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This paper focuses on the inter-comparison of integrated water vapor (IWV)

products derived from the following satellite instruments: Global Ozone Mon-

itoring Instrument (GOME-2), Moderate-Resolution Imaging Spectroradiome-

ter (MODIS) on the Terra and Aqua satellites, Ozone Monitoring Instrument

(OMI), Spining Enhanced Visible and InfraRed Imager (SEVIRI), Atmospheric

Infrared Sounder (AIRS), and Scanning Imaging Absorption Spectrometer for

Atmospheric Chartography (SCIAMACHY). IWV data from GPS in nine ground-

based stations located in the Iberian Peninsula are used as reference. The study

period extends from 2007 to 2012. The results show that, in general, OMI has

good accuracy (pseudomedian of the relative differences between OMI and GPS

IWV of (−0.7 ± 1.1)%). However, OMI, SCIAMACHY and AIRS show higher

inter-quartile range (IQR) (which indicates lower precision) than the rest of

satellite instruments. Both MODIS satellite instruments and SEVIRI products

tend to slightly underestimate reference IWV data while GOME-2 exhibits a no-

table overestimation (16.7±0.8 %). All satellite instruments showed a tendency

to reduce IWV extreme values: low IWV is overestimated while high IWV is

underestimated. As for the influence of solar zenith angle (SZA), it can be ob-

served that GOME-2 strongly overestimates the reference for high SZA values

(by around 60% for SZA 60 − 80◦). OMI shows, however, a high IQR for high

SZA values. Both MODIS instruments show an increase in the pseudomedian

of relative differences and IQR with SZA at daytime, with more stable values at

night. Seasonal dependence is mainly due to the SZA and IWV typical values

in each season. In general, in summer the tendency is to underestimate with

low IQR (which happens when IWV is high and SZA is low), and in winter the

trend is to overestimate with high IQR (which happens when IWV is low and

SZA is high). SCIAMACHY shows a high pseudomedian in summer and au-

tumn, and lower in winter and spring. It must be noted that GOME-2 shows a

higher overestimation and OMI shows a higher IQR than other satellite instru-

ments in winter and autumn. The influence of clouds was also studied, showing

an increase of IQR as cloudiness increases in all satellites. Pseudomedian also

worsens as cloudiness increases, generally.
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1. Introduction1

Water vapor plays a crucial role in Earth’s radiative balance, since it is the2

main absorber of the infrared radiation emitted from Earth’s surface, and there-3

fore responsible for air heating in the low layers. Regarding energy transport,4

water vapor’s latent heat is a very effective mechanism. Water is evaporated5

at low latitudes, and water vapor is transported to higher latitudes where con-6

densation releases high amounts of heat (Myhre et al., 2013). Water vapor is7

the most important natural greenhouse gas, indispensable for life on Earth. Its8

hydroxyl (H − O) bond allows absorption in the infrared region. Moreover, it9

involves a positive feedback loop in climate change, according to general circula-10

tion models (Colman, 2003). If the temperature of atmosphere rises, air can hold11

more water vapor, as the saturation vapor pressure increases with temperature.12

This further increases the greenhouse effect, warming the atmosphere.13

Quality data for integrated water vapor (IWV) are critical for improving14

current understanding of the effect of water vapor in the climate system. Never-15

theless, Monitoring water vapor has some difficulties. First, its high variability,16

both temporally and spatially. Water vapor exhibits both an annual cycle (Or-17

tiz de Galisteo et al., 2014) and a diurnal one (Ortiz de Galisteo et al., 2011).18

Second, the challenge to obtain data under a wide range of sky conditions. Ad-19

ditionally, ground-based water vapor data are particularly scarce over polar and20

oceanic regions. As a result, satellite measurements are necessary to improve21

the spatial coverage.22

There are numerous techniques for measuring IWV, both from ground and23

from space. Among ground-based measurements there are microwave radiome-24

ters (Turner et al., 2007), sun-photometers (Ichoku et al., 2002), lunar-photometers25

(Barreto et al., 2013), star-photometers (Pérez-Ramı́rez et al., 2012), Lidar26

(Turner et al., 2002), GPS system (Ortiz de Galisteo et al., 2011), and radio-27
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sounding (Torres et al., 2010). Space measurements are performed using satel-28

lites which collect information from different parts of the electromagnetic spec-29

trum: microwave (Jones et al., 2009), visible (Román et al., 2015; Wang et al.,30

2014), near-infra-red (Grossi et al., 2015) and infra-red (Bennouna et al., 2013).31

Radiosonde and GPS are the most powerful techniques to measure IWV.32

However, temporal coverage of radiosonde is very limited (generally one or two33

measurements a day). Because of this, GPS is used in this study as reference34

to validate satellite IWV data. GPS ground-based retrieval of water vapor has35

been studied broadly, as in Ortiz de Galisteo et al. (2010), for GPS antenna36

corrections, and in Pany et al. (2001) and De Haan et al. (2002), where GPS37

data were compared with a numerical model. One of the key features of GPS38

IWV retrieval is its independence of meteorological events (Rohm et al., 2014),39

such as cloudiness or precipitation, along with its high temporal resolution, as40

mentioned above.41

Nevertheless, the coverage of GPS stations is currently not sufficient to rep-42

resent the high spatial variability of water vapor. Some applications, such as43

weather forecasts and climate studies, need global data with higher spatial res-44

olution, and therefore satellite observations are useful in those cases. However,45

satellite retrievals have two main problems (Diedrich et al., 2016). On the one46

hand, if they are low Earth orbiting satellites, they do not adequately sample47

the diurnal cycle (only one or two measurements a day). On the other hand, if48

visible or NIR spectra are used, the opacity of clouds makes the measurements49

under cloudy-sky condition unreliable (Diedrich et al., 2016).50

In this work, a detailed inter-comparison between IWV data from seven51

satellite instruments against reference GPS measurements is performed. The52

instruments are: Global Ozone Monitoring Instrument (GOME-2), Moderate-53

Resolution Imaging Spectroradiometer (MODIS) on the Terra and Aqua satel-54

lites, Ozone Monitoring Instrument (OMI), Spining Enhanced Visible and In-55

fraRed Imager (SEVIRI), Atmospheric Infrared Sounder (AIRS), and Scan-56

ning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIA-57

MACHY). GOME-2 IWV data have been widely validated (Noël et al., 2008;58
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Antón et al., 2015; Grossi et al., 2015; Román et al., 2015; Kalakoski et al.,59

