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Abstract: We present the first analysis of water vapour profiles derived from nadir measurements
by the infrared imaging Fourier transform spectrometer GLORIA (Gimballed Limb Observer for
Radiance Imaging of the Atmosphere). The measurements were performed on 27 September 2017,
during the WISE (Wave driven ISentropic Exchange) campaign aboard the HALO aircraft over
the North Atlantic in an area between 37◦–50◦N and 20◦–28◦W. From each nadir recording of the
2-D imaging spectrometer, the spectral radiances of all non-cloudy pixels have been averaged after
application of a newly developed cloud filter. From these mid-infrared nadir spectra, vertical profiles
of H2O have been retrieved with a vertical resolution corresponding to five degrees of freedom
below the aircraft. Uncertainties in radiometric calibration, temperature and spectroscopy have been
identified as dominating error sources. Comparing retrievals resulting from two different a priori
assumptions (constant exponential vs. ERA 5 reanalysis data) revealed parts of the flight where the
observations clearly show inconsistencies with the ERA 5 water vapour fields. Further, a water vapour
inversion at around 6 km altitude could be identified in the nadir retrievals and confirmed by a nearby
radiosonde ascent. An intercomparison of multiple water vapour profiles from GLORIA in nadir
and limb observational modes, IASI (Infrared Atmospheric Sounding Interferometer) satellite data
from two different retrieval processors, and radiosonde measurements shows a broad consistency
between the profiles. The comparison shows how fine vertical structures are represented by nadir
sounders as well as the influence of a priori information on the retrievals.

Keywords: atmospheric remote sensing; water vapour; nadir viewing; limb viewing; infrared;
Fourier-transform infrared spectroscopy

1. Introduction

Satellite instruments observing the upwelling thermal emission of the Earth’s surface
and atmosphere with high spectral resolution are established as important tools for weather
forecast, air quality, and atmospheric research. Well-known space-borne nadir sounders are
the Tropospheric Emission Spectrometer (TES) on NASA’s Aura spacecraft [1,2], the Atmo-
spheric Infrared Sounder (AIRS) on NASA’s Aqua satellite [3–5], the Cross-track Infrared
Sounders (CrIS) flying on the NOAA’s Suomi NPP and NOAA-20 satellites [6] as well as
the fleet of Infrared Atmospheric Sounding Interferometer (IASI) instruments on board
EUMETSAT’s Metop-A, -B, and -C satellites [7–10].

Operated from aircraft, besides dedicated scientific research, nadir instruments serve
as predecessors of their space-borne counterparts as well as for quality assessments dur-
ing validation campaigns. One of the first airborne nadir instruments working in the
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mid-infrared spectral region was the High-resolution Interferometer Sounder (HIS) [11].
Another airborne instrument is NAST-I (NPOESS Airborne Sounder Testbed Interferome-
ter), which showed its capability to measure atmospheric profiles of water vapour, ozone,
carbon monoxide, and the surface temperature [12]. Measurements of ARIES [13] (Air-
borne Research Interferometer Evaluation System); helped to characterize the properties
of clouds [14] and to validate IASI with the observations of water vapour and tempera-
ture profiles [15,16]. A state-of-the-art airborne mid-infrared imaging Fourier transform
spectrometer is the Gimballed Limb Observer for Radiance Imaging of the Atmosphere
(GLORIA) instrument [17,18]. Up to now, GLORIA has mostly been used for measurements
in the limb configuration aboard the high-flying aircraft Geophysica [19,20] and during
several campaigns of the German research aircraft HALO [21–23]. Depending on cloud top
height, GLORIA can measure in limb mode down to 5–6 km. To sound also the atmosphere
below, GLORIA is capable to switch its line of sight to nadir mode on the HALO aircraft,
making it the first airborne instrument with limb as well as nadir observational capabilities.

In this work we present an initial characterization of the capabilities of GLORIA’s
nadir observations on basis of water vapour retrievals from measurements taken over
the Atlantic Ocean in autumn 2017. In Section 2 we present details about the GLORIA
instrument, the cloud filter algorithm and information about the retrieval process as well as
the characterization of the retrieval results including a detailed error estimation. Section 3
is concerned with the nadir measurements during one flight of HALO. The derived cross-
sections of water vapour along the flight track are discussed along with comparisons
to GLORIA limb observations as well as nearby IASI measurements and meteorological
model analyses.

