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Abstract

The European Arctic is a region of high interest for climate change. Water

vapor plays a fundamental role in global warming; therefore, high-quality water

vapor monitoring is essential for assimilation in forecast simulations. The seven

analyzed instruments on-board satellite platforms are: Atmospheric Infrared

Sounder (AIRS), Global Ozone Monitoring Instrument 2 (GOME-2), Moderate-

Resolution Imaging Spectroradiometer (MODIS), Ozone Monitoring Instrument

(OMI), SCanning Imaging Absorption Spectrometer for Atmospheric Carthog-

raphy (SCIAMACHY) and Polarization and Directionality of the Earth’s Re-

flectances (POLDER). The GNSS data from Ny-Alesund are matched to satel-

lite observations of IWV in a 30-minute temporal window, and 100-km radius.

Then, statistics and the distribution of satellite-ground differences under differ-

ent conditions are studied. The correlation coefficient (R2) with ground-based

measurements is about 0.7 for all products except OMI (R2=0.5), and MODIS

NIR and POLDER (R2=0.3). OMI shows high bias and variability compared

to the rest of products. RMSE values are of the order of 3mm for all satel-

lites, except OMI (7mm) and POLDER (5mm). Bias (MBE) is negligible for
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AIRS, close to +1.6mm for GOME-2 and MODIS IR, +0.8mm for MODIS NIR,

+5.9mm for OMI, -2.7mm for POLDER and -1.2mm for SCIAMCHY. All satel-

lite products tend to overestimate small IWV values and underestimate large

IWV values. Variability also increases with IWV. An underestimation of the

satellite products and an increase on the variability is generally observed for

large Solar Zenith Angle (SZA) values. Under cloudy conditions, underestima-

tion and variability are increased. Seasonal behavior is driven by the typical

cloud cover (CC), SZA, and IWV values. In summer, it is typical to find con-

ditions with large IWV, small SZA and large CC values. Therefore, in summer

months satellite products are more biased (either positively or negatively) and

with more variability, but in relative terms they are less biased and exhibit less

variability.
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Highlights

• NIR products do not seem adequate for IWV retrieval in the European

Arctic.

• VIS and IR products show a fair agreement with GNSS (R2 = 0.7).

• General tendency to overestimation (underestimation) for low (high) IWV.5

• GOME-2, AIRS and MODIS-NIR products show dependence with SZA.

• Quality control to avoid cloudy scenes is of the highest importance.

1. Introduction

Among the atmospheric components, water vapor is considered a key one in

the climate system: it plays an important role in many processes, such as hydro-10

logical cycle, infrared absorption, or energy transportation (Myhre et al., 2013).

Changes in the hydrological cycle can affect strongly the living environment of

people and overall animals in the Arctic. For instance, it is thought that global
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warming will change the hydrological cycle of the Arctic, causing more frequent

and more intense rainfall (Bengtsson et al., 2011). Also, increased evaporation15

and atmospheric moisture amplifies polar warming by reinforcing water vapor

and cloud feedbacks (Bintanja et al., 2020; Bogerd et al., 2020). Water vapor

presents a positive feedback in the climate system (Colman, 2003, 2015).

Integrated water vapor (IWV), also known as precipitable water vapor (PWV)

or total column water vapor (TCWV), is a magnitude equivalent to condens-20

ing all the water vapor in the atmospheric vertical column and measuring the

height that the liquid water would reach in a vessel of the same cross section

as the column (Román et al., 2015). Its units are superficial density (typically

g mm−2) or length (typically mm).

Water vapor has been declared an essential climate variable by the Global25

Climate Observing System (GCOS, 2010), highlighting the importance of high-

resolution long time series in order to detect both local and global trends.

Water vapor usually presents a high variability in the spatial and tempo-

ral domains. Therefore, it is crucial to use different measurement techniques

that provide representative data to have a proper representation of the spatial30

variability and temporal cycles, as well as redundant information to assess the

quality of water vapor measurements. The techniques to gather atmospheric

water vapor information are varied. To list some, ground-based techniques in-

clude: radiosondes, microwave radiometers, Lidar, photometers, ground-based

GNSS. Among the ground-based techniques, radiosondes have traditionally been35

used as a reference to test other techniques, since radio-sounding is considered

a very reliable technique (Antón et al., 2015; du Piesanie et al., 2013; Ohtani

& Naito, 2000). However, it has a poor temporal resolution of generally one to

four measurements a day, as well as poor spatial resolution (limited number of

stations around the world). Also, radiosonde data suffer, in occasions, from sys-40

tematic observational errors, as well as inhomogeneity and instability (Gaffen,

1994; Wang et al., 2003). As a result, these errors could cause regional biases

if only radiosondes were used in the satellite data validation process (Wang &

Zhang, 2008, 2009).
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In addition, Global Navigation Satellite System (GNSS) meteorology, which45

is another technique to derive IWV (Bevis et al., 1992) with a high time res-

olution, has been tested against radio-sounding showing very good precision

and accuracy. For instance, in Vaquero-Martínez et al. (2019), radiosonde IWV

data were used to validate GNSS measurements at Global Climate Observ-

ing System (GCOS) Reference Upper-Air Network (GRUAN) sites, resulting in50

bias and standard deviations within the submilimeter regime and determina-

tion coefficients (R2) above 0.98. Moreover, Buehler et al. (2012) showed that

measurements differ, between GPS and other instruments, like radiosondes or

Fourier-Transform infrared spectrometer, in less than 1 mm at high latitude

sites. Among its many advantages, it must be noted that ground-based GNSS55

measurements of IWV are available for all weather conditions, with a high tem-

poral resolution (from 5 min to 2 h), accuracy better than 3 mm and long-term

stability (Wang & Zhang, 2008). For these reasons, GNSS data are being used

in the last decades as a reference to validate other instruments (Köpken, 2001;

Prasad & Singh, 2009; Rama Varma Raja et al., 2008; Román et al., 2015;60

Vaquero-Martínez et al., 2017b,a, 2018; Guerova et al., 2016; Carbajal Henken

et al., 2020; Sakai et al., 2019).

