.95 0.08 —0.03 0.93 0.15 —0.08 0.86

Andenes (5.7) (-2.3) (0.02) 1.00 231 (8.3) (-3.5) (0.03) 0.99 395 (15.2) (=7.5) (0.07) 0.97 486
0.07 —0.04 0.94 0.12 —0.07 0.91 0.20 —0.12 0.84

Sodankyla (6.7) (-3.9) (0.02) 0.99 329 (10.3) (-6.3) (0.03) 098 661 (16.0) (-9.7) (0.08) 0.96 858
0.09 —0.02 0.93 0.12 —0.03 0.90 0.17 —0.06 0.84

GEA (10.5) (-2.5) (0.04) 0.99 1314 (13.3) (-3.4) (0.06) 0.98 2464 (17.5) (-6.4) (0.09) 0.96 3107
0.09 —0.02 0.93 0.23 —0.05 0.79 0.24 —0.06 0.79

ALL sites (10.4) (-1.9) (0.00) 0.99 2972 (25.8) (—6.0) (0.10) 0.89 5317 (25.6) (—6.8) (0.10) 0.90 7004
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regions. The Figure S1 (in the Supplement) shows the scattering plots
and the linear fits for each one of the ten individual stations and for both
GEA and RACA regions illustrating the results discussed in this section.

Table 3 we show the statistics and the linear regression results for the
three regions both considering all the 10 sites (ALL sites(l)) and also
excluding Tiksi and Hornsund (ALL sites(z)). We see a decrease in STD
(rSTD) in the range of 0.09 to 0.07 cm (10 to 8%). For the MBE (rMBE)
the improvement is from —0.02 to —0.01 cm (-2 to —1%), with little
improvements in the slope and intercept of the linear regression fit and
no improvement in R. It is notable that the rSTD for all the sites together,
excluding Tiksi and Hornsund which have the highest error levels, is
below 8%.

If only the data when the three temporal windows are considered
(Table S2) the total number of pairs of IWVsonge and IWVy, for all the
sites together decreases by 8% (2972 in Table 2 to 2739 in Table S2) for
the 30-min window; however, all the statistics remain in the same order
of magnitude and in general with very little changes in its values,
showing the robustness of the results for this temporal window.

Fig. 3 shows the scattering plot of IWVonge vs. IWV, coincident in
the 30 min constrained time windows for all the Arctic stations, except
Hornsund and Tiksi. The linear fit shows a high value of the Pearson
correlation coefficient (0.992). The low value of the intercept (0.032
cm) and the small dispersion around the fitted line completes the
characterization of the good agreement between the observations from
both instruments. The slope of the linear fit is 0.95, pointing out that
IWVgonde slightly underestimates IWVgp values.

3.3. Comparison with other studies

IWVgp and IWV,ynge comparisons were carried out at Barrow (Pérez-
Ramirez et al., 2014), Hornsund (Kruczyk and Liwosz, 2015), and OPAL
and PEARL (Weaver et al., 2017). Pérez-Ramirez et al. (2014) used for
Barrow a total of 399 pairs of IWVy, (30-min window) and IWVsonde (4
daily radiosondes) data for the period 2002-2011. They obtained a STD
value of 0.07 cm, which is similar to the obtained in our study: 0.10 cm
(see Table 2). The MBE was —0.02 cm while in our study it is —0.04 cm.

Weaver et al. (2017) developed a validation of IWVsp with IWVonde
at PEARL (March 2007 to September 2015) and OPAL (April 2007 to
September 2013) with IWV,opqe measured from Eureka and using the
IWVgp nearest in time to the radiosonde within +2 h. They recalculated
the values of IWVgynqe for the PEARL site by an altitude correction
(Weaver et al., 2017).

At PEARL, with 1038 coincident data pairs of IWVgnqe and IWVgp,
Weaver et al. (2017) reported STD, slope and R values equal to 0.06 cm,
0.90 and 0.99, respectively; while the results for the same statistics in
the present work are slightly better: 0.04 cm, 0.96 and 0.99 (see
Table 2). The absolute MBE of 0.039 cm reported by Weaver et al.
(2017) matches the same order of magnitude than the MBE of —0.01 cm
of Table 2. Weaver et al. (2017) used 692 coincident data pairs of
IWVgonde and IWVgp for OPAL; they reported STD, slope and R statistics
about 0.067 c¢cm, 0.93 and 0.99, respectively, while these values are in

Table 3

Statistics and linear fit regression results for each region for all the available
observations in the 30 min time window. The three top regions account for the
10 sites used above® in Table 2, while in the lower three Tiksi and Hornsund
sites were excluded®.

