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Abstract. Water vapor plays an important role in the green-
house effect, rendering it an atmospheric constituent that re-
quires continuous and global monitoring by different types of
remote sensing instruments. The TROPOspheric Monitoring
Instrument Sentinel-5 Precursor (TROPOMI/S5P) Total Col-
umn Water Vapor (TCWV) is a new product retrieved from
the visible blue spectral range (435-455 nm), using an algo-
rithm that was originally developed for the GOME-2/MetOp
sensors. For the purposes of this work, 2.5 years of con-
tinuous satellite observations at high spatial resolution are
validated against co-located (in space and in time) precip-
itable water Level 2.0 (quality-assured) ground-based mea-
surements from the NASA AERONET (AErosol RObotic
NETwork). The network uses Cimel Sun photometers lo-
cated at approximately 1300 stations globally to monitor pre-
cipitable water among other products. Based on data avail-
ability, 369 of the stations were used in this study. The two
datasets, satellite- and ground-based, were co-located, and
the relative differences of the comparisons were calculated
and statistically analyzed. The Pearson correlation coeffi-
cient of the two products is found to be 0.91, and the mean
bias of the overall relative percentage differences is of the
order of —2.7 %. For the Northern Hemisphere midlatitudes
(30-60° N), where the density of the ground-based stations is
high, the mean relative bias was found to be —1.8 %, while
in the tropics (£15°) the TROPOMI TCWYV product has a
relative dry bias of up to —10 %. The effect of various algo-
rithm and geophysical parameters, such as air mass factor,
solar zenith angle, clouds and albedo, is also presented and
discussed. It was found that the cloud properties affect the

validation results, leading the TCWYV to a dry bias of —20 %
for low cloud heights (cloud top pressure (CTP) > 800 hPa).
Moreover, cloud albedo introduces a wet bias of 15 % when it
is below 0.3 and a dry bias up to —25 % when the clouds are
more reflective. Overall, the TROPOMI/SSP TCWYV product,
on a global scale and for moderate albedo and cloudiness,
agrees well at —2.7 4.9 % with the AERONET observa-
tions but probably within about —8 % to —13 % with respect
to the “truth”.

1 Introduction

The greenhouse effect, i.e., the infrared radiation energy
trapped within the Earth—atmosphere system by atmospheric
gases and clouds, is found to be highly dependent on the
amount of water vapor in the atmosphere (Raval and Ra-
manathan, 1989). Water vapor is a natural greenhouse gas
that originates from the evaporation of the Earth’s water and
absorbs the heat radiated by the Earth. It is transported by
the atmospheric circulation, and part of the water vapor fol-
lows a cycle that consists of cloud formation via condensa-
tion, transportation and return to the Earth’s surface by pre-
cipitation, as rain or snow. It has a major positive feedback,
ranging from 1.1 to 24 Wm~2K~!, with a mean value of
1.7Wm~2K~!; hence its effect on global warming can be
double the CO; contribution (Colman, 2003). The way that
water vapor affects the climate’s energy balance is described,
among others, by Inamdar and Ramanathan (1998): follow-
ing the warming of the Earth’s surface and troposphere by
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the increasing levels of CO, and other greenhouse gases, the
water vapor content of the atmosphere also increases and fur-
ther contributes to the greenhouse effect and hence to the at-
mosphere’s warming. Therefore, water vapor strongly deter-
mines the atmosphere’s response to surface warming. Nev-
ertheless, under certain circumstances it is conceivable that
negative feedback could result from the increase of the wa-
ter vapor content and hence an increase in cloudiness that
could lead to the cooling of the atmosphere. Furthermore, the
stratospheric water vapor load is significantly determined by
methane and its oxidation within the stratosphere (Le Texier
etal., 1988; Oman et al., 2008). It is evident that the net effect
that water vapor changes can have on the climate is not clear
yet. Additionally, water vapor as a chemical compound has
another crucial role in the atmosphere since it is the origin
of the tropospheric hydroxyl radical, which is a significant
oxidant in the troposphere, and affects the ozone depletion
in the stratosphere over high-latitude areas (Dlugokencky et
al., 2016).

Being such an important factor for the evolution of
the greenhouse effect and the projection of future climate
change, water vapor is an atmospheric constituent that re-
quires continuous and global monitoring by different types of
remote sensing instruments and in individual spectral bands,
such as microwave, shortwave infrared and visible bands. We
mention here the spaceborne Medium Resolution Imaging
Spectrometer (MERIS) retrievals in the near-infrared (NIR)
over land surfaces and coastal areas with the Special Sen-
sor Microwave Imager (SSM/I) TCWYV retrievals in the mi-
crowave spectra over ocean surfaces (Lindstrot et al., 2014);
the TCWV retrieval in the visible blue spectral band for
the Global Ozone Monitoring Experience 2 (GOME-2) in-
struments on board the European Organization for the Ex-
ploitation of Meteorological Satellites (EUMETSAT) MetOp
satellites (Chan et al., 2020); the EOS Aura Microwave Limb
Sounder (MLS) for the water vapor product (Lambert et al.,
2015); the MODIS (Moderate-resolution Imaging Spectro-
radiometer) on board Terra and Aqua for total column wa-
ter vapor (Diedrich et al., 2015); and the Japanese Space
Agency Greenhouse Gases Observing SATellite (GOSAT)
column-averaged dry-air mole fraction water vapor (Dupuy
et al., 2016), etc. Furthermore, long-term ground-based ob-
servations also exist, such as by the Total Carbon Col-
umn Observing Network (TCCON) of ground-based, high-
spectral-resolution Fourier transform spectroscopy instru-
ments (Wunch et al., 2011); by the ground-based Global
Navigation Satellite System (GNSS; Gendt et al., 2004);
by the GCOS Upper Air Network (GUAN) radiosondes
(Turner et al., 2003); and by the AErosol RObotic NETwork
(AERONET) Sun photometers (Pérez-Ramirez et al., 2014).