2016), as well as MODIS water vapor products (Li et al., 2003; Gao & Li, 2008;60

Prasad & Singh, 2009; Bennouna et al., 2013; Chang et al., 2015; Ningom-61

bam et al., 2016; Vaquero-Mart́ınez et al., 2017a). However, the validation of62

OMI IWV product has only been found in Wang et al. (2016a) and Vaquero-63

Mart́ınez et al. (2017b), AIRS IWV products in Hagan et al. (2004); Rama64

Varma Raja et al. (2008); Milstein & Blackwell (2016), SCIAMACHY IWV65

products in Bovensmann et al. (1999); Noël et al. (2005); Schrijver et al. (2009);66

du Piesanie et al. (2013), and SEVIRI IWV products in (Hanssen et al., 2001;67

Schroedter-Homscheidt et al., 2008).68

To our knowledge, an intercomparison between seven satellite instruments69

against a common reference dataset has not been performed before. Therefore,70

the main goal of this article is to analyze the differences and similarities in71

the performance of different satellite IWV products in order to improve the72

understanding of the quality of satellite IWV observations.73

2. Instruments and Data74

2.1. Satellite instruments and their IWV products75

Some of the main characteristics of the satellite instruments are summarized76

in Table 1. A more detailed description of the satellite instruments and their77

IWV products can be found in the following subsections.78

2.1.1. GOME-279

GOME-2 (Callies et al., 2000) is an improved version of the GOME instru-80

ment, a medium-resolution UV-VIS-NIR spectrometer. The primary product81

of the GOME-2 satellite is the total atmospheric content of ozone and the ver-82

tical ozone profile. Additionally, it also provides information about other trace83

gases in the atmosphere, such as the total column amount of water vapor, sul-84

phur dioxide, total and tropospheric nitrogen dioxide, tropospheric ozone and85

bromine oxide. Currently, there are two operational GOME-2 sensors on-board86

5



Table 1: Summary with main characteristics of the instruments used

Satellite Algorithm Pixel Size λ range Period Passing freq. Cloud filter? Cloud info?

OMI SAO

OMH2O

v. 1.0 Level

2

13km × 24km 430−480 nm once a day 2007-2009 Yes Not available

SEVIRI SPhR-

PGE13

v2.0

3km × 3km around

6.7 µm

2008-2012 15-30 min No No

SCIAMACHY AMC-DOAS 30km × 60km around

700 nm

2007-

(April)2012

around once

every 6 days

Indirectly No

GOME-2 GDP v. 4.6 80km × 40km 614−684 nm 2007-2012 twice every

three days

Yes Yes

MODIS 5km × 5km NIR(nighttime)

IR(daytime)

2007-2012 1-2 per day Yes Yes

AIRS AIRS/Aqua

L2 St.

Phys. Ret.

(AIRS-only)

13.5km IR 2007-2012 1-2 times a

day

Yes Yes

the MetOp-A and MetOp-B satellites. The default scan widths are 960 km and87

1920 km, enabling the combined GOME-2 sensors to cover Earth’s surface in a88

daily basis with a ground pixel of 40 km × 40 km (EUMETSAT, 2011).89

The IWV data used in this work, obtained from GOME-2 MetOp-A, were90

derived from the GOME Data Processor (GDP, version 4.6) generated by the91

German Aerospace Center, Remote Sensing Technology Institute (DLR-IMF) in92

the framework of the EUMETSAT satellite Application Facility on Atmospheric93

Chemistry Monitoring (O3M SAF) (Grossi et al., 2015). The period of study94

extends from 2007 to 2012. The retrieval method implemented in GDP is based95

on Differential Optical Absorption Spectrography (DOAS). This algorithm, de-96

scribed in detail in Wagner et al. (2003, 2006), consists of three steps:97

1. DOAS fitting: water vapor, O2 and O4 absorptions are taken into account.98

H2O cross section is based on line-by-line computations using HITRAN99

H2O line parameter for a fixed temperature and pressure. The broadband100

filtering is improved by including three types of vegetation spectra, as well101

as a correction for the ring effect (see Wagner et al., 2009).102

2. Non-linearity absorption correction: GOME-2 cannot spectrally resolve103
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the water vapor (and oxygen) absorption bands, the water vapor slant104

column density is not linear with IWV, and a correction must be applied.105

The correction factors are obtained by means of the mathematical convo-106

lution of H2O spectrum with the instrument slit function. Such effect is107

more important for large H2O SCDs.108

3. Vertical column density calculation: The corrected SCD must be converted109

to vertical column densities (VCDs) to make them geometry-independent.110

This is achieved by dividing SCD by a convenient air mass factor (AMF),111

which is derived from oxygen absorption. AMF is obtained dividing O2112

SCD by the O2 VCD for a standard atmosphere. AMF for water vapor113

and oxygen is assumed to be similar, which can cause some systematic114

errors. O2 AMF is expected to be larger than water vapor’s, since O2115

scale height is larger than H2O scale height. In order to correct this, a116

look-up table with correction factors is applied, which depends on SZA,117

line of sight angle, relative azimuth and surface albedo. The correction118

factors are calculated through radiative transfer calculations.119

The fitting algorithm uses the wavelength region between 614 and 683 nm,120

where the spectral resolution is about 0.54 nm. The main advantages of IWV121

products from GOME-2 are their independence of external calibration sources122

and their accuracy both over land and over ocean, and the lack of assump-123

tions on atmospheric pressure, temperature, radiative transfer, or other a-priori124

information.125

2.1.2. MODIS-Terra and MODIS-Aqua126

MODIS is on-board Terra and Aqua satellite platforms (King et al., 1992).127

Terra’s orbit around the Earth is scheduled to overpass the equator from north128

to south in the morning, while Aqua passes from south to north over the equator129

in the afternoon. They cover the whole planet in 1-2 days. Its swath width is130

2330 km.131

MODIS has 36 spectral bands, some of which (890 − 920 nm, 931 − 941 nm132

and 915− 965 nm) are related to atmospheric water vapor. These bands have a133
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spatial resolution of 1 km, but Level 2 moisture profiles are binned using 5 × 5134

pixels. Thus, the resolution of the IWV product is 5 km × 5 km. The water135

vapor product is generated for both daytime (using NIR bands) and night (using136