2. Materials and Methods
2.1. GLORIA Instrument

The GLORIA instrument is an imaging Fourier transform spectrometer which analyses
the infrared radiation between 750 and 1400 cm−1. It has a 2-D detector array that simulta-
neously records 48 × 128 interferograms per measurement. To reduce the spectral noise,
the spectrometer is cooled down to a temperature around 220 K [24]. In nadir mode, at an
altitude of 12 km the detector’s total field of view spans approximately 1664 m × 624 m
at ground level. The maximum optical path difference (OPD) of the interferometer can
be set between 8 cm and 0.8 cm which corresponds to a spectral sampling (defined here
as 1/(2 OPD)) of 0.0625 cm−1 and 0.625 cm−1, respectively. The temporal resolution is
13 s for the fine and 2 s for the coarse spectral sampling. Considering the HALO aircraft
speed over ground, the instrument covers a distance of approximately 3.1 km in high
spectral resolution mode (8 cm OPD) at an altitude of 12 km. The gimbal mount of the
instrument provides agility on all three axes which is especially important in case of limb
imaging observations where the detector rows have to be aligned horizontally. During a
measurement in nadir mode, the mount enables the detector to stare at a fixed position
on the surface or to lock the detector parallel to the surface. During the flight analysed
here, the second mode was set since no localized targets of water vapour are expected over
the ocean.

Figure 1 shows the limb and nadir port in the belly pod of the HALO aircraft. For a
more detailed description of the instrument, the characterization of calibrated spectra and
more information on GLORIA’s limb capabilities, the reader is referred to [17,18,25,26].
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(a) Limb port (b) Nadir port

Figure 1. Visual representation of (a) the limb and (b) nadir port in the belly pod below the HALO
aircraft. The ports are indicated by the red arrows.

2.2. Determination of Mean Spectra and Cloud Filtering

For this first analysis of GLORIA nadir observations, we decided to average all cloud-
free spectra of the GLORIA detector array pixels from one interferometer scan to analyse
the best possible case regarding the signal to noise ratio. This approach is justified since all
nadir measurements that are analysed in the following were taken over water where no
significant small-scale variations of the water vapour profile within the detector’s field of
view are expected.

To reduce the cloud influence on these averaged spectra, two different filter ap-
proaches have been applied and their threshold values were optimized for this specific
flight. The first approach analyses interferograms to identify small clouds. The second
approach takes the spectrally averaged radiance of the spectra and compares it to the
expected radiance in cloud-free conditions. This is similar to a cloud detection scheme
used by Allen et al. (2014) [16]. Their approach is based on the difference in the brightness
temperature between an atmospheric window and a non-window spectral region.

The first approach uses the raw interferogram to detect clouds that cross the pixel’s
field of view during the interferogram recording process. This is especially important for
aircraft-based measurements where the cloud scene during interferogram recording may
change rapidly due to the fast aircraft movement. In Figure 2, two interferograms with
different levels of cloud influence are shown. Figure 2a depicts an interferogram with weak
influence and Figure 2b an interferogram which is more strongly influenced by clouds.
By using the median of the interferogram, a decision is made whether the measurement of
a pixel is cloud-free. If more than 10 percent of the interferogram values deviate from the
median by a certain threshold, the spectrum of the pixel is not used for the averaging. This
threshold was determined empirically to ensure that the influence of the clouds is not too
strong, but that sufficient measurements are still available for a valid mean spectrum.

The second filter approach uses the spectrally averaged radiance of each individual
detector pixel to decide whether there is a compact cloud in the pixel’s field of view or
not. This filter is based on the fact that the upwelling infrared radiation from cloud tops is
generally lower than the spectral radiation from the surface. As a result, the spectrum of
the pixel shows lower values above a cloud. With the help of Planck’s law and the ERA 5
surface temperature, a reference value is calculated. If the radiation of the measurement
deviates more than 10 percent from the reference value, the spectrum of the pixel is not
used for the averaging.

After the application of the two filters and for further reduction of the cloud influence
on the measurement and to filter out possible cloud edges, the directly neighbouring pixels
in each direction of cloud flagged pixels are also discarded. An example for the effect of the
filtering algorithm is presented in Figure 3. The continuous white lines between other lines
occur due to problems with the readout electronics during this specific flight. However,
beside slightly worsening the possible noise-reduction by averaging all pixels, this has no
influence on the quality of the measurements.
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Figure 2. Visual representation of the interferogram based cloud filter. (a) shows an interferogram
with a weak cloud influence and (b) an interferogram with a strong influence. Both interferograms
are from different detector pixels for the same measurement. If more than 10 percent of the intensity
values are off the defined boundaries, the measurement of the detector pixel is not taken into account
when averaging.

Figure 3. Exemplary representation of the pixels of the detector field after filtering. The continuous
white lines in the rows are measurement artefacts due to problems with the readout electronics
during the flight.