The TROPOspheric Monitoring Instrument Sentinel-5
Precursor (TROPOMI/S5P) Total Column Water Vapor
(TCWV) is a new global product retrieved from the blue
wavelength band (435—455 nm). The retrieval algorithm was
developed by the German Aerospace Center (DLR) within
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the framework of the European Space Agency’s (ESA) Sen-
tinel 5 Precursor Product Algorithm Laboratory (S5P-PAL),
using as a basis the algorithm that was originally developed
for the GOME-2 (Global Ozone Monitoring Experiment-2)
TCWY products. The GOME-2 algorithm (Chan et al., 2020)
was adjusted for the TROPOMI/S5P instrument in terms of
spectral analysis, updated air mass factor calculations and
a new surface albedo retrieval approach and is comprehen-
sively described in Chan et al. (2022).

Borger et al. (2020) also retrieved TCWV from the
same spectral band of TROPOMI/S5P measurements us-
ing the two-step differential optical absorption spectroscopy
(DOAS) approach. The product was intercompared to the
Special Sensor Microwave Image/Sounder (SSMIS) on
board NOAA’s f16 and fl7, the European Centre for
Medium-Range Weather Forecasts (ECMWF) reanalysis
model ERA-5 TCWV data and ground-based GPS data
from the SuomiNet network. It was found that over ocean
and under clear-sky conditions, the retrieved TROPOMI/S5P
TCWYV captures the global water vapor distribution well.
Over land, the retrieved TCWV was found to be underes-
timated by about 10 %, especially during boreal summer,
which was attributed to the uncertainty of the external in-
put data; hence some recommendations are given for the use
of the product (effective cloud fraction < 20 % and air mass
factor (AMF) > 0.1). The methods of Borger et al. (2020)
and Chan et al. (2022) are similar in principal, but they differ
in some important aspects, such as the following: (i) Chan
et al. (2022) fit for the 435-455nm spectral range, while
Borger et al. (2020) use a slightly different wavelength range,
430-450 nm; (ii) for the AMF calculation, the algorithm of
Borger et al. (2020) assumes an exponential decay profile
with empirical parameterization of the water vapor scale
height, while Chan et al. (2020) use an a priori profile from
the statistical analysis of historical data, and they dynam-
ically pick the most appropriate one; (iii) for the surface
albedo parameter, Chan et al. (2020) use the TROPOMI/S5P
GE_LER (geometry-dependent effective Lambertian equiv-
alent reflectivity), which is derived at the same spectral fit-
ting range (435-455nm), while Borger et al. (2020) use
the Ozone Monitoring Instrument (OMI) surface albedo re-
trieved at 442 nm. The comparison of the two surface albedo
products is extensively discussed in Chan et al. (2022).

Schneider et al. (2020) also introduced the retrieval
of a clear-sky TCWV product retrieved from a different
TROPOMI/SS5P wavelength band, namely from its shortwave
infrared (2305-2385 nm) observations. The product retrieval
was further developed by Schneider et al. (2022) to also cover
cloudy scenes and was validated against co-located ground-
based Fourier transform infrared (FTIR) observations by the
Total Carbon Column Observing Network (TCCON). The
validation results showed that under clear-sky conditions the
satellite product has a 2.9 % bias with respect to TCCON,
which becomes 11 % for cloudy scenes. Compared to Chan
et al. (2022), the Schneider et al. (2020, 2022) algorithm em-
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ployed a completely different technique, and due to the dif-
ferences in the spectral range of the measurement, the final
water vapor product has a different vertical sensitivity.

Another TCWV product, retrieved by the air-mass-
corrected DOAS (AMC-DOAS) scheme based on
TROPOMI/S5P data in the spectral area 688 to 700 nm, was
presented by Kiichler et al. (2022). After the retrieval, the
product was post-processed to correct for surface albedo,
cloud and across-track features. It was compared to ECMWF
ERA-5, SSMIS data and the two scientific SSP/TROPOMI
TCWYV products that were mentioned above, i.e., the TCWV
products described and validated by Borger et al. (2020) and
Schneider et al. (2020, 2022). These comparisons showed
that over sea, AMC-DOAS underestimates TCWV with
respect to ERA-5 TCWV by about 2kgm™2, while its
agreement to the TROPOMI/S5P TCWV from Borger et
al. (2020) is within 1kg m~2 over both land and ocean.
Finally, with respect to the TCWV from Schneider et
al. (2020, 2022), averaged differences of around 1.2 kg m—2
were found.

The objective of this work is to validate the
TROPOMI/S5P TCWV product retrieved from the blue
band from the algorithm that was developed by DLR (Chan
et al., 2022). For our validation purposes, the co-located
precipitable water Level 2.0 (cloud screened, quality-assured
and calibrated) ground-based measurements from the NASA
AERONET (https://aeronet.gsfc.nasa.gov/, last access:
20 May 2022; Giles et al., 2019) were used. The network
uses Cimel spectral Sun photometers, which are automatic,
solar-powered and self-calibrating instruments that robot-
ically scan the Sun and the sky and measure atmospheric
aerosol optical properties and precipitable water (Holben et
al., 1998). The AERONET database provides precipitable
water observations at approximately 1300 stations globally.

In Sect. 2, the characteristics of the available satellite- and
ground-based data used in this work are given. Section 3 de-
scribes the co-location methodology as well as the ground-
based dataset quality control protocols. Section 4 presents
the global validation results of TROPOMI/S5P TCWYV and a
discussion about the dependence of the satellite product on
various parameters. Finally, a summary and the conclusions
are given in Sect. 5.

2 Data sources
2.1 TROPOMI/S5P Total Column Water Vapor

The TROPOspheric Monitoring Instrument (TROPOMI;
http://www.tropomi.eu/, last access: 3 November 2022)
on board the Copernicus Sentinel-5 Precursor (S5P) was
launched in October 2017, monitoring the Earth’s atmo-
sphere using four spectrometers with spectral bands in the
ultraviolet (UV), the visible (UVIS), the near-infrared (NIR)
and the shortwave infrared (SWIR) wavelengths (Veetkind
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et al., 2012). The observations are performed in a Sun-
synchronous low-Earth orbit with a local equatorial cross-
ing time of 13:30 LT and daily global coverage with 14 or-
bits per day. Its spatial resolution was 3.5 km (across-track)
by 7.0km (along-track) up to 6 August 2019, when it was
modified to 3.5km (across-track) by 5.5km (along-track).
Its swath width is 2600 km, consisting of 450 ground pix-
els across-track, which provides daily global coverage. The
TROPOMI instrument and its pre-launch calibration tech-
niques are thoroughly described by Kleipool et al. (2018),
while the in-flight calibration is analyzed in Ludewig et
al. (2020).