IR bands).137

For daytime, NIR bands (channels 2, 5, 17, 18, 19) are used (solar radia-138

tion reflected by Earth + atmosphere). The NIR algorithm uses 2-channel and139

3-channel rationing techniques. Look-up tables are generated with values of140

these ratios, calculated from radiative transfer programs. The total amount of141

water vapor can be transformed into IWV by taking into account the solar and142

observational geometries. If clouds are present, other channels in the range of143

0.8−2.5 µm region are used, since they contain information on absorptions due144

to water vapor above and within clouds. The algorithm is thoroughly explained145

in Gao & Kaufman (1992); Gao & Li (2008).146

For nighttime, IR bands are used (radiation emitted by Earth + atmo-147

sphere). The algorithm employs a statistical retrieval with an option for a148

subsequent nonlinear physical retrieval (Seemann et al., 2003). The algorithm149

calculates MODIS infrared band radiances from a dataset of radiosonde ob-150

servations, in order to associate computed radiances with atmospheric profiles.151

The MODIS atmospheric water-vapor product is then estimated from the to-152

tal column water vapor, integrating MODIS infrared retrievals of atmospheric153

moisture profiles in clear-sky scenes.154

The data are included in the water vapor product (MOD05 L2 and MYD05 L2)155

collection 6. It is, however, obtained from the MODIS Atmospheric Profile156

(MOD07 and MYD07) Collection 6 product, simply added to product MOD05157

for convenience.158

2.1.3. OMI159

OMI (Levelt et al., 2006) was developed by the Netherland’s Agency for160

Aerospace Programs (NIVR) and the Finnish Meteorological Institute (FMI) to161

the EOS Aura mission. It is on-board NASA’s Earth Observing System (EOS)162

Aura satellite platform. Aura has a Sun-synchronous polar orbit, which allows163
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OMI to sample the whole planet daily at 1330 local time (LT). The nominal164

OMI pixel size is 13 km × 24 km at nadir.165

The OMI IWV data used in this study are the first version of the Smithso-166

nian Astrophysical Observatory (SAO) OMH2O level 2 retrieval which uses the167

algorithm presented in (Wang et al., 2014). The algorithm uses a window of168

430 nm − 480 nm, and it follows three steps: (1) direct fitting of Slant Column169

Density (SCD), using a semi-empirical model that considers several gases (water170

vapor, ozone, nitrogen dioxide, liquid water, and more), as well as some effects171

(the ring effect, wavelength shift, and more); (2) SCD conversion to Vertical Col-172

umn Density (VCD) using the Air Mass factor (AMF), which is calculated using173

radiative transfer calculations in look-up tables at 442 nm, and (3) conversion174

of VCD to IWV by a conversion of units.175

Following the guidelines from Wang et al. (2014), some restrictions have been176

applied to the OMH2O product to assure its quality. Cloud fraction has to be177

below 0.1, cloud top pressure over 500 HPa, AMF greater than 0.75, retrieval178

root mean square (RMS) value for the fitting Slant Column Density lower than179

0.005, maindataqualityflag flag equal to 0. Pixels affected by the row anomaly180

(see Wang et al., 2014) have been rejected as well.181

2.1.4. SEVIRI182

Meteosat are a series of geostationary satellites operated by EUMETSAT.183

Meteosat Satellites are equipped with SEVIRI, which counts with 7 IR bands184

in the range 6.2 − 13.4 µm. The retrieval algorithm uses the bands WV6.2,185

WV7.3, IR10.8, IR12.0 and IR13.4, where the first two are bands of strong186

absorption by water vapor. The retrieval process deals with obtaining the profile187

of temperature and humidity from infrared brightness temperature observations,188

using an inversion technique, i.e. trying to find an atmospheric profile that189

would reproduce the observations. The solution to this problem is not generally190

unique, so a background profile is used as a constraint. This background profile191

is obtained from a short range forecast model, and it is slowly varied until its192

radiative properties fit the observations. The algorithm of retrieval is detailed193

9



in AEMET & NWC SAF (2013).194

One of the limitations of this algorithm is that its products are only available195

under clear conditions. In some cases, such as cirrus clouds or in the edge of196

clouds, NWCSAF/MSG Cloud Mask module might not detect clouds and the197

algorithm would try to estimate IWV over those pixels. However, the retrieval198

in those cases usually fails or needs a high number of iterations, which is de-199

tected by a quality flag. Moreover, mountain regions can exhibit large errors200

if there are differences between NWP topography, and the same can happen201

with temperature over very hot or cold pixels, where NWP first guess and the202

actual skin temperature can be quite different. Additionally, the effect of emis-203

sivity temporal variation is not handled, and fixed values from IREMIS monthly204

datasets have been used.205

As Meteosat is geostationary, data are available with very high temporal206

resolution. The product temporal resolution is 30 minutes. Only the temporally207

closer datum to every GPS datum was selected. Its spatial resolution is 3 km×208

3 km. SEVIRI IWV resolution is around 0.58 mm.209

2.1.5. SCIAMACHY210

SCIAMACHY (Bovensmann et al., 1999) is an instrument on-board the211

Envisat satellite. It was operational from March 2002 to April 2012. Thus,212

our study period in this work for SCIAMACHY is from 2007 until April 2012.213

Envisat orbited the Earth in a sun-synchronous orbit, over-passing the equator214