Nevertheless, GNSS still needs a ground-based station to work, resulting in

an unequal distribution of stations, and, hence, the inability to cover the oceans.

Therefore, the use of remote sensing from satellite sensors is fundamental for65

many applications (weather forecasts, climate studies, and so on), being capable

of providing a snapshot of water vapor worldwide. The available satellite remote

sensing techniques using different spectral domains are promising, providing

global coverage. Yet, most of these techinques are limited (daytime, only clear

skys, and so on).70

Particularly, high latitude regions are generally a challenge for satellite-based

remote sensing techniques. For instance, the high reflectivity and large solar

zenith angles are problematic for near-infrared (NIR) and visible (VIS) sensors

(Bedka et al., 2010). The drier conditions due to low temperatures also make

necessary to have high precision in the measurements. Furthermore, it is well75
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known that the Arctic is a hotspot of warming. During the last three decades

its climate has suffer dramatic changes. As an example, the annual near-surface

temperature increase in the region has been more than twice as large as the

global average (IPCC, 2014). Therefore, the Arctic is an area of paramount

importance to climate change.80

This paper aims to quantify the uncertainties on satellite water vapor prod-

ucts using GNSS water vapor data-set as a common reference. The prod-

ucts validated are those from the following instruments: Atmospheric Infrared

Sounder (AIRS), Global Ozone Monitoring Instrument 2 (GOME-2), Moderate-

Resolution Imaging Spectroradiometer (MODIS), Ozone Monitoring Instrument85

(OMI), SCanning Imaging Absorption SpectroMeter for Atmospheric CHartog-

raphY (SCIAMACHY) and Polarization and Directionality of the Earth’s Re-

flectances (POLDER). All of them have been previously validated: GOME-2

(Antón et al., 2015; Grossi et al., 2015; Kalakoski et al., 2016; Noël et al., 2008;

Román et al., 2015), MODIS (Bennouna et al., 2013; Chang et al., 2015; Gao90

& Li, 2008; Li et al., 2003; Ningombam et al., 2016; Prasad & Singh, 2009;

Vaquero-Martínez et al., 2017a), AIRS (Hagan et al., 2004; Milstein & Black-

well, 2016; Rama Varma Raja et al., 2008), OMI (Wang et al., 2019) ,SCIA-

MACHY (du Piesanie et al., 2013; Noël et al., 2005; Schrijver et al., 2009),

POLDER (Vesperini et al., 1999). However, not many validation exercises have95

been approached in an inter-sensor comparison (Alraddawi et al., 2018; Fionda

et al., 2019; Pałm et al., 2010; Thomas et al., 2011; Vaquero-Martínez et al.,

2018). This work is the first, to our knowledge, to address level 2 products (not

time-averaged) of a wide variety of satellite sensors in the Arctic.

Particularly, this work focuses on the station at Ny-Alesund, which is located100

in Svalbard, one of the nothernmost archipielagos in the Arctic. Figure 1 shows

a topographic map of Svalbard. It is an area of interest in the European Arctic,

since its specific synoptic regime brings more moisture from the lower latitudes

compared to the rest of the region (Mewes & Jacobi, 2019), and belongs to the

region with the highest increasing temperature trend in the Arctic (Susskind105

et al., 2019). Ny-Alesund is located in the west coast of Svalbard, and the village
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Figure 1: Topographic map of Svalbard, with Ny-Alesund location marked. Source: Open-

TopoMaps
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is an international center for various research activities. Its high latitudinal

position implies polar night condition between 24 October and 18 February,

and polar day between 18 April and 24 August, respectively. It is set in a

fjord surrounded by glaciers, moraines, rivers, mountains and a typical tundra110

system. Its special orography makes Ny-Alesund not be a very representative

location for the general Arctic (Maturilli et al., 2013), but also for this reason

it stands as an excellent test bench for satellite validation.

This paper aims to compare satellite water vapor products with GNSS mea-

surements at Ny-Alesund station, which is the only European Arctic station115

that counts with a long GNSS water vapor data series, starting in 2010. Al-

though there are other satellite validation exercises at high latitude regions in

literature (i.e., Alraddawi et al., 2018; Bedka et al., 2010; Pałm et al., 2010), this

is the only one, to our knowledge, that validates instantaneous measurements

and compares several IWV products against the same ground-based reference.120

The paper is structured as follows: after this Introduction, Section 2 describes

the data used and explains the methodology applied: how the matching be-

tween data values was made, as well as the statistical approach followed for the

analysis of satellite product performance. Results are drawn in Section 3 and,

Section4 discuss the results. Finally, conclusions can be found in Section 5.125

2. Materials and Methods

2.1. Data

2.1.1. Ground-based data

GNSS ground-based stations allow the retrieval of the IWV, through the

method proposed by Bevis et al. (1992). The GNSS station receives informa-130

tion from the constellation of GNSS satellites through microwaves that travel

with the velocity of light. Therefore, the time needed to reach the receiver

can be used to estimate the distance to the satellites, and by triangulation,

the position of the receiver. However, there are a number of corrections to be

done, due to clock errors, relativistic effects, and the presence of atmosphere.135
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Particularly, the troposphere causes a delay in the signal, which is known as

Slant Tropospheric Delay (STD). This quantity is converted to the Zenith Tro-

pospheric Delay (ZTD) through the mapping functions (Boehm et al., 2006a,b;

