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Abstract

In this work, the water vapor product from MODIS (MODerate-resolution
Imaging Spectroradiometer) instrument, on-board Aqua and Terra satellites, is
compared against GPS water vapor data from 21 stations in the Iberian Penin-
sula as reference. GPS water vapor data is obtained from ground-based receiver
stations which measure the delay caused by water vapor in the GPS microwave

signals. The study period extends from 2007 until 2012. Regression analysis
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in every GPS station show that MODIS overestimates low integrated water va-
por (IWV) data and tends to underestimate high IWV data. R? shows a fair
agreement, between 0.38 and 0.71. Inter-quartile range (IQR) in every station
is around 30% —45%. The dependence on several parameters was also analyzed.
IWYV dependence showed that low IWV are highly overestimated by MODIS,
with high IQR (low precision), sharply decreasing as IWV increases. Regard-
ing dependence on solar zenith angle (SZA), performance of MODIS IWV data
decreases between 50° —90°, while night-time MODIS data (infrared) are quite
stable. The seasonal cycles of IWV and SZA cause a seasonal dependence
on MODIS performance. In summer and winter, MODIS IWV tends to over-
estimate the reference IWV value, while in spring and autumn the tendency
is to underestimate. Low IWV from coastal stations is highly overestimated
(~ 60%) and quite imprecise (IQR around 60%). On the contrary, high TWV
data show very little dependence along seasons. Cloud-fraction (CF) depen-
dence was also studied, showing that clouds display a negligible impact on IWV
over/underestimation. However, IQR increases with CF, except in night-time
satellite values, which are quite stable.

Keywords: MODIS, water vapor, validation, IWV, GPS, satellite.

1. Introduction

Water vapor is the most important atmospheric greenhouse gas, and its
phase changes involve exchanges of latent heat energy. Water is evaporated
at low latitudes, and its vapor is transported towards higher latitudes to con-
densate, releasing high amounts of heat (Myhre et al., |2013). Moreover, it is
well known that water vapor involves a positive feedback in climate change,
according to general circulation models (Colman) |2003|). Usually, water vapor
is quantified using the column integrated amount of atmospheric water vapor
(IWV), which is equivalent to condensing all the water vapor in the atmospheric
column and measuring the height that it would reach in a vessel of unit cross

section; IWV can be measured in columnar mass density (g/cm? or kg/m?) or
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in length (height) units (mm).
Some details about the role of water vapor in the atmosphere are still to be
completely understood. Thus, it is necessary to monitor water vapor, but this

is not a trivial issue for two reasons: the first one is its high variability, both

temporal and spatial. Water vapor exhibits both an annual (Ortiz de Galisteo|
2014) and diurnal (Ortiz de Galisteo et al. [2011) cycle; therefore, good

temporal resolution is very important in water vapor monitoring, especially

for some applications. The second reason is that the world coverage is not
homogeneous. Water vapor data is scarce over polar and oceanic regions, due

to the lack of ground-based observations. Over land, there is still some scarcity
over some parts of Africa, South America, and North Asia (see Wang et al.|
2007).

There are several instruments for measuring IWV: micro-wave radiometers

(Turner et all 2007), star-photometers (Pérez-Ramirez et al. 2012), moon-

photometers (Barreto et al., |2013)), sun-photometers (Ichoku et al., 2002), lidar
(Turner et al., [2002), GPS system (Ortiz de Galisteo et al.,|2011)), radiosounding

(Torres et all [2010). Additionally, numerous instruments on board satellite

platforms can also retrieve IWV data using different parts of the electromagnetic

spectrum: microwave by MLS (Livesey & Van Snyder} |2004)) and SSM /I

& Spencerl, [1998)); visible by GOME-2 (Grossi et al., 2015), OMI (Wang et al.|
2014)) and SCIAMACHY (Noél et al., 2004); near infra-red by MODIS

& Kaufman), [1992} |Gao & Li, [2008)), and infra-red by MODIS (Seemann et al.)
2006), AIRS (Barnet et al. [2007), AMSR-E (Wentz & Meissner [2007) and
SEVIRI (Schroedter-Homscheidt et al., 2008; Martinez|, [2013)).

Radiosounding and GPS are among the most powerful techniques to study
IWYV. However, temporal resolution of radiosounding is generally limited to
one or two measurements per day. In contrast, GPS provides a high tempo-
ral resolution with numerous records throughout the day-time and night-time.
Hence, GPS measurements of water vapor have been validated, as in[Wang et al.