at 10.00 h LT every day. It sampled the whole planet in 6 days in nadir mode.215

SCIAMACHY’s ground pixel size is typically 60 km × 30 km.216

The retrieval algorithm for SCIAMACHY data is based on the Air Mass217

Corrected Differential Absorption Spectroscopy (AMC-DOAS) method (Noël218

et al., 2004). This method allows to obtain the IWV from measurements in219

the spectral region around 700 nm. The use of visible light makes the method220

only applicable to daytime and (almost) cloud-free scenes. One of the main221

advantages of AMC-DOAS is that it provides a completely independent data222

set, since the IWV products do not depend on external information.223
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AMC-DOAS algorithm is based on a modification of DOAS approach. In this224

modification, the saturation effects from highly structured differential spectral225

features that are not resolved by the instruments are accounted for. Moreover,226

O2 absorption features are fitted in combination with H2O to derive a correction227

for the Air Mass Factor (AMF). This correction tries to compensate the lack of228

information on background and topographic characteristics, and represents how229

similar the atmospheric conditions and the conditions in the model calculations230

are. For example, if the correction were 1 it would indicate a perfect match (the231

correction ranges from 0 to 1). Therefore, the correction factor also contains232

information about the quality of the retrieved IWV.233

In order to assess the quality of data, SCIAMACHY data are filtered using234

the following criteria: local SZA below 88◦ and AMF correction greater than235

0.8. There is no specific cloud filter applied, but the AMF correction criterion236

takes out most of the cloudy scenes.237

2.1.6. AIRS238

AIRS (Aumann et al., 2003) is a high-spectral resolution infrared sounder239

aboard NASA’s Aqua satellite platform. It surpasses the Iberian Peninsula 1-2240

times a day. The IR bands used in the retrieval process have a spatial resolution241

of 13 km.242

The AIRS products used for this work were AIRS/Aqua L2 Standard Phys-243

ical Retrieval (AIRS-only) V6. This product has a quality flag for IWV data.244

The algorithm used in the retrieval (Barnet & Nedis, 2007) has been designed245

so that all data products simultaneously satisfy the measurements in a least-246

squares sense. The Standard Product includes measurements of cloud and sur-247

face properties, profiles of retrieved temperature, water vapor, ozone, and a flag248

for cloud ice or water, as well as the errors associated with these quantities.249

Observed radiances are passed through a neural network to obtain the at-250

mospheric state, from which cloud parameters are retrieved and then a cloud251

clearing is performed to obtain cloud-cleared radiances. This process is done252

iteratively twice and then a first physical retrieval algorithm is applied, with253
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the cloud-cleared radiances and the atmospheric states as inputs. Then, a new254

cloud parameter retrieval process is performed and another cloud clearing as255

well, with new cloud-cleared radiances as output. Then, the type of surface is256

chosen by the algorithm, obtaining the final state of the whole set of atmospheric257

variables. For more details, see Olsen et al. (2013b,a).258

Data with quality flag 2 are rejected in this work, while data with flag 1259

or 0 are accepted. Quality flag 2 data are not recommended for use, while260

data with quality flag 1 may be used for statistical climate studies. Data with261

quality flag 0, recommended for comparison with in situ measurements, would262

be more suitable, but the number of data-points was scarce for the purpose of263

this work. The bands for water vapor retrieval are 938 cm−1, 1310−1606 cm−1
264

and 2607 − 2657 cm−1, respectively.265

Data were downloaded from AIRS Science Team/Joao Texeira (2013), AIRS/Aqua266

L2 Standard Physical Retrieval (AIRS-only) V006, version 006, Greenbelt, MD,267

USA, Goddard Earth Sciences Data and Information Services Center (GES268

DISC), Accessed September 2016, 10.5067/AQUA/AIRS/DATA202.269

2.2. GPS IWV data270

The method to obtain IWV from GPS measurements is briefly described in271

this paper. A more detailed explanation can be found in Bevis et al. (1992).272

The satellites that form the constellation of GPS communicate through L-273

band microwave radiation with ground-based receivers. Usually, the time spent274

by the signal in reaching the receiver is used to calculate the distance between the275

satellites and the receiver. However, several corrections need to be accounted276

for. In particular, the troposphere produces a delay in the signal, which is277

usually called Slant Tropospheric Delay (STD). It can be converted to the Zenith278

Tropospheric Delay (ZTD) through the so-called mapping functions. In this279

case, Niell’s mapping function (Niell, 2000) was used.280

ZTD =
STD

m(E)
(1)
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Once the ZTD is obtained, it can be separated in two different contributions:281

the Zenith Hydrostatic Delay (ZHD) and Zenith Wet Delay (ZWD).282

ZTD = ZHD + ZWD (2)

The former is due to the tropospheric gases, while water vapor is responsible283

for the latter. The ZHD can be modeled and removed if surface temperature284

and atmospheric pressure at the station are known. The quality of these meteo-285

rological data is important to minimize errors in the final product (Wang et al.,286

2016c). IWV is obtained from the remaining ZWD. The relation between ZWD287

and IWV is linear,288

IWV = ΠZWD (3)

The constant Π depends on the water vapor - weighted mean temperature289

(Wang et al., 2016b), which can be derived from surface temperature.290

The GPS IWV data used in this work have been obtained from ground-based291

GPS measurements of the zenith total delay (ZTD). The tropospheric prod-292

ucts were provided by the Spanish Geographic Institute “Instituto Geográfico293

Nacional”, which is a local analysis center of the European Reference Frame294

(EUREF). The analysis is performed using Bernese 5.0 software for GNSS data295

processing. Two steps are required: in a first step, the coordinates of the sta-296

tions are obtained with high precision, and in the second step, ZTD is obtained.297