The TROPOMI/SSP Total Column Water Vapor (TCWYV)
is a new product retrieved from the sensor’s observations in
the visible blue band (435-455nm). The retrieval algorithm,
thoroughly described in Chan et al. (2022), is based on the
GOME-2 TCWYV algorithm (Chan et al., 2020), which uti-
lizes the differential optical absorption spectroscopy (DOAS)
technique (Platt and Stutz, 2008). In short, a two-step ap-
proach is followed: first retrieving slant columns through
the spectral analysis of the TROPOMI measurements in the
blue band and then converting the slant columns to verti-
cal columns using an iterative air mass factor (AMF) cal-
culation. Compared to the GOME-2 algorithm, some im-
provements were applied concerning the spectral retrieval,
the air mass factor calculations and the surface albedo input
parameter, for which the GE_LER (geometry-dependent ef-
fective Lambertian equivalent reflectivity) that is produced
by TROPOMI (Loyola et al., 2020) is used. Finally, the
cloud information (e.g., cloud fraction, cloud top pressure
and cloud albedo) is taken from the TROPOMI operational
cloud product (Loyola et al., 2018). According to Chan et
al. (2022), TROPOMI/S5P reports lower TCWYV values by
1.24kgm™? over land compared to ERA-5 TCWYV reanal-
ysis data and by 1.74 kgm™2 with respect to GOME-2 ob-
servations. Additionally, they report that the uncertainty of
TCWYV observations over the tropics is 10 %—19 % under
clear skies (effective cloud fraction < 0.5). The TCWV prod-
ucts from TROPOMI/S5P and GOME-2 were also validated
against GNSS data from 235 European stations, by Vaquero-
Martinez et al. (2022). They found that the correlation coeffi-
cient of the scatter plot comparing TROPOMI/S5P to GNSS
TCWYV co-located data is 0.93 and showed that TROPOMI
underestimates TCWV by about —3 % for water vapor con-
tent above 10 kg m 2.

For this work, 2.5 years (May 2018 to December 2020)
of continuous TCWYV satellite observations were made avail-
able. The dataset was filtered according to Chan et al. (2022),
following these criteria: (a) solar zenith angle < 85°, (b) ef-
fective cloud fraction < 0.5, (c) root mean square fit resid-
ual < 0.002 and (d) air mass factor > 0.1. Figure 1 shows
four seasonal global maps of the TROPOMI/S5P TCWV:
panel (a) depicts December to February, panel (b) March
to May, panel (c) June to August and panel (d) Septem-
ber to November. Throughout the year, the tropics hold the
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Figure 1. Seasonal global maps of the TROPOMI/SSP TCWV product (in kg m~2). (a) December—February, (b) March—-May, (¢) June—

August and (d) September—November.

higher TCWV content, up to 80kgm~2, occurring mainly
during summer and autumn. Over land in the Northern Hemi-
sphere, where most of the ground-based stations are located,
the TCWV is below 50kgm~2, decreasing to less than 5—
10kg m~2 closer to the poles.

2.2 Ground-based observations

The database used as ground truth for the SSP TCWV val-
idation consists of archived Cimel precipitable water obser-
vations that were downloaded from the AERONET website
(https://aeronet.gsfc.nasa.gov/, last access: 20 May 2022).
The network uses Cimel Sun photometers located at about
1300 stations globally to monitor precipitable water, among
other products, every 15 min. The Cimel instruments perform
direct Sun measurements when the optical path between the
instrument and the Sun is cloud-free. The AERONET pro-
cessing algorithm was presented by Smirnov et al. (2004).
Currently, Version 3 (Giles et al., 2019) of the algorithm is
used for the retrieval, and it is stated within the archived data
files that “the data are automatically cloud cleared and qual-
ity assured with pre-field and post-field calibration applied”.
AERONET data are provided in three quality levels, namely
1.0, 1.5 and 2.0 (https://aeronet.gsfc.nasa.gov/new_web/aot_
levels_versions.html, last access: 20 May 2022):

— Level 1.0 data use the pre-field deployment Sun calibra-
tion.
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— Level 1.5 data use Level 1.0 data and apply cloud-
screening and automatic quality control procedures.

— Data are raised to Level 2.0 after applying the final post-
field deployment Sun calibration to Level 1.5 data.

Here, Level 2 precipitable water observations were used to
achieve the best possible quality for the ground truth.

The AERONET dataset covers about 25-30 years of mea-
surements, depending on the station, and it was extensively
used for the MODIS water vapor product validation (Ben-
nouna et al., 2013; Diedrich et al., 2015; Bright et al., 2018;
Shi et al., 2018; Martins et al., 2019). Schneider et al. (2010)
found that Cimel instruments have a clear-sky dry bias,
which is larger in winter (25.5 %), decreases during spring
(11.5 %) and becomes a minor wet bias (2 %) in the sum-
mer months. The seasonality in the dry bias of the Cimel
observations is caused by their restriction to clear-sky mea-
surements. The AERONET precipitable water vapor product
was evaluated by Pérez-Ramirez et al. (2014), where it was
compared to water vapor retrievals from radiosonde obser-
vations and other ground-based retrieval techniques, such as
microwave radiometry (MWR) and GPS for a few sites. It
was found that the AERONET precipitable water has a dry
bias of approximately 5 %—6 % in the retrievals and a total es-
timated uncertainty of 12 %—15 %. Weaver et al. (2017) also
intercompared water vapor measurements performed by dif-
ferent types of instruments, namely radiosondes, Sun pho-
tometers, FTIR spectrometers and a microwave radiometer,
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at the Eureka (Nunavut) site. They showed that the Sun pho-
tometers that operate at two nearby sites report lower water
vapor observations compared to co-located FTIR or atmo-
spheric emitted radiance interferometer (AERI) instruments,
by 15 % or 3.3 %, respectively. An approximate mean bias
for the AERONET TCWYV product that results from all these
studies, that are based on various stations, temporal cover-
ages and reference measurements, is —5 % to —10 %.