(2007)) (against radiosonde, microwave radiometer and satellite data),
(2000) (against radiosonde), [Bokoye et al| (2003) (against radiosonde
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and radiometer), Heise et al.| (2009) (against ECMWF reanalysis),
(2010)) (intercomparison with spectrometer, radiometer and sunphotome-
ter, and radiosondes), and Pany et al|(2001)) and de Haan et al. (2002) (tested

against a numerical model). From all these validation exercises, GPS IWV data

have been checked as a reliable reference, with bias around 2 mm and standard

deviation of about 1.22 mm (see Wang et al.| 2007)).

GPS measurements of water vapor, however, have two relevant drawbacks.
First, ground-based stations are necessary, so coverage is limited to land areas.
Second, spatial resolution depends on density of the networks available. Some
applications, such as weather forecasts and climate studies, need higher spa-
tial resolution to represent properly the high spatial variability of water vapor.
Satellite retrievals have, however, some issues. On the one hand, polar orbiting
satellites have a low temporal coverage (one or two measurement a day, usually)
depending on the latitude of the area and the swath width of the satellite. On
the other hand, visible or NIR radiation is usually used, making cloudy-scene
measurements unreliable due to the opacity of clouds.

This work aims to validate data from MODIS satellite radiometer against
reference GPS network in the Iberian Peninsula. MODIS data have been val-

idated before (Li et al., |2003; (Gao & Li, |2008; Prasad & Singh, |2009; |Chang|

let al.}, 2015} [Ningombam et all [2016) in other areas. However, over the Iberian
Peninsula, MODIS has only been validated in Bennouna et al.| (2013); [Roman|

(2014). This paper aims to study the dependence of several parameters
- IWV, solar zenith angle (SZA), seasonality and clouds - on MODIS perfor-

mance, which has never been done before to our knowledge. Therefore, it is
expected that this paper will contribute to understand the main drawbacks of
the IWV product derived from MODIS, allowing the comparison with other

regions and possible improvements for the retrieval algorithm.
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2. Instruments and Data

2.1. MODIS

MODIS is a radiometer on board Terra (launched in 1999) and Aqua (launched
in 2002) satellite platforms (Salomonson et al) [1989; [King et al. [1992). Both
platforms are sun-synchronous, polar-orbiting satellites, covering the whole planet
in 1-2 days. Terra’s orbit around the Earth is scheduled to overpass the equator
from north to south in the morning, while Aqua passes from south to north over
the equator in the afternoon. MODIS swath width is 2330 km.

MODIS measures in 36 spectral bands, covering the range 0.4 pm — 15 pm
acquiring data at three spatial resolutions - 250, 500, and 1000 m. However,
level 2 moisture profiles and IWV are derived for 5 x 5 pixels, which have 1 km?
resolution, thus, the resolution of the IWV product is 5 km x 5 km.

Water vapor is generated for both daytime and night. For daytime five NIR
bands (channels 2, 5, 17, 18, 19) are used (solar radiation reflected by Earth +
atmosphere), and for nighttime only IR bands are used (radiation emitted by
Earth + atmosphere).

NIR algorithm uses 2-channel and 3-channel rationing techniques, generating
look-up tables with values of these ratios and total amount of water vapor
associated with such values, using radiative transfer algorithms. Once the total
amount of water vapor is obtained, it can be converted to IWV taking into
account the solar and observational geometries. In the presence of clouds, other
channels in the 0.8 — 2.5 um region are used, since they contain information
about absorptions due to water vapor above and within clouds. More detailed
information about the algorithm can be found in |Gao & Kaufman! (1992)); \Gao
& Li (2008).

IR algorithm consists on a statistical synthetic regression with a subsequent
nonlinear physical retrieval that iteratively improves the MODIS solution fit.
It uses 25-36 bands, covering the spectral region between 3 — 14.5 ym. More
details can be found in |Seemann et al.| (2006).

The data are included in the water vapor product (MODO05_L2 and MYD05_12)
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collection 6. It is, however, obtained from the MODIS Atmospheric Profile
(MODO07 and MYDO07) Collection 6 product, and then appended to MODO05
product for convenience. MODIS cloud fraction (CF) data has been used as

well to select clear-sky scenes and to study cloudiness dependence.

