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A B S T R A C T

The water vapor is a relevant greenhouse gas in the Earth's climate system, and satellite products become one of
the most effective way to characterize and monitor the columnar water vapor (CWV) content at global scale.
Recently, a new product (MCD19) was released as part of MODIS (Moderate Resolution Imaging
Spectroradiometer) Collection 6 (C6). This operational product from Multi-Angle Implementation for
Atmospheric Correction (MAIAC) algorithm includes a high 1 km resolution CWV retrievals. This study presents
the first global validation of MAIAC C6 CWV obtained from MODIS MCD19A2 product. This evaluation was
performed using Aerosol Robotic Network (AERONET) observations at 265 sites (2000–2017). Overall, the re-
sults show a good agreement between MAIAC/AERONET CWV retrievals, with correlation coefficient higher
than 0.95 and RMS error lower than 0.250 cm. The binned error analysis revealed an underestimation (~10%) of
Aqua CWV retrievals with negative bias for CWV higher than 3.0 cm. In contrast, Terra CWV retrievals show a
slope of regression close to unity and a low mean bias of 0.075 cm. While the accuracy is relatively similar
between 1.0 and 5.0 cm for both sensor products, Terra dataset is more reliable for applications in humid tropical
areas (> 5.0 cm). The expected error was defined as± 15%, with>68% of retrievals falling within this en-
velope. However, the accuracy is regionally dependent, and lower error should be expected in some regions,
such as South America and Oceania. Since MODIS instruments have exceeded their design lifetime, time series
analysis was also presented for both sensor products. The temporal analysis revealed a systematic offset of global
average between Terra and Aqua CWV records. We also found an upward trend (~0.2 cm/decade) in Terra CWV
retrievals, while Aqua CWV retrievals remain stable over time. The sensor degradation influences the ability to
detect climate signals, and this study indicates the need for revisiting calibration of the MODIS bands 17–19,
mainly for Terra instrument, to assure the quality of the MODIS water vapor product. Finally, this study presents
a comprehensive validation analysis of MAIAC CWV over land, raising the understanding of its overall quality.

1. Introduction

Water vapor is the most abundant greenhouse gas in the Earth-at-
mosphere system and plays a significant role in the Earth's climate
(Held and Soden, 2000; IPCC, 2007; Dessler and Wong, 2009). This
constituent drives a strong positive feedback in the climate system
(Colman, 2003; Dessler et al., 2008). According to IPCC (2007), the
tropospheric water vapor is increasing as a response to higher tem-
perature (↑anthropogenic emissions) over both land and ocean. The
increased water vapor can considerably amplify climate warming

effects caused by the greenhouse emissions, such as CO2, CH4 and
others (Rind et al., 1991; Soden, 2000; Dessler and Wong, 2009). In
addition, atmospheric water vapor content is a key factor defining the
local humidity, cloud formation, and hydrological cycle, especially in
the precipitation regimes (Allan and Soden, 2008). The water vapor
content strongly varies in both space and time. For instance, the at-
mosphere of the warm and humid tropical regions holds a large amount
of water vapor (up to 6 cm), which decreases rapidly in mid- and high-
latitudes. The large variety of sources (e.g. ocean evaporation and plant
transpiration) and complex dynamic of moisture transport present a
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challenge for modeling the columnar water vapor (CWV) across the
world (Trenberth et al., 2005; Sherwood et al., 2010). Therefore, ex-
tensive monitoring of this constituent is highly required to the under-
standing of the climate change in coming years.

Several ground-based stations have been established to monitor the
seasonal variability of CWV using conventional methods, such as
radiosondes (Durre et al., 2006; Seidel and Randel, 2006), Global Po-
sitioning System (GPS) receivers (Bevis et al., 1992; Rocken et al.,
1993), and sunphotometer networks (Halthore et al., 1997; Alexandrov
et al., 2009). These techniques provide the most accurate estimation of
water vapor, supporting many studies focused on climate and hy-
drology analysis (Torres et al., 2010; Ortiz de Galisteo et al., 2014; Gui
et al., 2017; Fragkos et al., 2018). However, these traditional mea-
surements are local and sparse, and the spatial coverage is often limited
for remote areas, such as Amazon rainforest, Sahara Desert and poles. In
this context, satellite data offer the most powerful way to provide daily
global observations of land and atmosphere dynamic. Over the last two
decades, a number of satellites sensors have been used to estimate the
CWV content, including near-infrared (NIR) sensors (e.g. Moderate
Resolution Imaging Spectroradiometer (MODIS)), and microwave sen-
sors (e.g. Advanced Microwave Scanning Radiometer). These instru-
ments and others meteorological sensors are a unique data source for
large-scale CWV studies.