Campanelli et al. (2018) validated precipitable water vapor
content from ESR/SKYNET radiometers against GNSS/GPS
and AERONET over three different sites in Europe and found
that the agreement was within the reported uncertainties. The
total uncertainty of Sun photometer retrievals was estimated
to be less than 10 % (Smirnov et al., 2004; Alexandrov et
al., 2009; Pérez-Ramirez et al., 2014). According to Martins
et al. (2019), this percentage was expected to be improved
with the implementation of version 3 of the retrieval algo-
rithm (Giles et al., 2019).

The extended network of automatic and quality-controlled
observations provides very dense (spatially and temporally)
coverage of North and South America, Europe and South-
east Asia, as well as western Africa. This fact, in addition to
the use of a single standardized retrieval algorithm and the
consistency in instruments’ calibration, shows a strong ad-
vantage in favor of using the AERONET for this validation
work.

The data files retrieved from AERONET are available in
ASCII format in daily, monthly or instantaneous (i.e., mea-
surements performed every 15 min) temporal analysis. Here,
the instantaneous precipitable water observations were used,
for the time period May 2018 to December 2020, depend-
ing on the availability of data for each individual station. Out
of the 1304 stations, only 596 reported Level 2 precipitable
water measurements after 2017. An in-house quality control
based on the visual and statistical analysis of the available
datasets per station ensured that only stations with data that
cover fully the time period of our study, or cover at least 20
out of the 32 months of the TROPOMI/S5P dataset, are con-
tributing to the ground-based reference dataset. As a result,
the final number of stations to be used for the validation of
TROPOMI/SS5P TCWYV was reduced to 369. Figure 2 shows
their geographical distribution.

3 Co-location methodology and AERONET stations
quality control

As a first step in the analysis, a dataset of overpass files was
created whereupon all TROPOMI/SSP pixels within a 10 km
radius from the AERONET stations were extracted from the
original orbital files. The use of the 10km radius was based
on the high spatial resolution of TROPOMI/S5P observa-
tions (3.5 x 7 km? until August 2019 and 3.5 x 5.5 km? there-
after). Moreover, other studies, such as Borger et al. (2020)
and Xie et al. (2021), used a similar distance for their vali-
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Figure 2. Spatial distribution of the 369 AERONET ground-based
stations used for the comparisons to the TROPOMI/S5P TCWV
product.

dation work with respect to ground-based measurements. It
has to be noted that our methodology uses only the satellite-
and ground-based observation co-locations that are closest in
space within the 10km radius for the statistical analysis. In
practice, this led to a maximum spatial difference between
each ground-based station and the respective satellite pixel
of up to 5km.

The next step was to apply the co-location method-
ology according to which pairs of co-located satellite-
based and instantaneous ground-based measurements were
formed, and their relative percentage difference was cal-
culated as per 100x (TROPOMI-AERONET)/AERONET
(%). TROPOMI/SSP passes over most stations once a day,
but the ground-based information is instantaneous, meaning
that all its observations during each day are available. From
the total of available pairs resulting for 1d (within a maxi-
mum of 10km in radius), only the one providing the mini-
mum temporal difference, if this temporal difference was up
to £30 min, was kept. The criterion of up to +30 min tem-
poral difference between the satellite- and ground-based ob-
servation time is quite strict and is a much smaller time win-
dow than what other studies have used (for example, Chan
et al., 2020, and Borger et al., 2020, allow up to 2h, while
Xie et al., 2021, also use a 30 min temporal difference). Its
adoption was based on the fact that the AERONET dataset
provides clear-sky measurements only, resulting in rather in-
variable temporally observation fields as far as water vapor
is concerned. Still, the number of co-locations resulting from
the selection of our criteria is considered adequate to provide
solid validation conclusions.

After co-locating the two datasets, a per-station analy-
sis was performed, so as to confirm the choice of the sta-
tions to be used for this work depending on the quality
and quantity of their data. As an example, the validation
results for two individual stations located at different lat-
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Figure 3. The monthly mean relative differences between satellite- and ground-based observations (a) and the respective scatter plot (b) for
an indicative Northern Hemisphere station, Santa Cruz, Tenerife. The error bars in panel (a) show the 1o standard deviations of the means.
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Figure 4. The same as Fig. 3 but for the Northern Hemisphere tower station AAOT, located in the northern Adriatic Sea.

itudes are shown in Figs. 3 and 4. Panel (a) in both fig-
ures shows the monthly mean relative differences between
satellite- and ground-based observations for the two indica-
tive stations, namely Santa Cruz, Tenerife (Fig. 3), and the
Acqua Alta Oceanographic Tower (AAOT), northern Adri-
atic Sea (Fig. 4). The error bars represent the 1o standard
deviation of the means. Panel (b) in both figures shows the
respective scatter plots per station. These two are nice ex-
amples of continuous ground-based measurements. It can
already be seen from these figures that the Pearson cor-
relation coefficient, R, between ground-based and satellite
TCWYV observations is above 0.78. The slopes of the lin-
ear fits are 0.98 and 1.01 respectively, while the offsets are
+0.07 (Fig. 3) and —0.02kg m~2 (Fig. 4), respectively. The
monthly mean relative biases per station (panels a) for the
example stations shown here are within +0.2 %, demonstrat-
ing the good agreement between satellite- and ground-based
observations, as well as a good temporal stability of both
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sources of measurement for the available dataset spanning
2.5 years. The variability of the biases, depicted as error bars,
may be due to both the ground-based and spaceborne instru-
ment observational accuracy, as well as algorithm- and/or
meteorology-related effects.

The distribution of the approximately 70 000 co-locations
in space and in time is shown in Fig. 5. The Level 2 data
for most stations are uploaded with some delay after obser-
vation to the AERONET database, which is the reason for
the limited number of available co-locations for the most
recent months of the validation period. This is even more
pronounced in the Southern Hemisphere, where the num-
ber of available stations is smaller, and they extend down to
50° S. There was only one station below that latitude, namely
the South Pole Observatory (latitude 90° S), with available
measurements that covered only a very short time period
of 2 months during 2018, so it was decided not to be used
due to lack of representativeness. Therefore, concerning the
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Figure 5. Spatial and temporal representation of the co-location
data used for the validation with ground-based measurements for
the time period of the TROPOMI/SSP TCWV data availability
(May 2018 to December 2020).

Southern Hemisphere, we can only draw conclusions for the
latitude belt from the Equator down to 50° S. The northern
high-latitude co-locations (above 75° N) are available for the
summer months of 2018 and 2019, and there are only a few
observations for the summer months of 2020.