2.2. GPS IWYV data

GPS stations can be used to derive atmospheric water vapor products. The
method is explained in the following lines, although a more thorough description
can be found in Bevis et al.[(1992)). The strategy used to determine the position
of a receiver deals with the measurement of the time spent by the microwave
signal on reaching the receiver at GPS station. However, the signal suffers a
series of delays along its path. Among them, the delay caused by the tropo-
spheric gases is called Slant Tropospheric Delay (STD). Zenith Tropospheric
Delay (ZTD), which is the delay that the signal would have if the GPS satellite
was exactly at the station’s zenith, can be computed from the STD using the
mapping functions (Nielll 2000). Once ZTD is computed, it can be separated
into two different contributions: Zenith Hydrostatic Delay (ZHD) and Zenith
Wet Delay (ZWD). The former is due to tropospheric gases while the latter is
caused by water vapor’s dipolar momentum. If surface pressure is known, ZHD
can be modeled, and thus ZWD obtained. Then, IWV can be obtained from
ZWD if surface temperature and pressure are known.

In this work, ZTD from 21 GPS ground-based stations were used to ob-
tain IWV products (see Figure |1| and Table . Tropospheric products (ZTD)
were provided by Spanish Geographic Institute “Instituto Geografico Nacional”,
which is a local analysis center for the European Reference Frame (EUREF).
The meteorological variables (surface pressure and temperature) needed to re-
trieve IWV from ZTD products were provided by the Spanish Meteorological
State Agency (AEMet). Data are interpolated to the time of GPS measurements
(one measurement per hour). In the case of temperature (hourly data), data
were interpolated linearly, but in the case of pressure (4 data per day) the baro-

metric tide needed to be accounted for. This resulted in an IWV data-set for the
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Figure 1: Location of the twenty-one stations selected. Coastal stations are in red and inland

stations in blue.

twenty-one GPS stations in the period 2007-2012. Every row in this data-set
has several columns: site, date, hour, IWV, CF, SZA, and other columns for
additional information.

These data have been used to perform other validation exercises on IWV

data from OMI (Vaquero-Martinez et all,[2017), GOME-2 (Roman et all,[2015)),
and MODIS (Bennouna et all 2013).

3. Methodology

3.1. Comparison criteria

In order to match GPS data and MODIS data, some criteria were applied.
First, the distance between the center of the satellite pixel and the ground-based
GPS station had to be the lowest. Second, time difference between both mea-

surements had to be the lowest, and always lower than 30 minutes. Otherwise,
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the measurement was rejected for this study. Only cloud-free (CF=0) data have
been used, except for the analysis on CF dependence, where the whole data-set

have been considered.

8.2. Statistical analysis

Once data from MODIS and GPS are co-located according to the criteria
mentioned above, a data-set is built, with every row containing a MODIS IWV
datum, a GPS IWV datum, SZA, date, CF, and so on. The relative differences
between MODIS and GPS are calculated as:

MODIS _ ,GPS

w’L
9 = 100~ — s

where the index i represents a specific location and date, w is the IWV
measured by MODIS or GPS. Two indices are applied to the distribution of rel-
ative differences: the pseudomedian (J) and the interquartile range (IQR). The
pseudomedian is calculated through Wilcoxon signed rank test with continuity
correction (Wilcoxon| [1945)).

The pseudomedian agrees with the median in a symmetric data-set, and it
is defined as the median of all the midpoints of pairs of observations. This has
information about the accuracy of the MODIS IWV data. Pseudomedian values
close to zero indicate that MODIS and GPS agree well, but positive values of
pseudomedian would show that MODIS is overestimating IWV. Negative values,
therefore, would be signals of underestimation.

IQR is the difference between the first and the third quartile of the relative
differences, which gives the width of the central half of the data. IQR allows
measuring the precision of MODIS IWV product.

A statistical analysis per station has been performed in this context, in order
to detect differences between stations. In the analysis, both indices (pseudome-
dian and IQR) over each station have been calculated, and a linear regression

model has been applied to the MODIS (dependent variable) and GPS (indepen-

dent variable) IWV data, in order to analyze their proportionality an similarity.
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In order to study the influence of other parameters (SZA, IWV, season and
CF), data were binned for these variables, and the indices are calculated over
those bins of data. Then, the indices are plotted against the variables. The bin
widths have been the following: 5 mm (IWV), 5° (SZA), one month (season),
and 0.1 (CF). Bins with few data (less than 30) have been ignored in this paper.