MODIS instrument is a 36-channel imaging radiometer on board
NASA's Terra and Aqua satellites, launched in December 1999 and May
2002, respectively. MODIS offers a large inter-disciplinary suite of
scientific products developed for land, ocean and atmospheric studies
(e.g. King et al., 1992). Particularly, standard MODIS Level-2 water
vapor product, namely the MOD05 (Terra) and MYD05 (Aqua), delivers
near-daily global CWV retrievals based on the differential absorption
technique (Frouin et al., 1990; Kaufman and Gao, 1992; Gao and
Kaufman, 2003). This technique quantifies the degree of water vapor
absorption in the MODIS NIR channels using the ratio of measured
radiance from absorbing channels (0.905, 0.936, and 0.940 μm) against
nearby channels in “atmospheric windows” (0.865 and 1.240 μm)
(Schläpfer et al., 1998). The column water vapor is estimated from the
total two-way water vapor transmittance using the look-up-table (LUT)
(Schmid et al., 1996). Gao and Kaufman (2003) found that the expected
error of MOD05 water vapor is about 5–15%. The authors mentioned
that main uncertainties are related to (i) surface reflectance properties,
(ii) calibration issues, (iii) atmospheric profiles (temperature and
moisture), and (iv) cloud contamination. Several studies have evaluated
the MOD05 product at regional-scale (Prasad and Singh, 2009; Gui
et al., 2017; Vaquero-Martínez et al., 2017, 2018; Shi et al., 2018).
Recently, Bright et al. (2018) performed a global-scale validation of
MODIS CWV product using AERONET observations, and they found a
correlation of R ~ 0.83 and RMSE of ~0.521 (Terra) and 0.607 cm
(Aqua). The authors also mentioned the overestimation at larger mag-
nitudes (> 3 cm).

A new set of MODIS surface-atmosphere products from the Multi-
Angle Implementation for Atmospheric Correction (MAIAC) algorithm
was released in late May 2018 (Lyapustin et al., 2011, 2012, 2018).
This algorithm delivers a suite of gridded atmosphere-surface products
at 1 km resolution over global land. The MAIAC MODIS Collection 6
products are reported in two land files (MCD19A1 for surface re-
flectance, and MCD19A3 for BRDF/albedo) and atmospheric properties
file (MCD19A2) (Lyapustin et al., 2018). Among others, MCD19A2 in-
cludes a column water vapor based on MODIS NIR bands at 0.94 μm
region (Lyapustin et al., 2014a, 2014b). This algorithm is a modified
version of Gao and Kaufman (2003). While MOD05 algorithm applies
two additional MODIS channels (0.865 and 1.24 μm) to estimate sur-
face reflectance in absorbing channels, MAIAC follows a more
straightforward method using only 3 NIR bands to avoid the assump-
tion of the spectral linearity of the surface reflectance in the 0.87 and
1.24 μm interval. According to Lyapustin et al. (2014a), this approach is
more stable and achieves similar or better performance compared to the

MOD05 product. In addition, MAIAC cloud mask algorithm provides an
accurate cloud detection (Lyapustin et al., 2008), which reduces the
noise in the clear-pixel CWV retrievals, especially over tropics (Hilker
et al., 2012).

Previous validation of MAIAC CWV retrievals revealed a good
agreement with the Aerosol Robotic Network (AERONET) measure-
ments across South America (R ~ 0.97, RMSE ~0.345 cm) (Martins
et al., 2017a). Since this operational data product is now available as
part of the MODIS Collection 6 (C6), a more complete evaluation is
required to support user's applications. This study presents a global
validation of columnar water vapor retrievals from MODIS C6 MAIAC
(MCD19A2) product. A total of 265 AERONET sites were used to
evaluate the cloud-free CWV retrievals over land. The MCD19A2 pro-
ducts were obtained for nearly the entire MODIS mission (2000–2017).
The validation was performed at multiple spatial scales (global, re-
gional and local), and includes the time series analysis. Note that pre-
vious validation of MAIAC CWV (Terra) retrievals was performed for
the single-year dataset (2003) using 156 AERONET sites (Lyapustin
et al., 2008), but this paper is the first global analysis of MCD19A2 CWV
exploring this product for the near-entire mission. This paper is struc-
tured as follows: Section 2 presents the satellite product (MCD19A2)
and ground-truth dataset (AERONET), including the description of
match-up procedure. The results are presented in Section 3, with global,
regional and local validation analysis. Further, temporal evaluation is
also presented in this section, followed by a discussion in Section 4. The
summary and conclusions are drawn in the last section.

2. Data and methods

2.1. MODIS-MAIAC water vapor (MCD19A2)

MODIS instruments were launched on board of NASA Earth
Observing System (EOS) Terra and Aqua satellites. The Terra and Aqua
operate on sun-synchronous orbit (~705 km altitude), with local
equator crossing at approximately 10:30 am (descending node) and
01:30 pm (ascending node), respectively. The MODIS instrument pro-
vides near-daily global observations in 36 channels (0.415–14.23 μm),
wide swath (2230 km), and three spatial resolutions at nadir (250, 500
and 1000m). This sensor offers a unique design to support the gen-
eration of multidisciplinary products (Justice et al., 1998; Parkinson,
2013). As part of MODIS Level-2 products, MCD19A2 is a combined
MODIS C6 Terra and Aqua product derived from MAIAC algorithm
(Lyapustin et al., 2018). This new product contains multiple scientific
data sets (SDS), such as aerosol optical depth at 0.470 and 0.550 μm,
columnar water vapor, and cloud mask at 1 km resolution. As men-
tioned earlier, MAIAC CWV algorithm is based on the heritage of
MOD05 product (Gao and Kaufman, 2003). This approach uses two 2-
channel ratios in the 0.940 um region to compute the total water vapor
transmittance, and then, the inversion of CWV is performed based on
LUT procedures. The spectral channels used in this algorithm are
MODIS B17 (0.890–0.920 μm), B18 (0.931–0.941 μm), and B19
(0.915–0.965 μm). Since the sensitivity to water vapor absorption
varies between these channels, weighting function is also implemented
to explore this variability in dry or humid condition. A detailed de-
scription of MAIAC CWV algorithm can be found in Lyapustin et al.
(2014a,b, 2018).