The monthly means that are shown in the respective time
series plots in this work are calculated by averaging the total
number of available instantaneous co-locations per month.
The same stands for every averaged parameter plotted here:
the mean values are always computed by averaging all in-
dividual co-locations that fall within the bin in question.
Henceforward, the error bars in the plots (where they are
shown) stand for the standard error of the mean with a con-
fidence interval (CI) of 99.7 % for each mean value. As ex-
pected, since there is a plethora of co-locations, the standard
error frequently results in an extremely small value, showing
the good accuracy of the averaging.

4 Discussion on the validation analysis

4.1 Global comparisons between TROPOMI/S5P
TCWY and AERONET ground-based observations

In this section, the archived and quality-controlled
AERONET water vapor observations, for the period
May 2018-December 2020, are used for the validation
of TROPOMI/S5P TCWV on a global scale. Figure 6
shows the global statistics of the approximately 70000
co-located data. The histogram to the left (panel a) shows
that the overall mean relative percentage difference between
satellite- and ground-based measurements is —2.7 %, the
lo standard deviation is 47.7 % and the standard error is
0.5 %. The distribution of the relative differences around
the mean value is a normal Gaussian distribution. Panel (b)
shows the density scatter plot of the co-located datasets. The

https://doi.org/10.5194/amt-16-57-2023

Table 1. The monthly mean global and hemispheric statistics of the
co-located satellite- and ground-based observations.

NH SH Globally
Mean bias+1lo0 —3.1£32% +09+86% —2.7+49%
Standard error 33% 8.2% 0.5%
(99.7 % CI)
Co-locations 58200 11000 69200

majority of co-locations have a TCWYV content that spans
from 0 to 20kgm™2. The dotted lines show two different
approaches for the statistical analysis: the red line is the
ordinary least-squares (OLS) method (also used in Figs. 3
and 4), and the resulting equation and Pearson correlation
coefficient R values are shown in the bottom right of the
figure; the cyan line represents the total least-squares (TLS)
method and the respective equation, and R values are shown
in the upper left corner of the plot. Both methods result
in a Pearson correlation coefficient of slightly above 0.9,
which evidences the good overall agreement between the
two datasets. The slope of the linear fit is 0.9 (for the OLS;
1.0 for the TLS), and the overall offset between satellite- and
ground-based observations is +0.9kgm™2 (for the OLS;
—0.6kg m~2 for the TLS).

To study the temporal evolution of the comparisons, the
co-located data are divided into two time series, depend-
ing on the station’s latitude. Figure 7 shows the time series
of the monthly mean relative differences between satellite-
based and instantaneous co-located (in space and in time)
ground-based measurements: panel (a) shows the Northern
Hemisphere (NH) time series, while in panel (b) the respec-
tive comparisons for the Southern Hemisphere (SH) are de-
picted, with their standard errors shown as error bars at the
99.7% CI. The illustration of the time series in the form
of monthly means was adopted because it allows us to eas-
ily detect any seasonal variability in the comparisons. The
NH curve is continuous with no abrupt changes, showing the
temporal stability of both sources of measurement, satellite-
and ground-based, for the 2.5 years of available data. The
SH time series has a higher variability due to the lower num-
ber of co-locations (see Table 1). The number of available
AERONET data for this part of the Earth during 2020 is fur-
ther reduced, causing the increase of the variability and the
standard error of the means. The mean relative bias of the
percentage differences for the NH, where the stations den-
sity is high, was found to be —3.1£3.2 %, and the respective
mean standard error of the available monthly means is 3.3 %.
In the SH, the mean bias is slightly positive and more vari-
able, +0.9 & 8.6 %, representing the latitude belt O to 50° S.
The reduced number of co-locations results in a higher over-
all mean standard error of 8.2 %. Table 1 summarizes the
global and hemispheric statistics of the monthly mean analy-
sis.
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Figure 7. The time series of the monthly mean relative differences between TROPOMI/SSP TCWYV and ground-based AERONET measure-
ments, shown for the Northern (a) and the Southern Hemisphere (b). The error bars stand for the standard error of the mean with a confidence

interval (CI) of 99.7 %.

The per-station statistical analysis that was performed is
shown in the form of a world map in Appendix A, Fig. Al,
upper panel, where the mean relative bias in percent for each
station is represented by a dot colored depending on the mag-
nitude of its bias. The bottom panels show Europe and North
America, respectively, in greater detail. It is evident that the
vast majority of the stations have a negative mean relative
bias that reaches —30 % in very few cases, such as L’ Aquila,
Italy, and Pinehurst, Idaho, USA. On the other hand, there
is also a limited number of stations with very high positive
biases, up to +30 %, like Andenes, Norway, and Etna, Italy.
Nevertheless, no particular pattern is seen in the midlatitude
and high-latitude stations of either hemisphere. Within the
tropics, the mean relative bias per station is mainly nega-
tive, ranging between —5 % and —25 %. Further statistical
analysis on the latitudinal dependence of the mean relative
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bias between the TROPOMI/SSP TCWYV and the respective
ground-based data is provided in the following paragraphs.
The contour plots in Fig. 8 show the mean relative per-
centage differences (panel a) and the respective standard
deviations (panel b) of the satellite- and ground-based co-
locations, with respect to latitude and season. Panel (a) shows
that for the midlatitude winter months of each hemisphere,
when the water vapor content of the atmosphere is below ~
20kgm~? (see Fig. 1a), the mean relative bias for the respec-
tive stations is positive, between 0 and +15 or +20 % (Jan-
uary). During the summer months, when the highest values of
water vapor occur for the midlatitudes, up to 40kgm™—2 (see
Fig. 1c), the mean relative bias is within £5 %. In the trop-
ics, where the TCWYV content is higher throughout the year
(40-80kg m~2), the mean relative bias is constantly nega-
tive, ranging between —5 % and —20 %. Panel (b) depicts

https://doi.org/10.5194/amt-16-57-2023
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Figure 9. (a) The relative percentage differences between co-located TROPOMI/SSP TCWV measurements and ground-based observa-
tions from AERONET instruments plotted versus latitude. (b) As in panel (a) but for the differences between satellite- and ground-based
observations (in kg m_z). In both panels, the error bars show the standard error of the mean with a confidence interval (CI) of 99.7 %.