Site/Region 30 min
STD/cm (%) MBE/cm (%) Linear Fit R N

RACA® 0.09 (10.4) —0.01 (-1.4) 0.93 (0.04) 0.98 1658
GEA® 0.09 (10.5) —0.02 (-2.5) 0.93 (0.04) 0.99 1314
ALL sites™™ 0.09 (10.4) —0.02 (-1.9) 0.93 (0.00) 0.99 2972
RACA® 0.07 (8.6) —0.00 (—0.4) 0.96 (0.03) 0.98 1584
GEA® 0.06 (6.5) —0.02 (-2.3) 0.95 (0.03) 0.99 1090
ALL sites®® 0.07 (7.8) —0.01 (-1.2) 0.95 (0.03) 0.99 2675
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Fig. 3. Scattering plot of IWV,, vs.IWV,onqe. for all the coincident pairs in the
30 min time windows (unconstrained) for all the Arctic stations, except Horn-
sund and Tiksi. The linear fit is also shown by the discontinuous red line
together with the values for the slope, intercept and the Pearson linear corre-
lation coefficient (R), reported on Table 3 as “ALL sites®”. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

the present work also slightly better: 0.05 cm, 0.96 and 0.99. Regarding
MBE at OPAL, both obtained values (Weaver et al., 2017; and this work)
are close to zero.

In the reported studies for Barrow (Pérez-Ramirez et al., 2014),
PEARL and OPAL (Weaver et al., 2017) they used all the available
soundings without any constrain. The rates of the amount of coincident
data pairs to the extension of the period of observation in their study for
both stations are higher than the same rate in this study because we only
selected the 12 LT sounding each day. It has been shown a reasonable
agreement between the statistics calculated in this study and the re-
ported validations at four of the sites.

Regarding Hornsund, Kruczyk and Liwosz (2015) compared 187 data
pairs of IWVgp and IWVgpge for the period 2005-2010, reporting a STD
value of 0.17 cm and a negative MBE of —0.008 cm. These values are
similar to those shown in Table 2: 0.18 cm and — 0.03 cm, respectively.
However, as it has been shown above, those results are the worst in the
comparison with other sites. In the following section we discussed the
possible causes.

It should be considered that previous studies using AERONET version
2.0 products only included IWPSP data up to an optical air mass of 5. The
recent version 3.0 of AERONET products extended the observations up
to an optical air mass of 7 (Giles et al., 2019). This optical air mass range
increase produces an increment in the number of solar measurements
occurring at higher solar zenith angles, what in terms of the diurnal
cycle means the early morning and the early evening both aerosol op-
tical depth and IWVgp observations. That increase in the number of
available IWVgp daily observations in Version 3 with respect to Version
2, together with changes in quality control procedures and IWVgp cal-
culus improvements (Giles et al., 2019) increase notably the sources of
potential differences between the statistic’s derived in the present
comparison and the three former comparisons cited above. Those rea-
sons described above are the same why we did not attempt to conduct
IWVsp comparisons between the current set of observations and the ones
reported before in the literature.
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3.4. Hornsund and Tiksi

To our knowledge, this is the first multisite long-term comparison of
IWV observations by radiosondes and sun photometers in the Arctic. It
has been preceded by reports of few individual comparisons, discussed
above, whose results match the results reported here. There are two sites
which do not match the general pattern of precision and accuracy fea-
tures: Hornsund and Tiksi. These two sites show higher errors both in
precision and accuracy in the comparisons at almost all the time win-
dows, both for constrained and not constrained cases.