In this study, MCD19A2 data were obtained from the Level-1 and
Atmosphere Archive & Distribution System (LAADS) Distributed Active
Archive Center (DAAC) (data portal: https://ladsweb.modaps.eosdis.
nasa.gov/). The daily MCD19A2 products were acquired for nearly the
entire mission (2000–2017) across the world (total raw data~ 10.7 Tb).
These data products are delivered as standard MODIS tiles in HDF4 files
(see Lyapustin et al., 2018). The SDSs are stored as multidimensional
arrays with the third dimension representing the number of orbit
overpasses (“Orbit_amount”). We extracted MAIAC Terra (MAIACT) and
MAIAC Aqua (MAIACA) CWV from MCD19A2 product. Note that
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MCD19A2 product is referred as MAIAC hereafter. The global attributes
provide the orbit information (“Orbit_time_stamp”) to separate Terra
and Aqua products from a multidimensional array. The quality assur-
ance (QA) was also extracted from SDS “AOD_QA” layer for each orbit.
The high-quality retrievals were selected by excluding cloud and ad-
jacent to cloud pixels. Therefore, the basic processing is described as
follow: (i) extraction of MAIACT and MAIACA CWV retrievals from
MCD19A2 file; (ii) conversion by scaling factor (0.001); (iii) filtering
the cloud-free retrievals using QA flags. In addition, we computed the
monthly global average from daily MAIACT and MAIACA CWV ob-
servations, and then, these averages were used to long-term evaluation
of both products (Section 3.3). Fig. 1 illustrates the global CWV derived
from MAIACT in July 2004.

2.2. AERONET data

The AErosol RObotic NETwork (AERONET) is a worldwide network
(http://aeronet.gsfc.nasa.gov) of sun-photometers that provides routine
measurements of direct sun and sky radiance for retrieval of aerosol
(primarily) and water vapor properties (Holben et al., 1998; Dubovik
et al., 2002). The AERONET network includes well-established mon-
itoring sites (> 400) in a wide variety of atmospheric conditions across
the world. The Cimel sun-photometers measure the sun/sky radiance at
every 15min in multiple spectral channels (0.340, 0.380, 0.440, 0.500,
0.675, 0.870, 1.020, and 1.640 μm), including the water vapor ab-
sorbing band (0.940 μm). The AERONET version 3.0 is distributed with
three quality levels (Giles et al., 2019): Level 1.0 (raw data), Level 1.5
(cloud-screened and quality controlled), and Level 2.0 (cloud-screened
and quality-assured). Because the long-term dataset (> 25 years) and
standard quality protocols, numerous studies have applied this dataset
as ground-truth reference for validating MODIS water vapor products
(Bennouna et al., 2013; Diedrich et al., 2015; Shi et al., 2018; Bright
et al., 2018).

Although the AERONET is primarily focused on the aerosol optical
properties, CWV retrievals are also derived from these network mea-
surements (Holben et al., 1998; Giles et al., 2019). The AERONET water
vapor algorithm uses the Beer-Lambert-Bouguer attenuation Law and
modeled water vapor transmittance in absorption band (0.940 μm) to

retrieve the CWV values (Michalsky et al., 2001; Reagan et al., 1995;
Schmid et al., 1996; Halthore et al., 1997). Eq. 1 represents the output
instrument voltage V(λ) in the absorption band (λ = 0.940 μm) as
(Schmid et al., 2001):

=V( ) V ( ). d . exp[ m. ( )]. T ( )o
2

w (1)

=T ( ) exp[ a. (m . W) ]w w
b (2)

where Vo is calibration constant of the instrument, d is relative Earth-
Sun distance in astronomical units (AU), m is relative air mass (without
water vapor), τ is the total optical depth (gases and aerosol), and mw is
the air mass of water vapor. The water vapor (W) is retrieved from
modeled water vapor transmittance (Tw) using three parameters ex-
pression (Eq. 2). The two coefficients “a” and “b” are modeled by the
IPC method (Lyapustin, 2003) according to instrument design, such as
filter response functions. The correction of aerosol effects at 0.940 μm
channel is performed by Ångström extrapolation from 0.440–0.870 μm
interval.

The AERONET CWV data (level 2.0, version 3.0) were acquired
from 265 sites across all continents (Fig. 2). The selected sites have at
least three years of quality-assured retrievals within 2000–2017 period.
These AERONET records were used as ground-truth reference to vali-
date MAIAC CWV retrievals. To clarify, CWV value represents the total
water vapor mass per unit area in the vertical column of atmosphere
(unit: cm or g.cm−2). Note that AERONET retrievals are relatively si-
milar to other traditional measurements. For example, Pérez-Ramírez
et al. (2014) found a small bias (~0.06–0.10 cm) between AERONET
and GPS retrievals for three sites. Similarly, Bokoye et al. (2007) esti-
mated the mean bias of −0.09 ± 0.16 cm between these methods in
Canada. The total uncertainty of sun-photometer retrievals was esti-
mated as< 10% (Smirnov et al., 2004; Pérez-Ramírez et al., 2014;
Alexandrov et al., 2009), but it may offer some improvement in this
uncertainty due to algorithm refinements in version 3.0 CWV (Giles
et al., 2019).