Niell, 2000). ZTD can be divided in two components, a Zenith Hydrostatic

Delay (ZHD) and a Zenith Wet Delay (ZWD). ZHD can be obtained by a sim-140

ple model (Saastamoinen, 1972) if atmospheric pressure at the station level is

known. Thus, ZWD can be obtained from subtracting ZHD from ZTD. IWV

can be retrieved from ZWD values if the water vapor weighted mean tempera-

ture (Tm, see Davis et al. (1985)) is known. The value of Tm allows to calculate

the parameter κ for the conversion between ZWD and IWV, as Eq. (1) shows.145

IWV = κZWD (1)

The ground-based station used in this work is named “NYA2”. Data for this

station are available from 2010 to the present. GNSS data are processed by

Potsdam GFZ, using the GFZ EPOS8 software. This product provides both

the ZTD and the IWV, both in real time and post-processing. In this work,

post-processing IWV products are used. GFZ EPOS.P8 software processing is150

based on least squares adjustment using a sliding window approach and makes

use of the International Earth Rotation and Reference System Service (IERS)

standards. The Precise Point Positioning (PPP) strategy is used, in which each

station is processed separately, fixing the high quality GNSS orbits and clocks.

The processing is done with a 24 hour data window, elevation cut off angle155

of 7◦, sampling rate of GNSS data of 2.5 minutes. The ZTD solutions are

retrieved with a resolution of 15 minutes, tropospheric east and north gradients

with hourly resolution, and GMF mapping functions. This data-set have been

validated against radiosondes (Vaquero-Martínez et al., 2019), with a strong

agreement (mean differences of −0.4 ± 0.7 mm and R2 = 0.983) and small160

dependencies between both instruments.

Moreover, human observations of cloud cover (CC) at the study station were

recorded by Norwegian Meteorological Institute. These CC observations were
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Table 1: Summary of characteristics of the different products in this study. It includes instru-

ment, wavelength range (Wl. range), pixel size (km), passing frequency (Pasing freq.) and

Period.

Instrument wl. range Pixel size (km) Passing freq. Period

AIRS IR (hyper-spectral) 13.5 ~100 min 2010-2017

GOME-2 614.0-683.2 nm 80 x 40 ~100 min 2010-2017

MODIS IR 6535-8700 nm 5 x 5 ~100 min 2010-2017

MODIS NIR 869-940 nm 5 x 5 ~100 min 2010-2017

OMI 426.0-468.5 nm 13 x 24 ~100 min 2010-2017

POLDER 910 and 865 nm 50 x 50 ~60 min 2010-2013

SCIAMACHY around 700 nm 32 x 215 ~100 min 2010-2012

taken every day at 00, 06, 12, 18 h UTC and they were expressed in oktas of

sky covered by clouds, which consist of whole numbers from 0 (cloud-free sky)165

to 8 (overcast sky). These measurements are interpolated linearly to the time

of measurement of the satellite in this work. The station used in this work is

NY-ÅLESUND (station number 99910), in the period 2010-2017.

2.1.2. Satellite data

Satellite data is retrieved from the following sensors: AIRS, GOME-2, MODIS,170

OMI, POLDER and SCIAMACHY. Table 1 summarizes the main characteris-

tics of these sensors and the IWV products retrieved from them.

AIRS. AIRS (Aumann et al., 2003) is an instrument on-board NASA’s Aqua

satellite platform. It is a hyper-spectral infrared sounder. It overpasses the

Arctic zone every 1 hour and 40 minutes approximately.175

The data used in this work is the L2 standard atmospheric and surface

product version 6 ( AIRS2RET.006). The retrieval (Susskind et al., 2003, 2006)

method involves microwave radiometry and infrared measurements of brightness

from Earth’s surface and atmosphere. Several parameters are estimated at the

same time and then improved in an iterative process. For the first guess, the180
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microwave product is used. The hyper-spectral features of AIRS allows the use

of a large number of spectral channels (66 channels) that include several ones

belonging to high water vapor absorption bands and others outside these bands.

AIRS data used in this work are from the period 2010-2017.

GOME-2. GOME-2 (Callies et al., 2000) is a medium-resolution UV-VIS-NIR185

spectrometer. It is specifically designed with the objective of measuring ozone,

both vertical profile and total atmospheric content, but other atmospheric com-

pounds are also retrieved, like sulfur dioxide, nitrogen dioxide, bromine oxide,

and water vapor. GOME-2 is mounted on two satellite platforms, MetOp-A

and MetOp-B, with default scan widths of 960 km and 1920 km, with a ground190

pixel of 40 km × 40 km.

The IWV product of GOME-2 used in this work is derived from the GOME

Data Processor (GDP, version 4.8) which is retrieved by the German Aerospace

Center, Remote Sensing Institute (DLR-IMF) in the framework of the EUMET-

SAT satellite Application Facility on Atmospheric Chemistry Monitoring (O3195

M SAF) (Grossi et al., 2015).

The retrieval method is based on Differential Optical Absorption Spectrogra-

phy (DOAS), which is thoroughly explained in Wagner et al. (2006) and Wagner

et al. (2003). The algorithm consists of three basic steps. First, DOAS fitting

of water vapor, O2 and O4. In this step, the use of three types of vegetation200

spectra improves the broadband filtering, and a correction for the ring effect is

applied. Then, the non-linear absorption correction is applied, since the water

vapor absorption is not linear with IWV. For this second step a mathematical

convolution of the water vapor absorption spectrum with the instrument slit

function is used to obtain the correction factors. The effect is more pronounced205

for large values of slant column density (SCD) of water vapor. In the third and

last step, the vertical column density (VCD) is calculated. The SCD must be

converted to VCD to make the quantity geometry-independent, allowing the

conversion to IWV. In order to perform this correction, the SCD is divided by

a convenient Air Mass Factor (AMF), which is derived from oxygen absorption,210
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so the actual AMF used is for oxygen. Although oxygen’s and water vapor’s

AMFs are expected to be similar, oxygen’s is expected to be larger than wa-

ter vapor’s. Thus, to correction factors from a look-up table are applied. The

look-up table considers several variables, like Solar Zenith Angle (SZA), line of

sight angle, surface albedo and relative azimuth. The look-up table is calculated215

using radiative transfer models.