Hornsund shows STD (rSTD) values of 0.18 cm (~25%) in Table 3
and Table S1 for the not constrained and constrained cases. Similarly for
MBE (rMBE) its values are —0.03 cm and (~ —4%) in Table S1. The main
reasons are the distance between the IWVgp observations at Hornsund
and the IWVn4e Observations at Ny-Alesund (230 km) together with the
different geographical conditions between both sites (see Fig. 1).
Hornsund is located in the southern part of Spitsbergen, a narrow area of
the island, surrounded major part of the year by unfrozen water. At Ny-
Alesund the open sea is only near at its west side that is covered by sea
ice from January to June at this latitude. In addition, at this site there is
much more land in its side than at Hornsund. All these conditions,
together with the predominant eastward wind direction, are the causes
of a more continental climate at Ny-Alesund than at Hornsund. The
relative humidity shows higher values at Hornsund than at Ny-Alesund,
according to reports from 1975 to 2000 (Przybylak and Arazny, 2006)
and from 2005 to 2016 (Cisek et al., 2017), with higher values in the last
period. Those higher values at Hornsund are in line with the results
shown in Fig. 2 and the statistics results on Table 2 and Table S1. The
fact is: we are sampling the IWV at distant sites at a spatial scale with a
high variability of IWV associated to the main drivers of the Arctic at-
mospheric water cycle. Those drivers mainly the polar jet stream, storm
tracks, and related phenomena operate at scales ranging from mesoscale
to synoptic-scale (Bintanja and Selten, 2014).

Tiksi shows similar differences between sun photometer and radio-
sondes to Hornsund, being higher than the rest of the sites. It is shown in
the magnitudes of the STD (rSTD) statistics, with values of 0.17 cm
(~12.0%) and in MBE (rMBE) of —0.19 cm (~ —14%) for the not con-
strained and constrained 30 min time window (Table 3 and Table S1).
Among the possible reasons for such behavior can be the low amount of
IWVsp IWVgonde data pairs (74) of. However, Ny-lo\lesund presents less
amount of data pairs (56) and it showed the lowest errors. Hence, it will
be very unlikely that the low amount of data pairs could be the cause of
the high discrepancy between photometer and radiosonde at Tiksi.

Another possibility is related to the higher errors attributed to the
Russian radiosonde temperature and humidity sensors with respect the
humidity sensors in the European and American radiosondes which are
used in the rest of the sites in the present study. Current Russian
radiosonde types show relatively slow temperature and humidity sen-
sors, and its measurements of the upper tropospheric humidity also
suffers from frequent sensor contamination after passing through cloud
(Ingleby, 2017). In addition, in the processing of Russian radiosondes
humidity observations, the saturated water vapor pressure still use the
same Magnus-like approximation included in the “USSR algorithm”
described by Gaffen (1993). A statistics analysis conducted by ECMWF
of the mean differences and the root-mean-square differences of the
observations from Russian radiosondes and other radiosondes between
October 2014 to March 2015, north of 50°N is reported in Fig. 6b in
Ingleby et al. (2016). That figure shows the higher values of both sta-
tistics in the Russian radiosondes from the surface up to the stratosphere
(Ingleby et al., 2016). Further research by the operational ECMWF bias
correction system for radiosonde temperature and humidity, for the
period January 2015 to December 2016, shows the mean and standard
deviation of the bias correction applied (subtracted from reported
values) in figure 2.3 in Ingleby (2017). The profiles of the mean and
standard deviation of the relative humidity bias correction are higher at
all levels for the Russian radiosondes than for the rest of the radiosondes,
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except for the Chinese and South Korean radiosondes at some levels
(Ingleby, 2017).

The results described above make very plausible to attribute the
larger values of the STD and MBE for Tiksi in Table 3 and Table S2 to the
larger errors of the humidity profiles observations by Russian radio-
sondes affecting the IWVgqpge used in the comparison.

3.5. AIWV dependence on IWVsonge, j and SZA

Fig. 4 is the scattering plot of IWVonge, j vs. AIWV showing a pattern
of AIWV values distributed around 0. There is a slight increasing ten-
dency of AIWV as IWVqnde, j increases with a slope 0.05 and intercept
0.032 cm, notorious low values. The Pearson correlation coefficient of
0.378, a very low value, complete the characterization of the weak
dependence of ATWV with respect to the IWVonqe, j magnitudes.