2.3. Collocation procedure and validation analysis

The collocation procedure describes the match-up criteria between
satellite and sun-photometer measurements within spatial and temporal

Fig. 1. Global average of columnar water vapor (CWV) derived from MAIAC Terra (MCD19A2) from July 2004.
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window (Chu et al., 2002). This procedure was adapted from Lyapustin
and Wang (2008). The spatial average of MAIAC CWV was computed
using 9×9 pixels (~1×1 km per pixel) around each selected site. This
satellite average was then compared to the temporal average of
AERONET CWV measurements within± 30min of the satellite over-
pass. Fig. 1 shows the number of match-ups between MAIAC and
AERONET records for each site. The number of match-ups is mostly
dependent on the AERONET data availability and cloud-free satellite
retrievals for each region. Note that selected sites represent a diversity
of conditions (land and atmospheric) across the world, giving a robust

dataset for this validation.
The validation analysis uses the common statistical metrics, such as

Root Mean Square Error (RMSE), relative error (R), mean bias as pre-
sented in the Eqs. 4, 5 and 6, respectively. The binned-CWV analysis
(1.0 cm intervals) is also presented for evaluating dry and wet biases. In
addition, the expected error (EE) of MAIAC CWV was defined
as± 15%, where the error envelope is expected to contain>68% of
retrievals (one standard deviation σ) assuming an approximation to the
Gaussian error distribution. This assumption supports the definition of
this minimum threshold (68%), but the number of retrievals falling
within EE envelope is expected to be higher due to peak of error values
near zero. The EE envelope is typically used in aerosol context, and
further applications of this metric are presented in Remer et al. (2005)
and Levy et al. (2010). This symmetrical envelope includes the un-
certainties related to land surface properties, aerosol effects, modeled
absorption coefficients, and calibration errors.

=
=

RMSE
N

CWV CWV1 ( )
i

N

MAIAC AERONET
1

2

(3)

= ×
=

RE
N

CWV CWV
CWV

1 | | 100
i

N
MAIAC AERONET

AERONET1 (4)

=
=N

CWV CWVMean bias 1 ( )
i

N

MAIAC AERONET
1 (5)

where CWVMAIAC and CWVAERONET represent MAIAC and AERONET
retrievals, respectively; and N is the number of match-ups.

3. Results

3.1. Global performance of MAIAC water vapor (MCD19A2)

Fig. 3 shows the scatter plots of MAIAC CWV Terra (a) and Aqua (b)
against ground-based AERONET observations. The summary statistics
of this comparison is given in Table 1. The binned-CWV analysis is also
presented to explore the signal-dependent error. This global validation
includes 290,389 and 259,856 match-ups for MAIACT and MAIACA
across all continents, respectively. The collocated data range from 0 to
6 cm, with most of its samples within 0–2 cm interval. Note that 265
AERONET sites were used in this global analysis, covering distinct
water vapor conditions such as Amazon rainforest and Sahara Desert.
As mentioned earlier, the subscript “T” and “A” represent Terra and

Fig. 2. Number of match-ups between MAIAC and AERONET CWV measure-
ments for each site.

Fig. 3. Scatter plots of CWV (cm) derived from MAIAC (MCD19A2) product versus simultaneous AERONET observations for all sites. The solid line represents the line
1–1, dashed lines are the envelope of expected error. The summary statistics are presented in Table 1.
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Aqua products, respectively. In general, we found a good correlation of
MAIAC and AERONET measurements, with RT of 0.973 and RA of
0.979. The slope of linear fit indicates a slight underestimation of
MAIACA retrievals (0.871), while MAIACT presents slope close to unity
(0.991). The RMSE is lower than 0.250 cm for both Terra and Aqua
retrievals, especially for MAIACA (0.187 cm). These findings are a po-
sitive measure for this satellite-derived product. However, it should be
interpreted with caution because the errors depend on the water vapor
amount (see more in Section 3.3). The binned-CWV analysis shows that
statistical errors vary from low- to high-CWV bins (Table 1). For in-
stance, MAIACA has a good agreement with the AERONET data for dry
condition (up to 1.0 cm), but some underestimation is observed in wet
condition (> 5.0 cm). In contrast, we found that MAIACT performance
is better for high-CWV values (EET ~ 73%) compared to MAIACA (EEA
~46.7%) (Table 1). Therefore, the overall comparison shows a good
performance of MAIAC CWV retrievals, but the statistical errors vary
according to the water vapor abundance and sensor.

The results confirm that both products provide>68% (one stan-
dard deviation) of retrievals falling within EE confidence envelope

(± 15%). The high-quality CWV retrievals are typically observed from
1.0 to 5.0 cm; EE values range from 69.6 to 87.5% for both sensor
products. This is a relevant result for water vapor product given the
natural dominance of this range (1.0–5.0 cm). The overall analysis
suggests a better performance of MAIACA (within EE= 79.2%) com-
pared to MAIACT (within EE=68.8%), but it should be noted that
MAIACA retrievals underestimate the high-CWV values. To clarify,
further analysis of mean bias (MAIAC – AERONET) is given in Fig. 5.
The solid line represents the EE envelope of± 15% and red dots are the
mean bias. Overall, we observed that the mean differences of MAIACT
and AERONET observations are close to zero. In contrast, a dry bias
(underestimation) was found in MAIACA retrievals with bias increasing
with atmospheric CWV. Consequently, the percentage of MAIACA re-
trievals falling in the EE envelope is lower than 50% for CWV≥5.0 cm.
These findings are relevant for studies focusing on tropical regions
(high humidity) because it suggests that MAIACT dataset is more sui-
table at high-CWV compared to MAIACA. In addition, Fig. 4 presents the
histogram distribution of mean bias using all collocated data for both
sensor products. Overall, our results show a lower mean absolute bias of

Table 1
Summary statistics of global validation of MAIAC CWV retrievals. These metrics were calculated using all match-ups. The β1 and β0 are the slope and intercept of
linear regression, respectively; and EE is the fraction of retrievals within error of± 15%.