The method is based on the resolution of the equation for double differences of298

phase (Leick, 1995; Rohm et al., 2014), which uses a network of ground-based299

receiver stations and differences of time in reaching the signal between different300

stations of the network to calculate the stations positions and other delays and301

sources of error.302

As is described above, once we get the ZTD, two variables are needed to303

model ZHD: temperature and pressure at the location of the GPS stations.304

This information was provided by the Spanish Meteorological State Agency305

(AEMet). AEMet stations are not necessarily in the same exact location where306
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Figure 1: Location of the nine stations selected.

the GPS receiver is located. However, the stations are as close as possible,307

usually in the same region. In the case of altitude difference, temperature was308

corrected by assuming a vertical gradient of temperature of 6.5 K. Data are309

interpolated to the time of the GPS measurements. In the case of temperature,310

data were interpolated linearly. As for pressure, the barometric tide was taken311

into account to interpolate.312

IWV data at the nine GPS stations were available for this work from 2007313

to 2012. These GPS data, which have a temporal resolution of one hour, have314

been used to perform other validation exercises on satellite IWV data (Román315

et al., 2015; Bennouna et al., 2013; Vaquero-Mart́ınez et al., 2017a,b).316

The stations selected for this research were located at the interior of the317

Iberian Peninsula. Coastal stations were rejected in order to avoid possible318

influences from error caused by sea or mixed sea-land pixels in satellite obser-319

vations. Table 2 lists information for the nine stations selected and the map in320
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Table 2: Characteristics of the GPS stations

Station Acronym Latitude Longitude

(◦) (◦)

Córdoba coba 37.92 -4.72

León leon 42.59 -5.65

Logroño rioj 42.46 -2.5

Salamanca sala 40.95 -5.5

Sonseca sons 39.68 -3.96

Teruel teru 40.35 -1.12

Valladolid vala 41.70 -4.71

Villafranca vill 40.44 -3.95

Cáceres cace 39.48 -6.34

Figure 1 shows their locations in the Iberian Peninsula.321

3. Methodology322

3.1. Collocation and comparison criteria323

Two different criteria were followed for spatial collocation. The first criterion324

was to take the pixel whose center was the closest to the ground-based GPS325

station. The second criterion was to average the closest pixels (those within326

0.25◦×0.25◦ distance to the ground-based GPS station). The first criterion was327

used for the collocation between GOME-2 and GPS, between MODIS-Terra and328

GPS, and SEVIRI and GPS.329

The temporal criterion followed was to match GPS and satellite IWV values330

whose temporal difference was the closest. In all cases such difference had to be331

below 30 minutes.332

Satellite data under cloudy-sky conditions (cloud fraction given by each satel-333

lite algorithm larger than zero) have been rejected for all analyses, except for334

the study of cloud dependence (see Section 4.5), where all sky conditions were335
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considered for those satellite datasets that provide information on cloudiness336

(i.e. GOME-2, MODIS-Terra and MODIS-Aqua, and AIRS).337

3.2. Statistical analysis338

Once the temporal and spatial match between the satellite and the GPS data339

is achieved, there is a dataset for each satellite, where every row has a satellite340

IWV value, a GPS IWV value, the location (station), and other columns with341

additional information, such as the date and time, SZA or cloud fraction (CF).342

The relative differences (Equation 4) studied in this work are calculated as:343

δi,s = 100 ·
wsat

i,s − wGPS
i,s

wGPS
i,s

(4)

where the index s denotes a satellite, the index i represents a fixed location and344

time and w is the IWV measurement by the satellite (sat) or GPS.345

The distribution of the satellite-GPS differences is analyzed for each ground-346

based station using several variables. First, two indices are calculated, the pseu-347

domedian and the interquartile range (IQR). The pseudomedian is obtained us-348

ing the Wilcoxon signed rank test with continuity correction (Wilcoxon, 1946).349

The pseudomedian is defined as the median of all the midpoints of pairs of ob-350

servations, which agrees with the median if the dataset is symmetric. The pseu-351

domedian of the relative differences provides information about the accuracy352

of the satellite data, while IQR reports about their precision. Pseudomedian353

has been chosen over median as index because it is a better estimator when354

the distribution is assimetric, which is typically the case for δ distribution when355

applied to binned data.356

Furthermore, a linear regression analysis between the GPS and the satellite357

data was performed in order to analyze their proportionality and similarity.358

Then, in order to study the dependence with certain variables, the two indices359

are applied to bins of data. The bin widths are 5◦ for SZA, 5 mm for IWV360

and 0.10 for CF. Moreover, the seasonal dependence of relative differences was361

also analyzed in detail. Bins with less than 50 data points have been rejected.362

The dependence of distance satellite pixel - GPS ground-based station was not363
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considered in this work, since Román et al. (2015) did not show an important364

impact in the satellite IWV data.365

4. Results and discussion366

4.1. Statistical analysis367

Table 3 shows the pseudomedian and IQR of the satellite-GPS differences368

(equation 1) for the seven satellite instruments. The results indicate that369

GOME-2, SCIAMACHY and AIRS highly overestimate, on average, the ref-370

erence GPS data (positive pseudomedian values), while MODIS-Aqua, MODIS-371

Terra and SEVIRI have a small tendency to underestimate IWV (negative pseu-372

domedian values). OMI pseudomedian, however, shows that there is no signifi-373

cant bias in OMI IWV with respect to reference GPS IWV. IQR is between 30%374

and 35% for GOME-2, both MODIS, and SEVIRI, while it is higher than 40%375

for OMI, SCIAMACHY and AIRS. The regression analyses performed for each376

satellite instrument show that the intercept y0 is always positive and the slope b377

is always lower than 1. This suggests that satellite instruments tend to overesti-378

mate low IWV data, and underestimate high values. This result is in agreement379

with other studies (Rama Varma Raja et al., 2008; Bennouna et al., 2013; Antón380

et al., 2015; Román et al., 2015; Scheepmaker et al., 2015; Vaquero-Mart́ınez381

et al., 2017b,a). Correlation coefficient R2 shows a fair agreement. The agree-382