The wavelengths involved are between 614 and 683 nm. The spectral reso-

lution is about 0.54 nm. One of the main advantages of this approach is that it

does not requires a priori information or external calibration sources.

MODIS. MODIS (King et al., 1992) is a spectroradiometer on-board two satel-220

lites, namely Aqua and Terra. Aqua passes through the equator from south to

north in the afternoon, while Terra does it from north to south in the morning.

MODIS measures in 36 spectral bands, which go from 0.4 to 15 µm. Level 2

moisture profiles and IWV are derived with a spatial resolution of 1 km×1 km,

but averaged to a 5 km × 5 km resolution.225

The IWV measurements of MODIS are included in the MOD05_L2 and

MYD05_L2 collection 6. However, IWV is obtained in the MOD07 and MYD07

products and added to MOD05 and MYD05 for convenience.

In this work, two products are analyzed, NIR and IR products. These prod-

ucts are 05_L2 version 6.1. The NIR product (Gao & Kaufman, 1992) uses230

2-channel and 3-channel rationing techniques and look-up tables with values of

these ratios and total water vapor matching these values. The look-up tables

are generated using radiative transfer models. Once this is obtained, the value

is converted to IWV taking into account the geometry of the viewing and so-

lar angles. This product has an “Unobstructed Field of View (FOV) Quality235

Flag”, and the data with this flag equal to 0 (meaning “Confident Cloudy”) are

discarded for this work.

The IR product (Seemann et al., 2003, 2006) deals with a synthetic regression

and a subsequent non-linear physical retrieval used to improve the fit in an

iterative way.240
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OMI. OMI (Ahmad et al., 2003; Levelt et al., 2006) is a UV/VIS imaging

spectrometer on-board Aura satellite. Aura has a sun-synchronous polar orbit,

sampling the whole planet daily at 13:30 local time (LT). The nominal pixel

size of OMI is 13 km × 24 km at nadir. OMI channel covers ≃ 350 − 500 nm,

at a spectral resolution of ≃ 0.5 nm.245

The retrieval algorithm is the Smithsonian Astrophysical Observatory (SAO)

Version 4, and it has two steps. First, the SCD is retrieved using a spectral

fitting algorithm. Then, the conversion to vertical column density (VCD) is

calculated as the ratio between VCD and AMF. The conversion to IWV is then

straightforward. For the spectral fitting, some parameters are used along with250

water vapor, such as wavelength shift, under-sampling, closure polynomials, in-

terfering molecules and Raman scattering. The starting and ending wavelengths

used were optimized by reconciling several factors (Wang et al., 2019). Data

with OMI’s cloud fraction over 0.25 are filtered out.

POLDER. POLDER (Deschamps et al., 1994) is an optical imaging radiome-255

ter, first launched in 1996 on-board ADEOS I satellite. However, new gen-

erations were launched on-board ADEOS II and finally on-board PARASOL

micro-satellite, which was shutdown in 2013. In this work POLDER / PARA-

SOL data were used.

The POLDER product used in this work is version 1.01 RB2. Water vapor260

measurements are based on the ratio of reflected radiances at 910 and 865 nm.

This partially reduces the variation of surface reflectance with wavelength (al-

though it can be affect by aerosol load), providing water vapor through an em-

pirical equation (Vesperini et al., 1999). The spatial resolution is 50 km×50 km.

SCIAMACHY. SCIAMACHY (Bovensmann et al., 1999) is a spectrometer on-265

board the Environmental Satellite (Envisat). The operational period of the

instrument went from March 2002 to April 2012, and the pixel size is 60 km ×

30 km.

The product used in this work is offline level 1B version 1.1 (SCI_NL__1PWDPA).

The algorithm used to retrieve IWV from SCIAMACHY is based on the method270
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known as Air Mass Corrected Differential Absorption Spectroscopy (AMC-

DOAS, Noël et al. (2004)). The algorithm uses bands around 700 nm. Although

it is based on the DOAS approach, it is modified to account for saturation effects

and uses O2 and H2O absorption features to derive a correction for the AMF

(Air Mass Correction, AMC). AMC represents how similar are atmospheric con-275

ditions to the conditions considered in the model calculations. The closer the

AMC to the unit, the better the match. Therefore, AMC also contains infor-

mation about the IWV measurement quality. In order to asses the quality of

the product, SCIAMACHY data are filtered following these criteria: SZA below

88◦, AMC greater than 0.8. Clouds are not specifically filtered, but the AMC280

constraint eliminates most of the cloudy scenes.

2.2. Methodology

2.2.1. Matching criteria

In order to perform the inter-comparison, it is necessary to match the GNSS

ground-based data with the satellite data, pairwise. There are two main criteria,285

one spatial and another temporal:

• Spatially, the closest pixel to the station is taken, provided that the dis-

tance between the pixel center and the station is less than 100 km. Figure

2 shows that there are no significant differences with this distance across

the different products performance. In the case of OMI, the pixels in a290

0.25◦ × 0.25◦ area around the site are selected and averaged (weighted

average is used so that the higher quality data get more weight)

• Temporally, the GNSS measurement chosen to match each satellite closest

pixel is the one whose difference in time with the satellite passing is the

smallest, and this differences must be less than 30 minutes.295

For quality selection, only information from the satellite products have been

used (see section 2.1 for details).
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Figure 2: Dependence of differences on distance. Pseudomedian (pMedian) is shown with

error bars representing the 95 % confidence interval in the Wilcoxon test (note that in some

cases the interval is very small, so the error bars are not seen)
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2.2.2. Statistical analysis

The analysis performed to analyze the measurements has two parts. First

part deals with obtaining general statistics to characterize the relationship be-300

tween satellite and GNSS measurements. Apart from regression analysis, the

distribution of the differences is studied. The differences are studied as absolute

differences and relative differences. Eq. (2) and Eq. (3) show the definition of

absolute and relative differences, respectively.