the strong seasonality of the comparisons’ standard devia-
tions, i.e., of their variability, which is high during the mid-
latitudes winter months of both hemispheres (up to ~ 90 %),
and lower (10 %-30 %) during summer, when the number
of ground-based AERONET measurements (i.e., the number
of co-locations) and their accuracy is much higher (Fragkos
et al., 2019). Additionally, as shown in Fig. 1, for latitudes
higher than the tropics of both hemispheres, the water va-
por content is lower and has a stronger temporal variability,
explaining the higher standard deviations of the relative dif-
ferences. It is also interesting to see that the variability of
the comparisons for the tropics (Fig. 8; 15° N-15° S) is much
lower (up to 20 %) compared to the other latitude belts, show-
ing that the negative mean relative bias of our comparisons
is temporally invariable in this part of the globe, where the
water vapor content is higher than ~ 40 kgm~2.
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To further investigate the latitudinal patterns of our com-
parisons, the mean relative percentage differences per sta-
tion with available ground-based data are averaged in 10°
latitude belts and are shown versus latitude in Fig. 9a. The
same is also shown in panel (b), but the averaged parame-
ter per latitude bin is the difference between satellite- and
ground-based observations (in kgm™2). The overall mean
relative percentage bias for the latitudinal dependency is
—1.1£6.1% and has a mean standard error of 6.8 %. The
agreement between satellite- and ground-based observations
remains within £10 % for individual belts of the NH and the
belt northwards 50° of the SH. The latitude bins —30° S to
30° N form a U-shaped curve, showing that the satellite in-
strument reports lower TCWYV up to ~ 10 % with respect to
ground-based observations close to the Equator and reaching
~ 0% at £30°. This result, which corresponds to a differ-
ence between satellite- and ground-based observations up to

Atmos. Meas. Tech., 16, 57-74, 2023
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—4kg m—2 (panel b), is in agreement with Chan et al. (2022),
where the dry bias is attributed to albedo effects in the visible
band over vegetation and to the presence of aerosol and/or
clouds in the measurement field. For the NH high-latitude
stations, above 70° N, the discrepancy becomes positive up
to 10 % and has a very large standard error due to the lim-
ited number of co-locations (panel a). In terms of difference
(panel b), this percentage accounts for a small overestima-
tion of less than 1 kg m~2 by TROPOMI/S5P occurring close
to the poles where the amount of water vapor is less than
20kgm~2 (see Fig. 1). Considering that the uncertainty of
both types of measurement is ~ 10 %, the comparison of the
satellite- and ground-based observations is regarded as satis-
factory. The performance of the TROPOMI/S5P TCWYV re-
trieval algorithm with respect to the surface albedo parame-
ter which significantly changes with latitude is currently ad-
equate but could be further improved in the future, as is also
shown further on in this work (Fig. 12b).

The statistics per latitude belt in terms of mean dif-
ference (satellite — ground, in kgm™2), mean relative
bias £ standard deviation and mean standard error of the
comparisons (in %) are shown in Table 2 for 15° latitude
belts up to £30° N and S. The belts 0 to 15° N and 0 to 15° S
represent the tropics. Above 30°, the binning is doubled be-
cause due to the low water vapor content and its low variabil-
ity, the differences in the statistics between belts 60—75 and
75-90° N would be negligible.

It is worth noting that the mean relative bias of each lat-
itude bin and the respective mean standard deviation, and
thus the variability (not shown in Fig. 9), should not be at-
tributed to the satellite product only, since it is well known
that some ground-based stations may overestimate or under-
estimate their observational constituent systematically due to
the meteorological conditions occurring at the station site.
Moreover, when such a station does not provide a continu-
ous record of observations, there is a high possibility that it
will introduce an artificial and nonrepresentative bias to the
validation. Most of these stations that did not fully cover the
time period of our study were filtered out of the ground-truth
database used in this work. Nevertheless, for some latitude
bins, like 40 to 50° S, where the station density or the tem-
poral coverage is low, the respective stations were consid-
ered with the remark that the statistics resulting from their
co-locations should be interpreted with caution.

4.2 Discussion on the dependence of TROPOMI/S5P
TCWY on various geophysical parameters

In this section, the dependence of the validation results on
different variables is investigated. These quantities can be pa-
rameters that are used as inputs for the TCWYV retrieval algo-
rithm, such as cloud and surface information, or algorithm-
related parameters, like the air mass factor. To inspect any
possible dependences, all available co-locations are averaged
in bins regarding the parameter in question. Note that, in the
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following figures, when the number of co-locations that are
averaged for each bin is less than 3 % of the total, the respec-
tive data point is shown in grey (instead of blue). This is a
way to distinguish the data points in terms of relative impor-
tance.

4.2.1 Viewing geometry dependency

Figure 10 shows the dependency of the relative differ-
ences on solar zenith angle (SZA; panel a) as provided by
TROPOMI/SSP and the satellite pixel number (panel b). Re-
garding the dependency on SZA (panel a), TROPOMI/S5P
reports lower TCWV than the AERONET observations by
up to —7 % for SZAs below 45°, where more than half of
the co-locations are contained. Their difference is eliminated
for SZAs 45-70° and slightly increases with SZA, reach-
ing +9 % above 70° for a limited number of co-locations.
Overall, the dependence of the relative differences on SZA
is ~ 16 % peak to peak, or ~ 7 % if only SZAs below 70°
are considered. As expected, the standard error of the means
increases for larger SZAs because of the increase in the un-
certainty of the measurements and the lower number of co-
locations and of course due to the strong effect of the winter
midlatitude co-locations.

As for the dependence of the comparisons on satellite pix-
els (panel b), pixels 0—10 have a positive mean relative bias of
+7 %, and pixels 400-450 have a systematic negative mean
relative bias of 8.2 %. Except for these two areas of pixels,
the illustration of the dependence shows a variability within
0% and —10 %, so there is no evident overall systematic
east—west dependence in the TROPOMI/S5P swath.

4.2.2 Input data dependency

The TCWYV retrieval algorithm requires two categories
of input data that are simultaneously retrieved from
TROPOMI/S5P measurements: the cloud properties and the
surface properties.