ment is better for GOME-2 and both MODIS instruments, and worse for AIRS.383

The validation of GOME-2 in Antón et al. (2015) against radiosonde showed a384

slightly better agreement (R2 = 0.95).385

Figure 2 presents a time series of each instrument (columns) and each station386

(rows). It can be observed that all satellites represent the seasonal variation387

of water vapor correctly. The lack of available data in some periods at some388

stations can be identified. For instance, teru station time series starts in 2009,389

because the GPS receiver in that station was not operative until 2009. Moreover,390

it can be observed that OMI data are only available in the period 2007-2009,391

as mentioned in Section 2.1. The different density of data-points is related to392
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Table 3: Statistical analysis of sat-GPS relative differences. The pseudomedian (pMedian)

and IQR of the δ distribution, the number of data (N) and the coefficients of the regression

analysis are shown. y0 column shows the intercept, b stands for the slope and R2 is Pearson’s

coefficient of determination. The numbers after ± are the 95% confidence interval.

Satellite pMedian IQR N y0 b R2

(%) (%) (mm)

OMI −0.7 ± 1.1 40.80 3895 2.65 ± 0.28 0.78 ± 0.02 0.63

SEVIRI −5.2 ± 0.1 33.31 187375 2.89 ± 0.03 0.690 ± 0.002 0.67

SCIAMACHY 6.6 ± 1.2 45.72 2629 0.92 ± 0.36 0.96 ± 0.02 0.70

GOME-2 16.7 ± 0.8 32.58 4317 3.40 ± 0.18 0.88 ± 0.01 0.83

MODIS-Terra −0.9 ± 0.5 34.58 13651 1.01 ± 0.14 0.915 ± 0.009 0.74

MODIS-Aqua −3.4 ± 0.4 33.24 13581 0.99 ± 0.14 0.89 ± 0.01 0.71

AIRS 2.0 ± 1.8 47.84 1832 3.05 ± 0.41 0.73 ± 0.03 0.56

the satellite’s passing frequency and the quality filters mentioned in Section 2.1.393

The differences between satellite and GPS IWV are also represented, showing394

that in all satellites these are approximately centered around 0 mm.395

4.2. IWV dependence396

Figure 3 shows the pseudomedian of the sat-GPS differences against refer-397

ence (GPS) IWV data in bins of 5 mm. The error bars are the 95% confidence398

interval in the Wilcoxon signed rank test with continuity correction. It can be399

seen that the behavior is similar in all satellite instruments: the pseudomedian400

is positive for the lowest IWV values in all of them, while satellite data tend401

to underestimate large IWV values. This is in agreement with the behavior ob-402

served in other studies (Antón et al., 2015; Vaquero-Mart́ınez et al., 2017a,b).403

AIRS, GOME-2 and SEVIRI have the largest range of variation. Their pe-404

sudomedians reach almost +40% (AIRS and SEVIRI) and +60% (GOME-2)405

for low IWV values, while they decrease to −30% (AIRS), −25% (SEVIRI)406

and −10% (GOME-2) in large IWV cases. Both MODIS instruments perform407

similarly, with Terra being slightly higher than Aqua. It can be noticed that408

SCIAMACHY and GOME-2 (whose retrieval algorithms use DOAS techniques)409
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Figure 2: Time series of every collocated dataset of every satellite instrument in every station.

Blue line is the satellite IWV and red line is the difference between satellite measurements

and GPS data.

tend to slightly overestimate IWV for intermediate values (∼ 10 − 25 mm),410

while the rest of satellites tend to underestimate IWV in this range of IWV411

values. The behavior of GOME-2 was also reported in Antón et al. (2015). In412

that work, GOME-2 showed discrepancies with reference radiosonde IWV data413

under 20% when data are grouped by similar SZA values. The strongest differ-414

ences between Antón et al. (2015) and the present work are at low IWV values,415

suggesting that SZA might play an important role.416

Regarding the precision statistical, IQR, Figure 4 shows similar values for all417

satellite instruments except for OMI, which has much higher IQR for low IWV418

values (over 100%, being the rest around 50%). IQR decreases with increasing419

IWV in all cases, reaching values under 25% for high IWV. The satellite instru-420

ment with the lowest IQR in the whole range of IWV is GOME-2. The behavior421

of SCIAMACHY water vapor product is different. It keeps a high IQR for low422

and medium IWV (up to 25 mm approximately), only becoming lower than 20%423

at high IWV (> 30 mm). A similar pattern was reported in Noël et al. (2004)424
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4.3. SZA dependence426

The influence of SZA on the pseudomedian is different for each satellite427

instrument, as seen in Figure 5. OMI and GOME-2, which use visible radiation428

for IWV retrieval, show an increase of the pseudomedian with SZA. As SZA429

increases, the amount of IWV that the sunlight encounters increases. This430

could affect the correction factor used to calculate the air mass factor (AMF).431

In the case of OMI this change is very smooth, and could be explained by the432

correlation of SZA and IWV values (high IWV values occur when temperature433

is higher, which happens when SZA is low, and vice versa), as reported in434

Vaquero-Mart́ınez et al. (2017b). The increase of the pseudomedian with SZA435

is specially strong in GOME-2, from very small values (under 5%) for low SZA436

to very high values (around 80%) for high SZA, as it has already been reported437

in the literature (Kalakoski et al., 2011; Antón et al., 2015; Román et al., 2015).438