δi = wsat
i − wGNSS

i (2)

δi = 100 · w
sat
i − wGNSS

i

wGNSS
i

(3)

The index i represents a point in time for which a GNSS measurement and305

satellite measurement are matched, while w is the IWV measured by either

GNSS or satellite (sat). The reason for studying both distributions is that on

the one hand, relative differences are useful to measure quality of a measure-

ment. On the other hand, small IWV values can produce a small absolute

differences but also a large relative difference. In these cases (which are usual310

in Ny-Alesund), it would be more appropriate the study of the absolute dif-

ference. Additionally, the absolute differences allow to analyse the shape of

the distribution (which follow typically a normal distribution). Thus, studying

both distributions give a more complete picture of the features of the compar-

ison. For instance, in Berezin et al. (2016), a comparison between radiosonde315

and microwave radiometer reported relative differences reaching 50%, which was

below 1 mm.

Some indices are used to characterize the distributions of differences and

relative differences, like the (Relative) Mean Bias Error, (R)MBE, which is de-

fined as the mean of (relative) differences; (Relative) Mean Absolute Bias Error,320

(R)MABE, which is the mean of the absolute value of (relative) differences; and

Inter-Quartile Range (IQR), which is the range in which the central half of the

(relative) differences is found. (R)MBE indicates the accuracy of the measure-
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ments, that is to say, if satellite data generally overestimate (positive values) or

underestimate (negative values) the GNSS data. (R)MABE and IQR show the325

precision, or the width of the range in which the satellite-GNSS differences can

be found.

The second part of the analysis is focused on studying the dependence of

differences on IWV, SZA, seasonality and cloud cover (CC). Data is classified

into bins of data of similar value of the study variable (i.e. IWV and SZA).330

Particularly, 8 bins are used, and the intervals used are those that make an

equal (or similar) number of cases for each bin. Then, the precision and ac-

curacy of the satellite products in each bin are calculated through two indices.

These indices typically are Mean Bias Error (MBE, mean of the differences)

and Standard Deviation (SD) of differences. However, as Section 3 exhibits,335

the differences do not follow the normal distribution, so instead another two

indices will be used. For accuracy (overestimation/underestimation) , pseudo-

median (Wilcoxon, 1945, median of midpoint of every pair of elements of the

data) and for precision, IQR. These are more suitable for non-normal and non-

symmetric distributions. Thus, the evolution of accuracy and precision along340

the study variable can be examined in depth, and conclusions can be drawn on

the dependence of performance of the study variable.

3. Results

3.1. Site climatology

Some aspects of the climatology of the Ny-Ålesund station are studied, as345

this will help understand the reasons why the satellite products may fail at high

latitudes. Figure 3 shows that IWV is the largest in the months of July, August

and September, while the smallest values of monthly IWV are registered at

January, February, and March. Regarding sky conditions, it is observed that

the months with low CC are scarce, and accumulated in the season between350

December and April. This implies that, generally, the months with more IWV
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Figure 3: Daily means of IWV and CC in Ny-Ålesund Station

are also the ones with larger CC, gathered around the warm season (June-

September), which is coincident with more hours of sunshine and smaller SZA.

3.2. General statistics

Some general statistics are given in Table 2. It must be noted that the355

different products, due to their different nature, and because they are from dif-

ferent missions, have different time-spans and different number of data. For

instance, NIR and VIS products are not available in winter because of the

lack of sun-light. Also, POLDER and SCIAMACHY have a short time-span,

since POLDER/PARASOL was shutdown in 2013 and SCIAMACHY in 2012.360

Therefore, a small study, with two versions, have been conducted, using (a)

only months in which all products have data avaiailable, and (b) only months

in which all products except PARASOL and SCIAMACHY have data avail-

able. Then, similar tables as Table 2 have been produced (Tables S1 and S2 in

Supplementary Material) with very similar results to those from the aforemen-365
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tioned Table. In the version (a), shown in Table S1, MODIS-NIR showed worse

statistics (i.e., R2=0.12), due to the small number of data-points (N = 221).

Therefore, Table 2 is considered valid and representative for this study.

The statistics generally agree with those in Thomas et al. (2011), where com-

parisons between GNSS and satellite instruments (AIRS, MODIS NIR) were370

performed in Antarctic sites (for AIRS, R values between 0.70 and 0.95; while

for MODIS NIR, R values are between 0.69 and 0.90). The central values of

the differences, given by MBE, RMBE, Median and RMedian, show positive

values except for SCIAMACHY (VIS) and POLDER (NIR). OMI IWV has the

strongest overestimation (≃ 5 mm and 63 %) and presents higher variability375

(IQR) than most products. This product also has less data available than the

rest (296 data-points). Regarding linearity, the linear correlation coefficients

show an adequate agreement between satellite and GNSS IWV (R2 > 0.5)

for those product using VIS or IR spectral lines, while for NIR products the

linear correlation is very poor. It has been observed (see section 3.3.3) that380

cloudy scenes cause a clear underestimation of IWV for NIR measurements.