4. Results and discussion

4.1. Statistical analysis

A statistical analysis per stations was performed, whose results can be seen
in Table[2l Pseudomedian values show that some stations tend to overestimate
reference GPS data, while others tend to underestimate them. However, there
is not a clear pattern. IQR, is quite homogenous, with values between 30 and
45%, which shows that MODIS variability is high. This result is similar to that
obtained for OMI ITWV product in [Vaquero| (2017). Regarding regression pa-
rameters, the intercept, yg, varies from 0.4 mm to 6.8 mm between stations, but
in all cases the intercept is positive, suggesting that low IWV values are prob-
ably overestimated by MODIS product. Coastal stations tend to have higher
intercepts than inland stations. The slope b, on the contrary, is lower than 1 in
all cases (except for mall, which is slightly higher than 1). This shows that high
IWYV values are prone to be underestimated by MODIS. Pearson’s coefficient,
R?, indicates a fair agreement between the data, with values from 0.38 to 0.71.
In[Li et al (2003), regression between MODIS daytime (NIR) and GPS IWV in
Germany showed slopes greater than 1 and intercepts below 0 mm. As it will
be mentioned in Section MODIS daytime algorithm seems to overestimate
IWV with respect to GPS products, which could be the cause for the difference
between the results in the present work and those in |Li et al.| (2003). How-
ever, in [Ningombam et al.| (2016, the results of the regression of MODIS NIR
product against GPS measurements of IWV at the dry (IWV typically between
1 — 16 mm) trans-Himalayan region were quite similar to those in Table [2] as

well as in [Raja et al.| (2008) in north America. In such work the correlation
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Figure 2: Scatterplot between MODIS retrieved IWV data and GPS IWV data. Data is

divided into coastal and inland stations, and into Terra or Aqua data.

between MODIS and GPS were very high, around R? = 0.91, which could be
due to the smaller range of measurement and the selection of good quality data.

Figure [2] shows the scatterplot between MODIS and GPS IWV data. It
can be observed that both data sets agree well, better for inland stations and
Terra platform. Coastal stations tend to have more dispersion, probably due to
the presence of water in the pixels of MODIS, which makes the retrieval more
challenging. Furthermore, the better performance of Terra could be due to its

typical passing hours (in the morning).

10



Station Acronym Latitude Longitude Altitude

°N) °E) km
A _Coruna acor 43.36 -8.40 0.01
Santander cant 43.47 -3.80 0.05
Vigo vigo 42.18 -8.81 0.03
Cérdoba coba 37.92 -4.72 0.16
Ledn leon 42.59 -5.65 0.92
Logrofio rioj 42.46 -2.50 0.45
Salamanca sala 40.95 -5.50 0.80
Sonseca sons 39.68 -3.96 0.76
Teruel teru 40.35 -1.12 0.96
Valladolid vala 41.70 -4.71 0.77
Villafranca vill 40.44 -3.95 0.60
Alicante alac 38.34 -0.48 0.01
Almeria alme 36.85 -2.46 0.08
Burriana borr 39.91 -0.08 0.02
Ceuta ceul 35.89 -5.31 0.05
Creus creu 42.32 3.32 0.08
Mallorca mall 39.55 2.63 0.06
Valencia vale 39.48 -0.34 0.03
Céceres cace 39.48 -6.34 0.38
Huelva huel 37.20 -6.92 0.03
San_Fernando  sfer 36.46 -6.21 0.04

Table 1: Location of GPS stations considered

11



Station pMedian IQR N b R?
(%) (%) (mm)

acor 1(1) 39.89 6021 3.4(0.37) 0.79(0.02) 0.49
cant -9(1) 37.91 5378 3.5(0.36) 0.70(0.02) 0.50
vigo 3(1) 40.82 6673 4.0(0.34) 0.78(0.02) 0.50
alac 2(1) 35.84 6902 2.7(0.36) 0.89(0.02) 0.60
alme -11(1) 31.52 7342 1.3(0.33) 0.84(0.02) 0.58
borr -3(1) 30.87 5698 2.1(0.30) 0.86(0.01) 0.71
ceul 4(1) 42.15 5116 6.8(0.46) 0.66(0.02) 0.38
creu 5(1) 41.03 6080 4.9(0.28) 0.73(0.02) 0.61
mall 12(1) 35.94 6668 1.9(0.39) 1.04(0.02) 0.65
vale -7(1) 32.89 6669 2.7(0.30) 0.78(0.01) 0.64
huel 14(1) 40.79 6572  4.2(0.39) 0.89(0.02) 0.52
sfer 18(1) 45.10 4496 5.1(0.50) 0.87(0.03) 0.46
coba -9(1) 30.39 6876 0.9(0.31) 0.87(0.02) 0.62
leon -2(1) 41.09 6042 1.0(0.22) 0.90(0.02) 0.62
rioj -15(1) 32.79 5496 0.4(0.25) 0.83(0.02) 0.68
sala 3(1) 41.04 6522 1.1(0.24) 0.95(0.02) 0.63
sons 17(1) 43.03 6288 1.1(0.26) 1.09(0.02) 0.68
teru -5(1) 38.52 4787 0.8(0.26) 0.90(0.02) 0.66
vala -4(1) 36.36 5206 0.4(0.28) 0.95(0.02) 0.66
vill -3(1) 34.00 6683 0.5(0.24) 0.95(0.02) 0.68
cace 12(1) 39.78 6842 1.8(0.29) 1.00(0.02) 0.61
All 0.9(0.7)  39.36 128357 2.3(0.07) 0.870(0.004) 0.61