Intervals N β1 β0 R Mean bias (cm) RMSE (cm) RE (%) EE (%)

within above below

TERRA
0–1.0 98,617 0.954 0.085 0.921 0.057 0.96 18.3 58.7 38.0 3.4
1.0–2.0 107,222 1.071 −0.009 0.856 0.094 0.184 11.0 72.9 23.4 3.7
2.0–3.0 53,473 0.952 0.228 0.672 0.112 0.295 10.3 75.4 19.4 5.2
3.0–4.0 20,588 0.909 0.346 0.509 0.036 0.437 10.1 76.4 13.4 10.3
4.0–5.0 8682 1.004 −0.049 0.420 −0.032 0.595 10.6 74.4 11.4 14.2
> 5.0 cm 1807 0.671 1.589 0.264 −0.173 0.743 11.2 73.1 8.5 18.4
All (0–6.0) 290,389 0.991 0.089 0.973 0.075 0.247 13.3 68.8 26.4 4.7

AQUA
0–1.0 89,419 0.858 0.098 0.927 0.012 0.083 14.8 69.6 23.7 6.7
1.0–2.0 96,458 0.948 0.031 0.882 −0.044 0.144 7.8 87.5 3.0 9.5
2.0–3.0 47,385 0.837 0.255 0.736 −0.141 0.217 8.1 85.8 0.8 13.5
3.0–4.0 17,480 0.759 0.491 0.545 −0.331 0.329 10.7 74.6 0.3 25.1
4.0–5.0 7544 0.766 0.467 0.445 −0.565 0.427 13.1 63.4 0 36.6
> 5.0 cm 1573 0.639 1.050 0.363 −0.884 0.511 16.5 46.7 0 53.3
All (0–6.0) 259,859 0.871 0.123 0.979 −0.082 0.187 10.7 79.2 9.4 11.4

Fig. 4. Histogram of mean bias (or difference) between MAIAC (MCD19A2) and AERONET CWV retrievals using all collocated data.
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MAIACT (0.075 cm) compared to MAIACA retrievals (0.082 cm). Both
MAIACT and MAIACA bias distributions are centered near zero. How-
ever, MAIACT shows a small positive bias, while MAIACA bias dis-
tribution is left-skewed towards more negative values. The histograms
approximate a normal distribution (e.g.: symmetrical bell-shaped
curve), but according to the goodness of fit for normality (Kolmogorov-
Smirnov test), it does not follow a normal (gaussian) distribution at the
5% significance level. The overall MAIAC CWV bias is low (<0.1 cm),
with one standard deviation< 0.25 cm.

3.2. Local and regional performance

Fig. 6 shows geographical distribution of MAIAC/AERONET com-
parison statistics. In general, a strong correlation (R >0.95) was found
in 231 (MAIACA) and 221 sites (MAIACT) across the world. These po-
sitive results were mainly observed in the sub-tropical region (see dark
blue dots in Fig. 6a). For few sites, the correlation coefficient was lower
than 0.75 (Belterra (2.65°S, 54.95°W) and Kuching (1.49°N, 110.35°E)).
These AERONET stations are located in the cloudy tropical region,
where the errors of MAIAC cloud detection become noticeable. Further,
we observed low mean biases (up to±0.1) over 126 sites (MAIACT)
and 170 sites (MAIACA). By considering the wide variability of CWV
values (0 to 6 cm), the typical error is quite reasonable for most ap-
plications across the world.

In the local analysis, we also demonstrate that Aqua CWV retrievals
are generally “drier” compared to AERONET observations; negative
mean biases were observed for 208 out of 265 sites. In contrast,
MAIACT CWV retrievals show a positive mean bias over most of
AERONET locations (214 out of 265 sites). These results suggest that
users should expect an underestimation of CWV from Aqua over sub-
tropical (up to −0.25 cm) and tropical (up to −0.75 cm) areas, while
Terra retrievals tend to overestimate the CWV values. In addition, the
RMSE is typically< 0.25 cm over 206 (Terra) and 228 (Aqua) sites. The
particular low RMSE values were observed across North America,
Europe, and Central Asia. The range of RMSE values (Fig. 6c) varies

significantly from sub-tropical (up to 0.3 cm) to tropical sites (up to
0.6 cm). These regional differences are quite expected because the large
variability of water vapor magnitude among regions. Moreover, it
should note that similar RMSE values are often observed for Terra and
Aqua products at the site level despite different mean bias. For example,
MAIAC/AERONET comparison shows an RMSE of 0.093 (Terra) and
0.096 (Aqua) at Valladolid site (41.66°N, 4.71°W).

The EE for each site is mapped in Fig. 6d. Notably, the number of
sites exceeding the EE of 68% is higher for MAIACA retrievals (213
sites) compared to MAIACT (145 sites). This is visually illustrated by the
blue dots (Fig. 6d). As mentioned earlier, MAIAC accuracy varies be-
tween regions (e.g. sub-tropical versus tropical sites), but statistical
metrics should be interpreted with caution, especially in the tropical
region. For example, despite the poor correlation and high RMSE of
MAIAC/AERONET comparison in tropical region (23°N – 23°S), some
sites present a remarkable EE values, such as Balbina (EET= 73.3%),
Bac-Lieu (EET= 74.8%), and CRPSM-Malindi (EET=79.6%). Simi-
larly, we observed that ARM-Manacapuru (3.21°S, 60.59°W) in Amazon
rainforest shows a relatively poor metrics (RMSE is ~0.4 cm and R is
0.774), but the EE value is satisfactory (86.6%). In contrast, there are
other sites with high agreement metrics, but the retrievals do not
achieve the minimum EE (see yellow dots). Therefore, we understand
that it is quite difficult to make a general conclusion, but this local
analysis allows the users to interpret the accuracy of specific regions
and boundary conditions across continents.