The number of data is also very different across the different products, due

to two main reasons: (1) algorithms relying on solar radiation (VIS or NIR)

cannot measure in winter or night (lack of sunshine), and (2) some satellites

have not been operational for the whole 2010-2017 period (POLDER, SCIA-385

MACHY). The regression lines corresponding to the linear fit between satellite

and GNSS IWV have positive intercept for all the products in this work, be-

ing of the order of a few mm. The slopes are generally close to the unity

(0.7 − 1.0), except for NIR products, which have a very low slope ( 0.3 − 0.5),

and OMI, with a rather high slope (1.26). AIRS statistics reported in Bedka390

et al. (2010) for station in Barrow (71.323◦N, 156.616◦W) have better perfor-

mance (slope = 0.91, intercept = 0.017, R2 = 0.94) when compared against

a ground-based microwave radiometer. This can be likely due to differences

both in the instruments used as ground truth, and differences in methodology

(i.e. a more relaxed quality control in the current work), as well as differences395

in the climatology of both arctic sites, Barrow and Ny-Alesund. Particularly,
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Table 2: Summary statistics of the IWV satellite products with respect to IWV from ground-

based GNSS receiver. The columns are: product; type of radiation, ToR; (relative) mean

biased error, (R)MBE; (relative) median, (R)Median; relative inter-quartile range, (R)IQR;

(relative) mean absolute biased error, (R)MABE; root mean square error (RMSE), intercept

of the linear regression; slope of the linear regression; correlation coefficient, R2; number of

data, N. Relative quantities are in percent, physical quantities are in mm, intercept is in mm,

slope and R2 have no dimensions.

Product ToR RMBE RMedian RMABE RIQR MBE Median MABE IQR RMSE intercept slope R2 N

AIRS IR 19.88 5.95 37.79 49.38 -0.07 0.32 1.71 2.45 2.36 1.06 0.74 0.73 17165

GOME-2 VIS 28.53 19.89 36.25 46.08 1.58 1.18 2.45 2.89 3.49 1.52 1.01 0.70 13395

MODIS IR IR 56.10 32.08 63.65 63.46 1.67 1.85 2.32 2.58 2.93 2.60 0.86 0.67 6819

MODIS NIR NIR 28.40 6.01 47.86 66.24 0.81 0.55 2.93 4.70 3.78 3.11 0.50 0.29 722

OMI VIS 63.54 59.66 65.87 57.76 5.87 5.76 6.10 5.82 7.32 3.27 1.26 0.54 296

POLDER NIR -14.17 -16.84 35.40 56.75 -2.67 -1.40 3.66 6.00 5.18 2.56 0.31 0.22 2372

SCIAMACHY VIS -10.36 -8.41 23.45 39.24 -1.23 -0.59 2.04 2.87 2.92 1.11 0.73 0.68 885

the presence of clouds causes the well-known shielding effect (Kokhanovsky &

Rozanov, 2008). This effect causes the satellite instrument to be sensitive only

to the water vapor above the clouds, which results in IWV underestimation.

Moreover, Alraddawi et al. (2018) reported a comparison between satellite400

monthly IWV products (AIRS, SCIAMACHY, MODIS) against GNSS in the

Arctic, with better results in Ny-Alesund (i.e. better correlation coefficients,

lower bias). For instance, in that work, AIRS monthly IWV is reported to

have R2=0.98, and −0.1 mm, while SCIAMACHY shows R2 = 0.94 and bias

1.5 mm, and MODIS (Terra only, and only bright land and ocean sun-glint) NIR405

exhibited R2 = 0.92 and bias 0.4 mm. The use of monthly means could result

in a reduction of noise in the comparison. However, Pałm et al. (2010) studied

the performance of several instruments, GOME-2 and SCIAMACHY among

them, against GNSS IWV, with similar results to those reported in Table 2.

For instance, for GOME-2, R2 was 0.77 and slope 0.72, while for SCIAMACHY410

R2 was found to be 0.72 and slope 0.73.

In order to check if these statistics could be different for day or night mea-

surements, we show in Table 3 IR products (the only ones with day and night

data available) statistics for day and night separately. Day and night measure-
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Table 3: Summary statistics of the IWV satellite products with respect to IWV from ground-

based GNSS receiver. The columns are: product; moment (day or night); (relative) mean

biased error, (R)MBE; (relative) median, (R)Median; relative inter-quartile range, (R)IQR;

(relative) mean absolute biased error, (R)MABE; root mean square error (RMSE), intercept

of the linear regression; slope of the linear regression; correlation coefficient, R2; number of

data, N. Relative quantities are in percent, physical quantities are in mm, intercept is in mm,

slope and R2 have no dimensions.

Product Moment RMBE RMedian RMABE RIQR MBE Median MABE IQR RMSE intercept slope R2 N

AIRS day 7.42 0.04 28.27 40.61 -0.43 0.00 1.95 2.96 2.69 1.17 0.74 0.76 9818

AIRS night 36.54 17.07 50.51 61.94 0.40 0.60 1.39 1.87 1.83 1.09 0.70 0.66 7347

MODIS IR day 44.56 31.17 48.97 52.07 1.93 1.98 2.40 2.28 3.05 2.78 0.88 0.69 4728

MODIS IR night 82.21 37.80 96.83 112.09 1.10 1.34 2.15 3.19 2.65 3.57 0.43 0.31 2091

ments are very similar, except for MDOIS IR. The strong differences observed415

in MODIS IR between day and night data could be related to the low tempera-

tures that would make IR radiation smaller and therefore more difficult for the

satellite to retrieve the IWV.

In order to visualize the distributions of differences and relative differences,

Figure 4 shows that the peaks of the distributions are close to the zero line,420

except for OMI. While NIR products show some tendency to underestimation

(negative differences, probably due to the presence of clouds), OMI IWV tends

to be greater than GNSS IWV. OMI’s overestimation can be due to the fact that

the process of optimization for SCD estimation is done for overall. Therefore

more region-specific optimization could help in adjusting this wet bias.425

Relative differences can reach very large values, 4270 % (MODIS IR), while

other products have their maximum under one hundred ten percent (POLDER).