Table 2: MODIS statistical analysis. The pseudomedian and IQR of the ¢ distribution, the
number of data (N) and the coefficients of the regression analysis are shown. yg column shows
the intercept, b stands for the slope and R? is Pearson’s coefficient of determination. The

numbers in parenthesis are the 95% confidence interval. The double line separates coastal

(top) and inland (bottom) stations.
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4.2. IWV dependence

As mentioned above, in order to study IWV dependence, data were grouped
in bins of 5 mm, and pseudomedian and IQR were calculated for each bin. In
Figure [3] top, it can be observed that low IWV is clearly overestimated, but
the rest of IWV are quite close to the zero line, being slightly underestimated.
Coastal stations have a slight tendency to overestimation, except for large IWV
(IWV > 25 mm), which is underestimated and small IWV (IWV < 10 mm),
which is significantly overestimated. Daylight subset pseudomedians are al-
ways above nighttime ones. Overestimating daylight (NIR) product has been
observed in other studies, such as|Albert et al.| (2005)); Bennouna et al.| (2013).
Moreover, IQR dependence on IWV, shown in Figure[3|bottom, clearly decreases
with increasing IWV. Differences between daytime and nighttime measurements
are small (daylight shows a slightly lower IQR than nighttime). Coastal and
inland stations behave very similarly, but coastal stations’ IQR is generally

higher.
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in the Wilcoxon rank test.
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4.8. SZA dependence

Daylight values can be expected to perform differently for different SZA
values, as solar radiation diminishes with increasing SZA. However, nighttime
values are not expected to have any difference in performance, except maybe the
difference due to the diurnal cycle of IWV and the IWV dependence. Figure
top shows the pseudomedian values of MODIS bins against the bin central
SZA. It can be observed that MODIS presents a tendency to overestimate IWV
for high SZA (SZA > 50°) at daytime. A similar behavior was observed in
Roman et al.| (2015) for GOME-2 (visible), and in [Vaquero| (2017) for OMI
(visible). Similarly to OMI behavior, part of MODIS SZA dependence can be
explained by variations in the typical IWV for that SZA (diurnal cycle of water
vapor). Coastal stations show higher pseudomedian (overestimation) for low
IWV subset at daytime. Nighttime values tend to be underestimated, being
this underestimation more sensed in inland stations. High IWV tend to be
underestimated in most of the SZA range, only overestimated at low SZA values
(under 40°), while low IWV tend to be overestimated in the whole range, except
for nighttime measurements, from 125° on.

Regarding IQR, Figure [f] shows that, again, daytime values with high SZA
(50° > SZA > 90°) present high IQR values for both coastal and inland stations,
similarly to GOME-2 behavior in |Roman et al| (2015) and OMI behavior in
Vaquero| (2017). Nighttime values are quite stable, with some variability when
using high/low IWV separation. Nighttime IQR in coastal stations seems to
increase as SZA increases, but this is likely related to the IWV dependence.
Around 100° — 125°, high IWV values are more numerous, and as mentioned
above, high TWV values are associated with low IQR values. However, over
125°) low IWV values dominate and thus IQR increases. The dependencies
observed for low and high IWV subsets may be related to the fact that after
the sunset some sunlight still remains. Generally nighttime IQR is greater than
daylight IQR, which is in agreement with |Albert et al.[ (2005); Bennouna et al.
(2013).
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4.4. Seasonal dependence