Table 2 presents the summary statistics for MAIAC/AERONET
comparison at the regional scale where regions are depicted in Fig. 7.
The number of match-ups varies across regions, ranging from 27,133
(Africa) to 91,730 (Europe). In general, the regional performance of
MAIAC retrievals is good, with a slope of linear regression close to unity
and R higher than 0.92 for all regions. However, we observe that ac-
curacy is regionally dependent (similarly to the local-scale analysis).
For instance, MAIACT showed a better agreement over Oceania, South
America, North America and Europe (EET: 69.6 to 79.9%), while we
observed lower EET values (60.8 to 61.3%) over Africa, Asia, and
Middle East. In contrast, EEA values are satisfactory for all regions
(> 68%), with significant results in the Middle East (85.5%), Europe
(82.4%) and South America (80.2%). These findings suggest that the
expected error could be even lower for these regions (5–10%). Also, it
should be mentioned that the regional results differ between the two
sensors. For instance, the number of retrievals within EE for Terra is
generally lower than EE for Aqua. Over Europe, the mean bias is
0.085 cm for Terra and −0.064 cm for Aqua. Albeit small, these dif-
ferences, combined with the opposite sign of the mean bias for Terra
and Aqua, could increase the uncertainty in the merged CWV product.

3.3. Time series analysis

This section presents the temporal assessment of the MAIAC CWV
retrievals, including the seasonal and long-term monthly averages, and
annual errors for both sensor products. Fig. 8 shows the latitudinal
distribution of water vapor derived from MAIACT (2000–2017) re-
trievals. These latitudinal averages were calculated from cloud-free
CWV retrievals over land. The x-, y- and z-axis represent the months,
latitudes, and CWV values, respectively. We observed an annual CWV of
3.48 ± 0.46 cm for low latitudes (10oS - 10oN) and 0.96 ± 0.43 cm
(MAIACT) for high latitudes (40 - 50o). Also, the variability of water
vapor is clearly different between northern and southern hemisphere
throughout the year. The seasonal variability shows the northward
migration of the Intertropical Convergence Zone (ITCZ) from May to
October, increasing the water vapor content between 10oN and 20oN.
While this analysis shows a globally-average of the water vapor dis-
tribution across the latitude, we also highlight that it varies greatly
across longitude. Some areas, such as Amazon basin in South America,
experience a high CWV (4.0–5.0 cm) for the most part of the year
(Martins et al., 2018a), and other areas in the tropics have a drier

Fig. 5. Mean bias between MAIAC (MCD19A2) and AERONET CWV retrievals:
Terra (a) and Aqua (b). The expected error envelope (± 15%) is shown in solid
lines. Each box edge and whiskers represent the 25–75% and 5–95% of data
with median (black line) and mean (red point). (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 6. Comparison of MAIAC/AERONET CWV retrievals for each site across the world. The statistical metrics are presented for MAIAC Terra (first column) and Aqua
(second column).
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climate, such as Sahara Desert (< 2.0 cm). Therefore, this global eva-
luation provides a “big picture” of the water vapor distribution, re-
inforcing the potential of this new product for understanding the global
climate and atmospheric dynamic.

Fig. 9 shows the global/regional time series and decadal trend of
monthly CWV values derived from MAIACT and MAIACA. The seasonal

and inter-annual variability of water vapor were represented for both
products at global scale, with a global water vapor ranging from 1.2 to
2.5 cm. The inter-annual variability comprises both drifting of the
MODIS calibration and short-term climate events. The climate events
such as La Niña (2008–2009) and El Niño (2010) have a direct impact
on the interannual variability of CWV. For instance, the dry season
(JJA) in Amazon presents a distinct magnitude during these climate
events (see valleys in Aqua retrievals); and East US also shows lower
amplitude in the seasonal pattern of CWV for La Niña years compared
to El Niño. These examples illustrate the climate component influencing
the interannual variability. However, the calibration drift has also a
partial contribution to this temporal variability because it causes an
artificial change in CWV depending on the sensor products. The results
show distinct temporal trends between Terra and Aqua products: the
decadal changes are higher for MAIACT compared to MAIACA re-
trievals, especially in Amazon and China (Fig. 9). We found a significant
upward trend (p < .05) for MAIACT over most regions (except for East
North America), while no significant trend was observed for MAIACA
(p > .05). Also, a gradual change of offset (Terra – Aqua) was observed
throughout the mission lifetime. The results illustrate that the offset
values are typically lower than 0.2 cm between 2002 and 2007, and

Table 2
Regional statistics of comparison between MAIAC (MCD19A2) and AERONET CWV observations. Regions are defined in Fig. 7.