Minima (underestimations) are more modest, all of them being closer to zero

than −100%, which is probably due to the fact that IWV cannot have negative

values.430
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Figure 4: Density plots of regular and relative differences. Note that relative differences have

been trimmed at 300 to make the plot more visual
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Figure 5: Dependence of differences on IWV values. Pseudomedian (pMedian) is shown with

error bars representing the 95 % confidence interval in the Wilcoxon test (note that in some

cases the interval is very small, so the error bars are not seen).

3.3. Dependencies with other variables

3.3.1. Dependence with IWV

IWV values can influence the performance of the measurements due to, for

instance, saturation effects. Figure 5 shows the pseudomedian (left) and IQR

(right) for both the differences (up) and relative differences (bottom). The rela-435

tion between IWV and pseudomedian of differences is approximately a straight

line. NIR products underestimate more as IWV increases, and the same hap-

pens (more weakly) to SCIAMACHY and AIRS, while GOME-2 and MODIS

IR have a rather constant overestimation (∼ 2 mm). OMI shows a high bias

around 6 mm with some fluctuations. IQR of differences also shows a linear440

relation with IWV, increasing with this variable. The greater values of IQR are

from MODIS NIR and OMI (≃ 7 mm).

The evolution of relative differences pseudomedian with IWV is similar for
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all satellite products: small IWV values have the highest relative differences,

then decreasing and stabilizing at low relative differences (sometimes falling445

below zero). This has been observed in previous works in other regions (Román

et al., 2015; Vaquero-Martínez et al., 2018). SCIAMACHY shows a rather

constant value between 0 % and 25 %, while OMI also shows value around

75 %. POLDER reach −50 % at large IWV. Relative IQR also decreases with

IWV, but stabilizing at values between 25 and 50 %. Again, MODIS NIR and450

OMI have larger relative IQR than the rest. AIRS shows a rather constant value

between 25 and 50 %.

3.3.2. Dependence with SZA

Dealing with large SZA (i.e. the sun is very low, close to the station horizon)

situations is difficult for those retrieval algorithms that rely on sun’s radiation455

reflected by the Earth and atmospheric components, because of the decrease

in the amount of radiation per unit of area. Therefore, Figure 6 shows the

pseudomedian and IQR of both differences and relative differences in bins of

SZA for each product.

The overestimation of ∼ 6.2mm (62%) is evident for OMI, with a slight460

decrease for SZA > 68◦. POLDER shows a rather constant pseudomedian

of −2.3 mm (∼ −17%), while MODIS NIR exhibits some overestimation for

low SZA, and underestimation for SZA > 70◦. AIRS pseudomedian goes from

negative values (−0.6 mm or −2.8 %) at low SZA to positive values (0.6 mm or

26%) at high SZA. GOME-2 exhibits increasing values of pseudomedian with465

SZA, from 0.9 mm (10%) to 2.1 mm (60%). MODIS IR shows decreasing values

of pseudomedian between 2.1 mm (28 %) and 0.9 mm (23 %) up to 90◦. It must

be noticed that in this case the relative pseudomedian values are fluctuating

and do not show this decreasing tendency (with values between 23 % and 43%).

This difference between relative differences and differences in millimeters could470

be caused by the IWV daily and annual cycle For higher SZA (night), MODIS

IR increases to 1.5 mm (70 %).

Moreover, IQR values are large for NIR and OMI products (> 5 mm,
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Figure 6: Dependence of differences on SZA values. Pseudomedian (pMedian) is shown with

error bars representing the 95 % confidence interval in the Wilcoxon test (note that in some

cases the interval is very small, so the error bars are not seen)
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> 50 %), while generally lower for the rest, being over 50 % only for high

values of SZA. MODIS IR relative IQR increases strongly with SZA at night475

measurements, reaching 150 %. However, MODIS NIR relative IQR exhibits

a peak at 70◦. This may be related to the diurnal and annual cycle of water

vapor and therefore different values of IWV at different SZA values. Specifi-

cally, low values of IWV are associated with large SZA (winter) and vice versa.

AIRS exhibits a decreasing tendency with SZA for IQR, ranging from 1.7 mm480

to 3.5 mm, while its relative IQR increases with SZA from 34 % to 66 %.

3.3.3. Cloud Dependence

Clouds can affect strongly the performance of satellite measurement. As

mentioned above, they are responsible for the shielding effect (Kokhanovsky

& Rozanov, 2008). In Figure 7, pseudomedian (left) and IQR (right) of the485

differences (top) and relative differences (bottom) are plotted against the CC

in bins. The increase of CC results, specially over 6 oktas, in an increase of the

underestimation of IWV (sometimes this is compensed by an overestimation

on low CC situations). POLDER reaches underestimations of −5 mm, which

indicates that this product needs some quality control to avoid retrievals under490

very cloudy conditions. NIR and VIS products show higher IQR of differences

(∼ 5 mm) than the rest of products (which yield similar results, around 2.5 mm).

It must be noticed that some of the algorithms filter out cloudy scenes with

different thresholds.

Pseudomedian of relative differences shows a rather decreasing linear trend.495

POLDER reaches −40 %. GOME-2 and MODIS IR exhibit similar results, while

OMI shows its typical overestimation in this station. Overestimation under low

CC scenes can be explained because in such scenes IWV is typically small,

resulting in overestimation due to small IWV (see section 3.3.1). SCIAMACHY

shows the lowest values of relative IQR (below 32 %), and MODIS products500

show higher relative IQR at low CC. Results reported by Román et al. (2015)

show similar behavior with CC for GOME-2 in the Iberian Peninsula.
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Figure 7: Dependence of differences on Cloud Cover values. Pseudomedian (pMedian) is

shown with error bars representing the 95 % confidence interval in the Wilcoxon test (note

that in some cases the interval is very small, so the error bars are not seen)
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3.3.4. Seasonal dependence

The meteorological conditions change on season, which can cause a seasonal

cycle in the performance of satellite measurements. Figure 8 shows the evolu-505

tion of pseudomedian and IQR along the months of the year. NIR and VIS

algorithms do not cover winter months (November, December, January) be-

cause there is not any sunlight at the station during these months. AIRS shows

the best values of pseudomedian (closer to zero), with some underestimation in

summer and overestimation in winter. Regarding the rest of products, pseu-510

domedian is generally worst (positive for VIS and IR products, and negative

for NIR and SCIAMACHY) in summer months, while relative pseudomedian

is generally better (closer to zero). Something similar happens with IQR and

relative IQR: the first increases in summer and decreases in winter, while the

latter increases in winter and is smaller in summer. This is probably due to the515

presence of larger IWV during summer than during winter months. POLDER

and OMI generally have the larger IQR and relative IQR values of all satellites.