Regarding the seasonal variation of pseudomedian and IQR indices, Fig-
ure [5| shows the results of grouping data in bins of 1 month and calculating the
pseudomedian and IQR for each bin. Pseudomedian values show overestima-
tion in summer and winter, and underestimation in spring and autumn. This
is in agreement with the results in |Prasad & Singh| (2009); Bennouna et al.
(2013). The behavior of the different subsets considered (low/high IWV, day-
light and nighttime) is similar, but low IWV and daytime subsets are prone to
overestimation while nighttime and high IWV subsets are underestimated. The
difference between the two algorithms (daylight and nighttime) agrees with the
one observed in [Bennouna et al| (2013). Although this behavior is similar to
the one observed for OMI in [Vaquero| (2017) and for AIRS in Raja et al.| (2008),
in the former work OMI was shown to underestimate during summer, instead
of overestimate reference GPS IWV. In the present work, all months are within
+ 30%, except for coastal stations’ low IWV subset in summer, which has a
exceptionally high overestimation ~ 60%.

The IQR is generally lower in summer than in winter. This is probably due
to IWV being typically higher in summer than in winter. Still, coastal summer
low IWV is very high (more than 60% in July). It is noticeable that high TWV
is very stable. This is similar to the seasonal dependence shown in [Vaquero
(2017) for OMI, although in the case of OMI IQR values are more extreme,
ranging from less than 30% to more than 70%. Nighttime and daytime IQR

behave similarly.

4.5. Cloudiness dependence

In order to study cloudiness dependence, cloudy data rejected before are now
included in the data set. In Figure[6] data is grouped in bins of 0.1 CF width and
the pseudomedian and IQR are represented against CF bins. Pseudomedian is
quite stable in the whole CF range. There is a slight tendency to increase over-
estimation (daylight and low TWV data sets) and underestimation (nighttime
and high TWV data sets) as CF increases. Therefore, the treatment of cloud
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scenes in the MODIS retrieval seems to be adequate. Pseudomedian is between
+20% approximately, less than other parameters (IWV or SZA). Cloudy scenes,
however, were reported to worsen IWV in|Prasad & Singh| (2009)), where MODIS
nighttime measurements are noted to be sensitive only to water vapor above the
clouds. Satellite retrievals that do not apply a specific strategy when dealing
with cloudy scenes show higher differences (leading to underestimation) when
compared against GPS IWV, as shown, for GOME-2 retrieval, in |[Roman et al.
(2015).

IQR, however, clearly increases as CF increases. This is expected as clouds
add noise to the measurements. Nighttime values are quite stable, due to the
use of Earth + atmosphere radiation instead of sunlight. Low IWV values have
the highest IQR, probably caused by the fact that a small error in low IWV
leads to higher relative errors than in high IWV. Daytime clearly shows a higher

IQR (less precision) than nighttime subset.

5. Conclusions

In this work, a validation of MODIS water vapor Level 2 Collection 6
(MODO05_1.2 and MYDO05_L2) product from the period 2007-2012 in the Iberian
Peninsula has been made. MODIS agrees well with GPS ground-based station
measurements. However, some dependences have been observed.

IWYV dependence is especially important at very low IWV values, where the
agreement between MODIS and GPS is not good. MODIS strongly overesti-
mates (pseudomedian around 40%) IWV under 5 mm, with a high variability
(IQR around 60%). However, overestimation and variability quickly decrease
as IWV increases.

Performance of MODIS water vapor product also varies with SZA. Measure-
ments generally worsen between 50°—90°, overestimating low IWV and underes-
timating high IWV, and increasing IQR. Nighttime measurements (SZA > 90°)
are quite stable, with a slight tendency to underestimation.

The previous dependences are the cause for a seasonal dependence. Sea-
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sonal pseudomedian analysis showed that summer (more daytime hours) and
winter (lower IWV) tend to be overestimated, while spring and autumn un-
derestimated. Coastal low IWV subset is overestimated, especially in summer
(~ 60%). IQR is lower in summer and increases in winter. Again, coastal low
ITWYV subset shows high IQR, which is particularly notable in summer (~ 60%).
However, high IWV subset shows very little seasonal dependence.

Finally, all-sky data were considered to study CF dependence. CF has a
small influence in the pseudomedian of the relative differences, since positive and
negative errors are compensated. Increasing CF worsens subsets (low IWV and
daylight by overestimation and high IWV and nighttime by underestimation).
Regarding IQR, it increases as CF increases, for all subsets, except nighttime
measurements, which are quite stable.

The results in this paper show that the quality of MODIS water vapor prod-
uct in the Iberian Peninsula is similar to that of other areas. Therefore, this
study assures the performance of MODIS in the Iberian Peninsula in terms of
the dependence of such performance on several variables. It is expected that

this study enables improvements of MODIS NIR and IR algorithms.
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