By contrast, SCIAMACHY, which also uses visible radiation, shows the opposite439

behavior: a decrease of relative difference with increasing SZA. This can also440

be related to the quality of AMF correction being influenced by SZA in the441

retrieval algorithm used for this satellite instrument.442

In the case of satellites that use IR radiation for IWV retrieval, i.e. the443

MODIS instruments (Terra and Aqua) and SEVIRI, the influence of SZA at444

daytime is similar to OMI. This fact suggests that the SZA dependence may445

be related to other variables that change with SZA (i.e. the amount of water446

vapor). In the case of AIRS, the pseudomedian seems to slightly decrease with447

SZA. Furthermore, when using IR radiation it is possible to make measure-448

ments in the nighttime. AIRS has a notably good performance at nighttime,449

with pseudomedian close to 0 for the whole nighttime range. The rest of the in-450

struments have negative pseudomedian of the error at nighttime, above −20%.451

A strong discontinuity is observed between daytime and nighttime measure-452

ments of MODIS. This is probably related to the fact that the IWV retrieval453

is different for daytime and nighttime. SEVIRI and AIRS, which use the same454

retrieval algorithm for both day and night, have a quite similar response in the455

whole SZA range.456
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The variation of IQR with SZA is plotted in Figure 6. Again, OMI and457

GOME-2 behave similarly, but in this case GOME-2 performs better: its IQR458

ranges from under 20% for low SZA, to 50% for high SZA. By contrast, OMI IQR459

changes from 30% to more than 70%, increasing with SZA. SCIAMACHY has a460

similar behavior as well, with higher values of IQR than OMI up to SZA = 50◦,461

and between OMI and GOME-2 from that SZA on. Both MODIS instruments462

have similar IQR compared to GOME-2. SEVIRI has a more stable IQR with463

SZA, always between 15% and 40%. For nighttime, SEVIRI, MODIS-Aqua464

and MODIS-Terra have similar IQR, slightly increasing with SZA. AIRS IQR465

at nighttime is clearly higher than the rest, while at daytime it is above 50%.466

The increase of IQR with daytime SZA can be explained if we take into con-467

sideration the increasing corrections to obtain the proper AMF of water vapor.468

These corrections introduce noise in the measurements, which are stronger as469

the corrections are larger. Moreover, at high SZA IWV is usually lower, so the470

relative difference is higher for the same absolute difference.471

4.4. Seasonal dependence472

Satellite performance displays a dependence on the season of the year, re-473

lated to the annual cycle of water vapor and SZA values. In Figure 7, the474

pseudomedian of the relative differences is shown in bins of one month. GOME-475

2 shows the strongest seasonal dependence, with pseudomedian values ranging476

from +5% in summer to over +50% in winter, which is probably connected to477

the strong dependence on SZA shown above. This is in agreement with Román478

et al. (2015), and shows higher pseudomedians than in Antón et al. (2015), where479

the reference instrument was radiosondes. The rest of the satellites have medi-480

ans between -25% and +25%. OMI has a similar behavior to GOME-2, with481

an overestimation (positive pseudomedian) in winter and a slight underestima-482

tion (negative pseudomedian) in summer, in agreement with Vaquero-Mart́ınez483

et al. (2017b). However, both MODIS satellite instruments show overestima-484

tion in summer and underestimation almost the rest of the year (except for a485

slight overestimation in December). MODIS-Terra has slightly higher pseudo-486
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Figure 7: Seasonal evolution of the pseudomedian of sat-GPS relative differences. December

has been rearranged as the first month in order to make easier to identify the different seasons

median values in summer than MODIS-Aqua. Bennouna et al. (2013) showed487

that MODIS algorithm performed worse in winter. The reason for the discrep-488

ancy could be related to differences in datasets, such as the years used and the489

stations selected. If atmospheric conditions change, IWV will change too, and490

thus performance of the algorithm can be different. Moreover, SEVIRI under-491

estimates from April to November and overestimates from December to March.492

AIRS is the closest to the zero line throughout the year. SCIAMACHY, how-493

ever, has a special behavior: summer and autumn months are overestimated494

(up to 25%), while winter and spring are slightly underestimated.495

The seasonal dependence on the precision index can be seen in Figure 8. All496

satellite instruments have a similar behavior: IQR is highest in winter than in497

summer. OMI has the higher IQR in winter and autumn, reaching more than498

70% in December, while AIRS has IQR over 40% throughout the year, for almost499

all months. However, the rest of the satellite instruments have IQR from 20%500

to 55%. GOME-2 data have the best performance except in winter, where all501
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Figure 8: Seasonal evolution of the IQR of sat-GPS relative differences. December has been

rearranged as the first month in order to make easier to identify the different seasons

satellite instruments except OMI (higher IQR) perform similarly. This behavior502

can be related to the fact that in winter, IWV is smaller and thus the relative503

difference tends to be higher, as commented in Section 4.2. OMI behavior is in504

agreement with Vaquero-Mart́ınez et al. (2017b).505

4.5. Cloudiness dependence506

The influence of cloudiness on the pseudomedian is represented in Figure 9507

for those satellite instruments that provide information about cloudiness and508

were not filtered (AIRS, GOME-2, MODIS-Aqua and MODIS-Terra). In gen-509

eral, as CF increases the pseudomedian is further from the zero line: it can510

be below 0, underestimating the IWV (AIRS, GOME-2 and MODIS-Terra) or511

over 0, overestimating (MODIS-Aqua). The underestimation can be due to the512

so called shielding effect (Román et al., 2015; Kokhanovsky & Rozanov, 2008):513

clouds can “hide” the water vapor under them. The differences between MODIS-514

Aqua and MODIS-Terra could be related to their different passing times and515

the use of NIR radiation in daylight and IR during nighttime. At nighttime,516
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Figure 9: Pseudomedian of sat-GPS relative differences against CF

the algorithm could confuse the presence of clouds with water vapor, causing517

the overestimation.518

IQR, the precision index, is shown in Figure 10. IQR computed for both519

MODIS data products increases as cloudiness increases, AIRS seems to have520

a stable value of IQR and GOME-2 shows a certain decrease of IQR as CF is521

higher. The reason for this could be that clouds introduce noise in the mea-522

surements, but if there are too many clouds, the shielding effect reduces the523

sensitivity to water vapor, decreasing the variability (IQR).524

5. Conclusions525

The analysis of the relative differences between satellite and GPS measure-526

ments has found some similarities and differences among the satellite measure-527

ments. In general, AIRS and OMI measurements are accurate (pesudomedian528

of the differences close to zero), but they are less precise than the rest of the529

satellites. Regarding precision the rest of the satellites perform similarly, but530