Concerning the cloud properties retrieved with the
OCRA/ROCINN algorithms (Loyola et al., 2018), Fig. 11
shows the dependence of the comparisons on cloud top
pressure (panel a), cloud albedo (panel b) and cloud frac-
tion (panel c). As is indicated from the figures, the satellite
TCWYV has a noticeable dependence on cloud pressure and
cloud albedo:

— For cloud top pressures (panel a) up to 800 hPa, the
data bins with a relatively high number of co-locations
have a positive bias of ~ +5 % to +10 %, which de-
creases to —20 % when the pressure increases to ~ 900
or 1000 hPa; hence for clouds of lower height, that may
also affect the ground-based measurements. Borger et
al. (2020), who validated their TCWV product against
the Special Microwave Imager Sounder (SMISS) on
board f16 and f17, ERA-5 and GPS data, examined the
dependence of their comparisons on cloud height. They
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Table 2. The zonal statistics of the co-located satellite- and ground-based observations.

Hemisphere  Latitude belt Mean diff.2  Mean st. err?  Meanrel. bias  Mean st. err.

(kgm™2)  (kgm™?) (%) (%)

NH 90-60° —-0.0+1.2 2.0 —6.2+29.9 37.41

60-30° —0.6+0.7 0.4 —1.8+4.6 42

30-15° —24+1.1 1.2 —6.8£3.5 4.9

15-0° —3.5+1.5 2.1 —9.6+4.2 5.8

SH 0-15° —22+14 2.1 —5.0+9.5 10.31

15-30° —-0.6+1.2 1.0 —2.8+12.1 114

30-50° +0.6+2.0 33 +4.8+18.8 304

a Satellite—ground. ® 99.7 % CI.
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Figure 10. The dependence of the mean relative differences between satellite- and ground-based TCW'V observations on solar zenith angle (a)
and the satellite pixel number (b). In both panels, the error bars show the standard error of the mean with a confidence interval (CI) of 99.7 %.
Grey dots represent bins containing < 3 % of the total co-location pairs.

also found that low clouds, located below 3—4 km, cause
an underestimation in the retrieved TCWYV of about
—13 %. Typically, the cloud top pressure of 800hPa
that we found to be the turning point corresponds to
~ 2-3 km; therefore our results are very consistent with
Borger et al. (2020), especially considering the fact that
they are based on a different retrieval algorithm.

— Panel (b) shows that the comparisons have a strong
overall dependence of 40 % peak to peak on cloud
albedo, i.e., on the fraction of solar radiation that is
reflected directly by clouds in the atmosphere (AMS,
2022). The bias of the comparisons is positive, +15 %
maximum, for cloud albedo values below 0.3 and be-
comes negative, up to —25 %, for increasing cloud
albedo, thus for brighter clouds.

— The cloud fraction figure (panel c) shows that the vast
majority of the co-locations have cloud fraction val-
ues below 0.3, which is expected since both satellite-
and ground-based observations are filtered for cloudi-
ness (satellite data are filtered for cloud fraction < 0.5).
Within the cloud fraction range of 0 to 0.3, no particular
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dependence is seen. The co-locations that are charac-
terized with cloud fraction values between 0.3 and 0.5
are very few in population, but they introduce high pos-
itive mean relative biases. Excluding the co-locations
with cloud fraction over 0.3 was also investigated, re-
sulting in no major differences in the overall validation
results due to the limited contribution of the relatively
low number of co-locations with cloud fraction values
in the range 0.3-0.5. Nevertheless, it is advisable not to
use this small portion of TCWYV data for future scien-
tific studies.

Overall, the dependence of the relative percentage differ-
ences on cloud fraction and cloud albedo could also be an
issue of the ghost total column, i.e., the water vapor that may
be present beneath the clouds but not properly measured by
the satellite instrument when even a part of the sky is cloudy.
The fact that the ground-based measurements are screened
for cloudiness, and the satellite observations are allowed to
have a part of the measurement field covered with clouds, can
be another cause for the differences found between them.
The surface properties used for the TROPOMI/TCWV
product, namely surface pressure and surface albedo, were

Atmos. Meas. Tech., 16, 57-74, 2023
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Figure 11. The dependency of the comparisons of satellite- to
ground-based TCWV measurements on three different cloud pa-
rameters, namely (a) cloud top pressure, (b) cloud albedo and
(¢) cloud fraction. The error bars show the standard error of the
mean with a confidence interval (CI) of 99.7 %. Grey dots represent
bins containing < 3 % of the total co-location pairs.

retrieved with the GE_LER algorithm (Loyola et al., 2020).
The dependence of the comparisons on these properties is
shown in Fig. 12:

— Surface pressure (panel a). For the typical range of sur-
face pressures i.e., 900—1050 hPa, no systematic depen-
dence is seen in the comparisons. As expected, the bins
with pressures less than 900 hPa have a limited number
of co-locations, and the curve represents mostly noise
data.
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Figure 12. The dependence of the comparisons of satellite- to
ground-based TCWV measurements on two surface parameters,
namely (a) surface pressure and (b) surface albedo. In both panels,
the error bars show the standard error of the mean with a confidence
interval (CI) of 99.7 %. Grey dots represent bins containing < 3 %
of the total co-location pairs.

— Surface albedo (panel b). As the density of ground-
based stations is much higher at the midlatitudes of both
hemispheres, very few co-locations have surface albedo
above 0.2, and since they showed no apparent system-
atic dependence on surface albedo, they are not included
in the figure. For surface albedo values below 0.2, the
relative differences range within +10 %, but no system-
atic dependence is detected.

4.2.3 Dependency on algorithm-related parameters

The following parameters are related to the retrieval algo-
rithm of the TROPOMI/S5P TCWYV data:

— Air mass factor (AMF). The dependence of the rela-
tive differences of co-located data on AMF is shown in
Fig. 13a. For the well-populated bins with AMF rang-
ing between 1 and 2, the bias is negligible, up to —5 %,
which is expected since the measurements acquired
under low SZAs also have a bias of 0% to —5.5%
(Fig. 10a). For AMF values between 2 and 3, the bias
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becomes negative, up to —20 %, probably affected by
cloudiness, while for AMFs greater than 3 the number
of co-locations per averaged bin is very low, and their
variability is not considered statistically important.

— Root mean square error of fit (rms). Figure 13b shows
no systematic dependence on rms, even for the bins with
a low number of co-locations.