Number of sites N Slope R Mean bias (cm) RMSE (cm) RE (%) EE (%)

within above below

TERRA
North America 65 82,646 1.021 0.978 0.061 0.206 13.6 69.6 25.5 4.9
South America 27 20,700 0.993 0.978 0.037 0.278 10.3 79.8 15.0 5.2
Europe 79 91,730 0.997 0.967 0.085 0.206 12.4 69.9 26.0 4.1
Africa 23 27,133 0.931 0.957 0.087 0.296 14.4 60.8 33.1 6.2
Asia 35 33,797 0.994 0.978 0.082 0.253 17.1 61.0 34.7 4.3
Middle east 10 15,910 0.962 0.927 0.112 0.292 13.9 61.3 33.1 5.5
Oceania 26 18,473 0.966 0.963 0.073 0.365 10.1 79.9 15.3 4.9

AQUA
North America 65 71,463 0.913 0.985 −0.051 0.150 11.4 77.6 12.0 10.4
South America 27 17,453 0.866 0.983 −0.151 0.204 10.0 80.2 5.7 14.1
Europe 79 83,566 0.891 0.977 −0.064 0.152 9.4 82.4 7.7 9.9
Africa 23 24,692 0.831 0.967 −0.105 0.236 10.5 79.0 8.4 12.6
Asia 35 31,510 0.853 0.980 −0.092 0.209 14.2 69.5 16.5 14.0
Middle east 10 14,328 0.817 0.956 −0.055 0.192 8.5 85.5 5.5 9.1
Oceania 26 16,847 0.830 0.972 −0.202 0.269 9.5 81.9 2.9 15.2

Fig. 7. Maps of regions used in the results of Table 2.

Fig. 8. Seasonal distribution of columnar water
vapor (CWV) across latitudes. The latitudinal
average was derived from global MCD19A2 Terra
product over land. The x, y, z-axis represent the la-
titude (50°S –50°N), time (months) and averaged
CWV (cm), respectively. The latitudinal gradient il-
lustrates the variability from tropical region to high
latitudes over time.
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Fig. 9. Time series of monthly mean CWV derived from MAIAC Terra and Aqua over land. The absolute offsets (|Terra – Aqua|) CWV are presented in the bottom of
each panel. The asterisk (*) indicates that calculated trend is significantly different from zero at a 95% confidence level. The bounding box of regions are described by
upper left (UL) and lower right (LR) coordinates: Eastern North America (UL: 44.29°N/100.1°W; LR: 31.16°N/82.96°W), Amazon (UL: 4.24°N/72.96°W; LR: 12.65°S/
48.34°W), Sahara (UL: 30.66°N/10.42°W; LR: 18.19°N/28.25°E), China (UL: 35.49°N/98.86°E; LR: 20.50°N/118.85°E), and Australia (UL: 14.84°S/121.79°E; LR:
32.35°S/145.16°E). Note that y-axis is different for each region.
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then, it increases for most regions during 2008–2017 period. These
findings imply that these products are diverging from each other and
leading to artificial trends in the CWV magnitude over time. Note that
this discrepancy is also seasonally dependent (e.g. East North America),
with larger offsets occurring in the wet season.

The sensor degradation and calibration drift could introduce a sys-
tematic offset in the data products. In this context, further evaluation is
performed using long-term AERONET sites (79) with>15 years of
collocated data. Fig. 10 shows annual mean biases (y-axis) versus time
(x-axis) for both sensor products. We found a systematic upward trend
in MAIACT retrievals, with decadal change of 0.207 ± 0.021 cm
(p < .05). The annual mean bias of MAIACT is negative between 2000
and 2006, and then, it shifts to positive biases from 2007 to 2017. In
contrast, MAIACA retrievals are more stable over time, with a small
change (0.016 cm/decade, p-value< .05). Thus, any temporal analysis
should account for the mentioned calibration trends.

4. Discussion

This study presents a global validation of CWV product from MODIS
C6 MAIAC (MCD19A2). This product was globally evaluated using 265
AERONET sites within 2000–2017 period. While some studies have
evaluated the MAIAC aerosol product (Superczynski et al., 2017;
Martins et al., 2017a; Lyapustin et al., 2018; Mhawish et al., 2019), this
study is the first validation of operational MAIAC CWV (MCD19A2)
product at global-scale. The overall comparison is shown in the Fig. 3
and Table 1 revealing a good agreement between MAIAC/AERONET
observations (R ~ 0.975 and RMSE<0.250 cm). Overall, this perfor-
mance is similar or better than other satellite-derived CWV products (Li
et al., 2003; Raja et al., 2008; Schrijver et al., 2009; Mears et al., 2015;
Wang et al., 2016; Bright et al., 2018). For instance, Diedrich et al.
(2015) show that the standard MODIS water vapor (MOD05) over-
estimates retrievals by about ~20% compared to globally AERONET
observations (2003–2014), with RMSE of 0.335 cm. Lindstrot et al.
(2012) found an RMSE of 0.29 cm for MERIS (Medium Resolution
Imaging Spectrometer) CWV retrievals against AERONET data
(2003–2005). These examples illustrate that MAIAC CWV is also con-
sistent with well-established products, and the overall comparison has
proven the quality of CWV retrievals.