However, MODIS IR shows a very large relative IQR in December and January,

reaching 175 %, although in these months IQR is about 3 mm. It must be noted

that values of IWV in these months are typically below 5 mm. These results520

are similar to those reported by Alraddawi et al. (2018).

4. Discussion

This work aims to shed light on the performance of water vapor satellite

products the station Ny-Alesund, which belongs to the European Arctic. This

Norwegian station has been selected for having a long-term, high quality GNSS525

IWV time-series available to be used as reference values.

This study includes several IWV satellite products, which use different re-

gions of the electromagnetic spectrum. GOME-2, SCIAMACHY and OMI use

VIS bands; MODIS IR and AIRS, IR bands, and MODIS NIR and POLDER,

NIR bands.530

Correlation coefficient R2 was found to be below 0.3 for the NIR products
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Figure 8: Seasonal dependence of differences. Pseudomedian (pMedian) is shown with error

bars representing the 95 % confidence interval in the Wilcoxon test (note that in some cases

the interval is very small, so the error bars are not seen)
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in this work, which indicates that these two products are not fitted to provide

good quality IWV data, at least for L2 measurements (measurements not aver-

aged in time or space). Particularly, POLDER showed notable underestimation

under cloudy-sky conditions. For MODIS NIR, many situations of heavy cloud535

coverage are filtered out thanks to its Unobstructed Field of View Quality Flag,

which allows to certain improvement in the correlation. On the other hand,

POLDER product bias (pseudomedian) does not have a negligible dependence

on SZA, while MODIS NIR tends to underestimation for large SZA. Season-

ally, these products are more dry-biased during the warm season, and there is540

some wet-bias during the cold season. This is expected because of the presence

of clouds and large IWV. Therefore, we do not recommend these products for

climate studies or weather forecasts, unless the data are treated or filtered to

avoid the worse scenarios.

VIS products exhibit a notable correlation with GNSS in Ny-Alesund (R2 ∼545

0.7), except for OMI (R2 = 0.54). OMI showed a substantial bias (MBE) of

almost 6 mm (probably due to the use of global optimization of the slant column

retrieval) and similar variability (IQR), while for GOME-2 and SCIAMACHY

these were about 2− 3 mm. The pseudomedian shows a weak dependence with

IWV (some increase could be observed in OMI), and relative pseudomedian had550

the typical behavior observed in other satellite IWV validations. IQR increased

with IWV for the three satellite products. Large SZA generally worsens VIS

products, increasing underestimation for SCIAMACHY and overestimation for

GOME-2, while OMI’s typical overestimation is reduced. The seasonal per-

formance analysis showed that during summer overestimation/underestimation555

is increased, but decreased in relative terms. IQR also increases in summer,

but in relative terms decreases in summer. The presence of clouds increases

overestimation or decreases underestimation, and increases IQR. From the VIS

products studied in this work, we consider that OMI does not meet the proper

quality for climate studies or weather forecasts, although the algorithm could560

be tuned to solve the problems OMI IWV product exhibits. The rest of VIS

satellite products can be used in climate studies and weather forecasts.
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IR products have shown similar correlation to VIS products (R2 ∼ 0.7).

AIRS bias is negligible, while MODIS IR is around 1.6 mm. MODIS IR pseu-

domedian changes weakly with IWV (always overestimating around 1.6 mm),565

while AIRS pseudomedian slightly decreases, going from overestimation at small

IWV, to underestimation at large IWV. IQR increases in both cases linearly

with IWV, up to 5 mm. Regarding SZA, both IR product increase their ten-

dency to overestimation in relative terms as SZA increases, while in absolute

terms, MODIS IR has a rather constant value below 2.5 mm and AIRS slightly570

increases with SZA, always close to the zero. IQR is rather constant for both

products (∼ 2.5 mm), but relative IQR increases with SZA. The seasonal behav-

ior is similar to the other products, with MODIS IR overestimation and AIRS

underestimation in summer. AIRS shows generally better statistical values than

MODIS IR. It must also be noted that, being the only products that can make575

measurements at night, these two products can measure IWV in November,

December and January. The behavior with different CC conditions is similar

to the rest of products, although they are less affected by very cloudy skies.

Hence, we consider that IR products can be used to study the climate of the

European Arctic or in weather forecasts regarding this region.580

5. Conclusions

The European Arctic region, where Ny-Alesund station is set, is a challenge

for remote sensing satellite observations. Nevertheless, IR and VIS satellite re-

trievals can provide good quality data for this fundamental region in the climate

system. OMI (VIS), however, presented a high wet bias (5-6 mm) which should585

be address in next versions of the algorithm. VIS products were specially af-

fected by large SZA values. IR products exhibit some dependences with IWV

and SZA, although it seems to be less affected by very cloudy scenes.

This study suggests that the quality of the NIR products used (MODIS

NIR and POLDER) needs to be improved to study this region, although more590

research is needed to investigate whether this is a local effect at Ny-Alesund or
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it is general in the region. Particularly, quality control for cloudy-scenes and

large SZA values could be useful.

In any case, it is still necessary to improve the algorithms of all satellite

products to solve the dependencies that this work has found.595
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