GOME-2 overestimates IWV while SEVIRI and both MODIS underestimate the531
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Figure 10: IQR of sat-GPS relative differences against CF

measurements. Regression analysis showed that all satellites tend to homoge-532

nize water vapor: low IWV tends to be overestimated, while high IWV tends to533

be underestimated. This result was confirmed when studying the dependence of534

the relative differences on IWV data. The reason for this could be that spatial535

resolution of satellites is much lower than GPS ground-based stations, and thus536

IWV measurement is somehow averaged over the whole pixel. The precision in-537

dex (IQR) showed that measurements are more precise as IWV increases. OMI538

precision is especially low (high IQR) at low IWV. IQR computed for SCIA-539

MACHY data seems to be high up to 20 mm, when IQR starts to decrease as540

IWV increases.541

The study on the influence of SZA on the relative differences showed that542

GOME-2 highly overestimates IWV at high SZA. There is a general tendency543

to overestimate for SZA between 60◦ and 80◦. OMI performs reasonably well544

although its precision quickly becomes lower (higher IQR) as SZA increases.545

SEVIRI has a quite stable IQR over the whole SZA range. Nighttime measure-546

ments are underestimated for all IR satellites (SEVIRI and MODIS-Terra and547
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Aqua) except AIRS, which presents a good accuracy in nighttime.548

The annual variations of the two indices are studied as well. The perfor-549

mance of all satellites is similar, with the following exceptions. GOME-2 shows550

a high overestimation during winter and autumn, probably the cause of its high551

overestimation in the general analysis. SCIAMACHY shows a high pseudome-552

dian in summer and autumn, and lower in winter and spring. OMI shows very553

high IQR (low precision) in winter.554

The influence of clouds is studied for those satellites that provide informa-555

tion about cloudiness. The presence of clouds increases the deviation of satellite556

IWV data with respect to the reference GPS measurements, whether overesti-557

mating (MODIS-Aqua) or underestimating (MODIS-Terra, GOME-2, AIRS).558

IQR generally increases or remains stable, except for GOME-2, which shows a559

slight decrease of IQR with CF.560

Although satellite retrievals can provide good spatial coverage of IWV val-561

ues, they still need improvements in order to reduce the notable differences and562

dependences observed when the satellite IWV products are compared against563

reference GPS data. This study indicate that more work is needed to increase564

OMI precision and GOME-2 accuracy for low IWV, and to improve AIRS pre-565

cision under all conditions.566

Acknowledgements567

This work was supported by the Spanish Ministry of Economy and Compet-568

itiveness through project CGL2014-56255-C2. Manuel Antón thanks Ministerio569

de Ciencia e Innovación and Fondo Social (RYC-2011-08345) Europeo for the570

award of a postdoctoral grant (Ramón y Cajal). Support from the Junta de571

Extremadura (Research Group Grants GR15137) is gratefully acknowledged.572

The GOME-2/MetOp-A products were generated at DLR under the auspices of573

the O3MSAF project funded by EUMETSAT and national contributions. The574

generation of SCIAMACHY data was supported by ESA, DLR Bonn and by the575

University of Bremen, Germany. Work at Universidad de Valladolid is supported576

29



by projects CMT2015-66742-R and MINECO VA100U14. Work at Universidad577

de Granada was supported by the Andalusia Regional Government (project578

P12-RNM-2409) and the Spanish Ministry of Economy and Competitiveness579

and FEDER funds under the projects CGL2013-45410-R, CGL2016-81092-R580

and “Juan de la Cierva-Formación” program. Work at SAO is supported by581

NASA’s Atmospheric Composition: Aura Science Team program (sponsor con-582

tract number NNX14AF56G). Work at Universidade de Évora is co-funded by583
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ing of Cloud, Aerosol, and Water Vapor Properties from the Moderate Res-678

olution Imaging Spectrometer (MODIS). IEEE Transactions on Geoscience679

and Remote Sensing , 30 , 2–27. doi:10.1109/36.124212.680

Kokhanovsky, A. A., & Rozanov, V. V. (2008). The uncertainties of satellite681

DOAS total ozone retrieval for a cloudy sky. Atmospheric Research, 87 ,682

27–36. doi:10.1016/j.atmosres.2007.04.006.683

Leick, A. (1995). GPS Satellite Surveying . Wiley.684

Levelt, P. F., van den Oord, G. H. J., Dobber, M. R., Malkki, A., Visser,685

H., de Vries, J., Stammes, P., Lundell, J. O. V., & Saari, H. (2006). The686

33

http://dx.doi.org/10.1029/2001JD001302
http://dx.doi.org/10.5194/acpd-9-1157-2009
http://dx.doi.org/10.5194/amt-9-1533-2016
http://o3msaf.fmi.fi/docs/vr/Validation_Report_OTO_H2O_Mar_2011.pdf
http://o3msaf.fmi.fi/docs/vr/Validation_Report_OTO_H2O_Mar_2011.pdf
http://o3msaf.fmi.fi/docs/vr/Validation_Report_OTO_H2O_Mar_2011.pdf
http://dx.doi.org/10.1109/36.124212
http://dx.doi.org/10.1016/j.atmosres.2007.04.006


Ozone Monitoring Instrument. Ieee Transactions on Geoscience and Remote687

Sensing , 44 , 1093–1101.688

Li, Z., Muller, J. P., & Cross, P. (2003). Comparison of precipitable water vapor689

derived from radiosonde, GPS, and Moderate-Resolution Imaging Spectrora-690

diometer measurements. Journal of Geophysical Research Atmospheres, 108 .691

doi:10.1029/2003JD003372.692

Milstein, A. B., & Blackwell, W. J. (2016). Neural network temperature and693

moisture retrieval algorithm validation for AIRS/AMSU and CrIS/ATMS.694

Journal of Geophysical Research: Atmospheres, 121 , 1414–1430. doi:10.695

1002/2015JD024008.696
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