— Water vapor slant column density (SCD). Figure 13c
shows the dependence on the water vapor SCD. No de-
pendence of the comparisons on the specific parame-
ter is seen when the algorithm retrieves values above
10kgm™2. The limited number of co-locations with
positive SCD values below 10kgm™2 have a relative
percentage difference of —32 %. Negative SCDs are
mainly due to measurement noise. When the spectral
fit residual is analyzed, the random uncertainty of SCD
retrieval is typically less than 1kgm™2. Although this
error is small, it could cause a significant impact over
areas with low atmospheric water vapor content and re-
sult in negative values. In addition, this effect can be fur-
ther amplified when the AMF is small (below 1). Even
though very few retrievals are based on an AMF value
of less than 1, we note that comparisons to these pixels
result in extremely high relative differences with respect
to ground-based measurements, up to 100 %.

5 Summary and conclusions

The main purpose of this work is to examine the perfor-
mance of the new TCWYV product retrieved from the blue
band of the TROPOMI/S5P observations and their consis-
tency with AERONET ground-based measurements. About
70000 instantaneous co-located data were available during
the time period May 2018 to December 2020, originating
from 369 ground-based stations and the respective satellite
overpasses. The relative percentage differences that were cal-
culated from the co-located pairs of data with a temporal
difference of up to 30 min and a maximum search radius
up to 10km correspond to clear-sky observations (satellite
cloud fraction < 0.5) and were statistically analyzed in terms
of temporal and latitudinal dependences. Furthermore, their
dependence on various parameters was investigated. The val-
idation results can be summarized as follows:

— The overall mean relative difference between
TROPOMI/S5P and AERONET TCWV observations
is —2.7 %, while the Pearson correlation coefficient is
0.91. When the two hemispheres are studied separately,
their mean bias results in —3.1 % for the NH and
+0.9 % for the SH. Considering that the uncertainty of
the satellite TCWV product is ~ 10 %—19 % (tropics),
and the ground-based measurements’ uncertainty is
reported to be ~ 10%, the agreement between the
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Figure 13. The dependence of the comparisons of satellite- to
ground-based TCWV measurements on three parameters, namely
TROPOMI/S5P (a) air mass factor, (b) rms and (¢) water vapor
slant column density. Grey dots represent bins containing < 3 % of
the total co-location pairs.

two datasets is deemed very satisfactory. The mean
standard error of the comparisons at a 99.7% CI is
0.5 %, highlighting the good consistency of the results.
Additionally, considering the dry bias of the AERONET
observations that was discussed in Sect. 2.2, which is
about —5 % to —10 % (depending on the study and its
reference) and varies with season and latitude, it can be
concluded that the satellite TCWV observations have
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a dry bias with respect to the “absolute” truth of about
—8 % to —13 %, respectively.

— A zonal analysis of the monthly mean relative differ-
ences and their standard deviations showed that for mid-
latitudes, where water vapor is low (10-20 kg m~2) and
more variable with season, TROPOMI/S5P overesti-
mates TCWV by ~5%-10% (i.e., 1-2kgm—2) dur-
ing winter months of each hemisphere. The variabil-
ity (standard deviation) of these overestimations is very
high, up to 90 %. During summer months, when the wa-
ter vapor content over midlatitude stations is higher (up
to ~40kgm™2), the availability of the ground-based
measurements is increased, and their uncertainty is
lower, the relative differences between TROPOMI/S5P
and AERONET are within +5 % (i.e., up to +2 kg m~2)
and have a rather limited variability (~ 10 %-30 %). In
the tropics (15° N-15°S), where the bulk of the wa-
ter vapor is concentrated and is quite stable annually,
our analysis confirmed that TROPOMI/S5P has a dry
bias of up —10 % (or up to —4 kg m~2) with respect to
the ground-based measurements (see Table 2), which is
temporally stable, with a variability of less than 20 %
(Fig. 8b).

— Finally, many parameters influencing the satellite re-
trievals were studied, and no particular dependences
were found, except for a dependency on cloud top pres-
sure (CTP) and cloud albedo. Specifically, it was shown
that for low cloud top height (CTP > 800 hPa), the satel-
lite reports lower TCWV by up to —20 % compared
to the ground-based measurements. The dependency on
cloud albedo is also strong, about 40 % peak to peak,
showing a wet bias of 15 % when the cloud albedo is
below 0.3 and a dry bias up to —25 % when the clouds
are more reflective (albedo > 0.3).

To conclude, as shown from the validation of 2.5 years of
available satellite observations, with respect to ground-based
observations from AERONET, the TROPOMI/S5P TCWV
product retrieved from the blue spectral range is a temporally
stable product of high quality and precision, especially in
the tropics. Also, it is not significantly affected by any other
parameters, except by clouds when and if some cloudiness
at lower atmospheric layers is present in the measurement
field. This product is expected to substantially contribute to
a long time series of total column water vapor climate data
record achieved by utilizing other blue band satellites, such
as GOME (Global Ozone Monitoring Experience; Burrows
et al., 1999), GOME-2 (Global Ozone Monitoring Experi-
ence 2; Callies et al., 2000), SCTAMACHY (SCanning Imag-
ing Absorption SpectroMeter for Atmospheric CHartogra-
phY; Bovensmann et al., 1999) and OMI (Ozone Monitoring
Instrument; Levelt et al., 2006), along with TROPOMI/SSP.
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Appendix A
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Figure Al. The mean relative bias (in %) between satellite- and ground-based observations per station in the form of a world map (above).
The two panels below show the areas that are very well populated with stations in Europe (left panel) and North America (right panel) in

greater detail.

Data availability. The TROPOMI/S5P TCWV data were re-
trieved using the algorithm described in Chan et al. (2022;
https://doi.org/10.1016/j.scitotenv.2022.153232). The dataset is
foreseen to be available through the ESA Sentinel 5 Precursor Prod-
uct Algorithm Laboratory (S5P-PAL) framework. The AERONET
ground-based Level 2.0 Version 3 (Giles et al., 2019) precipitable
water measurements were downloaded from the AERONET web-
site (https://aeronet.gsfc.nasa.gov/new_web/download_all_v3_aod.
html, last access: 20 May 2022; AERONET, 2022). The data are
freely available to the public.
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