The results show that MAIAC accuracy varies according to the water
vapor magnitude and sensor product (Figs. 5 and 6). We observed an
underestimation of MAIACA retrievals at high-CWV retrievals (dry

bias), while MAIACT retrievals show a near-zero mean bias. The local
analysis shows similar difference between Terra (small positive bias)
and Aqua (negative bias) CWV for most sites (Fig. 6). These findings
highlight the challenges for coupling Terra and Aqua water vapor
products (e.g. Martins et al., 2017b, 2018b). In addition, this study
confirms that the expected error of MAIAC water vapor is about± 15%
(Table 1), with>68% retrievals falling within EE envelope. This
overall accuracy is within the range of standard MODIS L2 product
(Gao and Kaufman, 2003). We observed that MAIAC performance is
also regionally dependent (Table 2) and some regions may have a lower
error (5–10%), such as South America, Middle East, and Europe for
Aqua retrievals. Similarly, several studies have demonstrated a distinct
accuracy of MOD05 product between regions, such as India (Prasad and
Singh, 2009), Europe (Gui et al., 2017), China (Shi et al., 2018). In
general, this variability is driven by the land surface properties, pre-
sence of haze (heavy aerosol), instrument calibration and water vapor
regimes between regions (Kaufman and Gao, 1992; Gao and Kaufman,
2003; Diedrich et al., 2015). Particularly, the spectral change of surface
reflectance in the 0.94 μm region could lead to substantial error on
estimated transmittance, and consequently, on the water vapor re-
trieval. Lyapustin and Wang (2008) evaluated different approaches for
MODIS water vapor retrievals, and they found a lower noise (2–3
factor) in the three-band approach in the narrow interval (0.9–0.94 μm)
compared to five-band approach from Gao and Kaufman (2003). In-
deed, the regional performance is satisfactory (Table 2) and confirms
the ability of MAIAC algorithm to provide reliable dataset across sev-
eral conditions.

The EOS MODIS instruments have successfully operated for almost
two decades, but they have far exceeded their design lifetime (6-year).
The MODIS Characterization Support Team (https://mcst.gsfc.nasa.
gov/) has made an extensive effort to maintain well-calibrated data
over its entire mission (Sun et al., 2012; Toller et al., 2013). However,
due to the long life of these instruments, careful analysis of temporal
offset is relevant to assure the consistency of MAIAC MCD19A2 pro-
duct. The global average of CWV shows a systematic offset
(~0.3–0.5 cm) between Terra and Aqua products (Fig. 9). The larger
discrepancies were observed for humid areas such as Amazon rainforest
(up to 1.0 cm) compared to those in the Sahara Desert (up to 0.4 cm).
The results shown in Fig. 10 revealed a gradual error change of MAIACT
compared to AERONET observations. The decadal change of MAIACT is
about +0.207 cm, shifting from negative (pre-2006) to positive bias
values in recent years. In contrast, MAIACA retrievals are temporally

Fig. 10. Time series of annual mean bias of CWV derived from MAIAC (MCD19A2) versus AERONET records. The y-axis values represent the difference of MAIAC –
AERONET CWV. The number of annual samples is presented in the bottom. Both calculated trends are significantly different from zero at a 95% confidence level.
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stable with a small trend (~0.02 cm/decade). Undeniably, these time-
dependent biases are critical for long-term studies focused on climate
signals, because it could lead to misinterpretation of the temporal
variability, especially in humid regions. While this study did not spe-
cifically investigate the calibration trends, the impacts of sensor de-
gradation and calibration drift are evident in this analysis, especially for
MODIS Terra. In fact, recent studies have evaluated the Terra/Aqua
consistency for aerosol retrievals over time (Levy et al., 2010; Sayer
et al., 2015; Levy et al., 2018). Particularly, Levy et al. (2010) found a
significant trend in Collection 5 Terra AOD retrievals, with an apparent
offset of Aqua retrievals over land. The MODIS Collection 6 reproces-
sing over land has corrected most calibration trends (e.g. Lyapustin
et al. (2014b)), however, that analysis did not involve the MODIS NIR
channels (B17–19) used in the water vapor algorithm. This study re-
veals that further calibration analysis is needed for MODIS B17–19.

5. Summary and conclusions

In this paper, we present a global validation of water vapor derived
from MODIS C6 MAIAC (MCD19A2) over land. This validation gives a
detailed picture of the global and regional performance of MAIAC CWV
using 265 AERONET locations for 2000–2017. We summarize our
findings as follows:

i) Global performance: The new operational MAIAC (MCD19A2)
product derives reliable CWV retrievals for both MODIS Terra and
Aqua products. A strong correlation was found between MAIAC/
AERONET observations (R >0.95 and RMSE<0.25 cm) (Fig. 3).
The expected error of this product was defined as± 15%, with>
68% of retrievals falling within this envelope. We found under-
estimation of CWV from Aqua in humid conditions (dry bias), while
the Terra retrievals are more stable (Fig. 5).

ii) Local and regional variability: The statistics are satisfactory for all
regions, but MAIAC performance is regionally dependent and varies
between two sensors. For instance, the regions such as South
America, Oceania and Europe present remarkable performance in
terms of EE values for Aqua. In the local analysis, we found a dif-
ferent mean bias for Terra (positive) and Aqua (negative) products
in most sites. The RMSE increases with atmospheric moisture and is
typically higher in the tropics compared to the temperate regions.

iii) Time series analysis: A systematic offset (~0.3–0.5 cm) between
Terra and Aqua retrievals was found over the period of 2000–2017.
This discrepancy is larger in the tropical humid region (e.g.
Amazon) compared to the dry areas (e.g. Sahara Desert). The
temporal offset (Terra-Aqua) is stable during 2002–2007, and then,
it increases from 2008 to 2017. We also observed a gradual change
of MAIAC CWV bias over time, mostly in MODIS Terra. These
findings are relevant for the scientific community using MODIS C6
CWV products. The MODIS science team is working on the residual
trend correction to implement in the Collection 6.1 reprocessing.
Finally, this validation shows that MCD19A2 (C6) CWV provides a
reliable dataset for both sensor products over land, and the scien-
tific community can explore a wide variety of applications using
this new operational product.
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