One of the sources of errors on the IWVgp determination is the optical
air mass estimation (Kasten and Young, 1989) of several atmospheric
components involved in the AERONET water vapor estimation proced-
ure (Giles et al., 2019). Optical air masses depend on solar zenithal angle
(SZA). We determined the SZA for IWVp as the maximum from the set of
IWVsp used to calculate it for every pair of unconstrained observations in
the 30 min time windows. Maximum SZA for the 8 sites is 82.18°, which
corresponds with the limit of an optical airmass of 7 given by AERONET
version 3 (Giles et al., 2019). In Fig. 5 the scattering plot of SZA vs.
AIWV is shown. The linear fit shows a negligible decreasing trend with a
Pearson correlation coefficient of 0.074, extremely low.

3.6. Relative error estimates

Relative error (RE) from AERONET sun photometer IWV are esti-
mated around 10% in general. Using Eq. (3) we calculated RE for each
pair of unconstrained observations in the 30 min time windows and then
calculated its frequency distribution. Because of the issues already dis-
cussed above regarding the higher sources of errors associated with the
IWVgonde at Hornsund and Tiksi they were excluded in the estimation of
the RE. Fig. 6 shows the frequency distribution of the RE absolute values.
The absolute RE are binned at 1% intervals, showing a regularly
decaying pattern from the maximum 12.2% frequency at 2% of RE to
1.1% frequency at 13%. Vertical red discontinuous point out 10% and
15% RE. They illustrate the fact that accumulated RE frequencies up to
10% and 15% RE are 84% and 94% respectively.

08 All ARCTIC Sites (Except Hornsund and Tiksi)

0.6 1

-0.4+ . Y =0.050X - 0.032 1
R=0.378 Cases = 2675
06 . . . . . .
0 0.5 1 1.5 2 2.5 3 3.5
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Fig. 4. Scattering plot of AIWV; vs. IWVqnqe, j. The linear fit between both
variables is shown by the red discontinuous line. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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All ARCTIC Sites (Except Hornsund and Tiksi)
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Fig. 5. Scattering plot of AIWV; vs Solar Zenith Angle. The linear fit between
both variables is shown by the red discontinuous line. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 6. Frequency distribution of the absolute values of the relative error (RE)
magnitudes. RE were binned at 1% intervals. RE accumulated frequencies up to
10% and 15% RE (denoted by the vertical red discontinuous lines placed at 10%
and 15% RE) are 84% and 94% respectively. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

4. Conclusions

The most extensive comparison of integrated water vapor (IWV)
observations from sun photometers with radiosondes in the Arctic so far
has been conducted. The results at Hornsund confirm the importance of
using on site radiosonde IWV observations for comparisons. The case of
Tiksi confirmed that a careful selection of the radiosonde IWV obser-
vations based on the type of humidity sensor will play an important role
in the comparison results. The statistics of the comparison between IWV
from AERONET sun photometer (IWVgp) and from IGRA-2 radiosondes
(IWVsonde), for eight of the Arctic sites (excluding Tiksi and Hornsund
sites) in this study are robust. The agreement between IWVgp and
IWVgonde Observations at the eight selected sites shows a precision of
0.07 cm (7.8%) and an accuracy of 0.01 cm (1.2%) for IWVgp for the 30
min temporal window. The 30 min window seems to be the most
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suitable choice for the radiosonde-photometer comparison. The com-
parison of the results among the three temporal windows and the low
level of variability in the multiannual hourly means IWVgp at each site
demonstrated the relevance of the auto-correlation between intra-
diurnal IWVgp observations. This fact could hamper the use of more
than one daily mean value of IWVgp for comparisons with IWV obser-
vations from other instruments. The differences between the sounding
and sun photometer IWV values show a weak dependence on the
magnitude of the IWVy,4e and a negligible dependence on the solar
zenith angle. The general maximum 10% error level of IWVgp observa-
tions, when compared with radiosondes, determined until the present
mainly for tropical and middle latitudes is also valid in the Arctic. Given
the results of the study it is possible to use AERONET observations in the
Arctic for water vapor research, considering the robust quantification of
its dry bias we have established. Because AERONET uses standard in-
struments and its centralized-standard processing algorithm, its IWVgp
observations are an ideal relative standard dataset to re-calibrate or
homogenize the rest of the instrumental IWV observations to a pre-
defined absolute standard dataset like the IWV radiosonde observations.
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