2.3. Retrieval Process

Retrieval of atmospheric profiles from the nadir spectra was performed with the algo-
rithm KOPRAFIT [27]. It is based on the radiative transfer model KOPRA [28] (Karlsruhe
Optimized and Precise Radiative transfer Algorithm). The applied retrieval approach is a
constrained non-linear multi-parameter fit of the simulated nadir-radiance to the observed
spectra. Atmospheric profiles are represented by the vector of unknowns, ~x, which is deter-
mined in a Newtonian iteration process to account for the non-linearity of the atmospheric
radiative transfer [29]:

~xi+1 = ~xi + (Ki
TS−1

y Ki + R)−1(Ki
TS−1

y (~ymeas − F(~xi))− R(~xi −~xa)). (1)

~ymeas contains the measured spectral radiances of the nadir view, and Sy is the related
measurement noise covariance matrix. F(~xi) denotes the spectra calculated by the radiative
transfer model using the first guess atmospheric state parameters ~xi of iteration number i.
Ki is the Jacobian matrix, i.e., the partial derivatives ∂F(~xi)/∂~xi. R denotes a regularization
matrix and ~xa the a priori information.
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The retrievals are performed at 250 m spaced vertical grid levels. This implies under-
sampling by the measurements and, thus, a vertical constraint is needed to avoid retrieval
instabilities. For the regularization a first-order smoothing constraint R = γLTL with the
altitude-independent regularization parameter γ is used. L is a first order finite differ-
ences operator [30]. To determine the vertical resolution of the retrieved altitude profiles,
the averaging kernel is analysed:

A = (KTS−1
y K + R)−1KTS−1

y K. (2)

From A, the vertical resolution can be determined in terms of the full width at half
maximum of the related row of the averaging kernel matrix. Another approach to determine
the vertical resolution is to divide the grid level distance by the diagonal values of A [29].
K is the Jacobian matrix of the last iteration.

For the retrieval, all nadir measurements of the flight with a maximum optical path
difference of 1.4 cm (0.36 cm−1 spectral sampling) are analysed. In addition to H2O,
its isotopomer HDO, and the trace gases N2O, CH4 as well as the surface temperature
are adjusted independently in the retrieval. It should be mentioned that in the absence of
suitable CO2 lines in the spectral range used, the atmospheric temperature was not fitted
but was taken from the ECMWF ERA 5 data set. All gases are fitted as altitude profiles of
the natural logarithm of the trace-gas volume mixing ratios (log(VMR)). The information
about the initial guess for surface temperature and the temperature profile originate from
the ERA 5 database [31] and are interpolated to the GLORIA nadir point locations. For N2O
and CH4 climatological profiles for the mid latitudes are used as initial guess and a priori
profiles. For H2O two tests are performed: one using the ERA5 profiles as a priori and
initial guess and the second by using an exponential decrease of H2O mixing ratios with
altitude. The HDO a priori profiles are derived from the H2O a priori data by scaling
with the Standard Mean Ocean Water (SMOW) ratio. In addition to the retrieved gases,
CO2 is included in the forward calculation as climatological profile taking into account
the current CO2 value (403 ppmv) during the campaign. For the regularization of the
retrieval a distinct number of degrees of freedom (DOF) is prescribed. Then the gamma-
parameter of the smoothing operator is adjusted during the iteration steps so that the
prescribed DOF-number is reached. For H2O, 5 degrees of freedom are fixed, while for
the other gases 3 degrees of freedom are taken into account. We used the wavenumber
range of 1190–1400 cm−1 which has been shown to be suitable for the retrieval of H2O
from IASI spectra [32,33]. The surface emissivity of the ocean has been prescribed to 0.976
(2564 cm−1) and 0.993 (869 cm−1) according to [34] and has been interpolated linearly
within the analysed spectral window.

2.4. Retrieval Diagnostics

The error estimation is illustrated here for a sample measurement during the aircraft
campaign described below. It was recorded at 41.46°N and 27.9°W about 300 km north of
the Azores from a flight level of 11.76 km at 10:30:40 UTC. The retrieval scheme directly
propagates the spectral noise into the resulting profiles. Typical values for the spectral
noise (noise equivalent spectral radiance, NESR) are derived from the imaginary part of
the interferograms. For the actual case, a value of 5.9 nW (cm−1 sr cm2)−1 for the averaged
spectrum over the selected pixels has been applied.

To estimate the effect of parameter errors on the result, repeated retrieval calcula-
tions have been performed with varying parameters. The effect of radiometric calibra-
tion uncertainties has been modelled by an additive spectrally constant offset error of
30 nW (cm−1 sr cm2)−1 and a multiplicative scaling error of 1% [35]. A temperature error
of 1 K is applied to test its effect on the resulting water vapour profile. To estimate the
influence of spectroscopic uncertainties, an error of 3–15% is assumed for the line intensity
and an error of 20% for pressure broadening [36].

Figure 4a shows the match between the modelled spectrum of the last iteration and
the observed one. In Figure 4b (top), the residual of the two spectra can be seen as a red
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line together with the Root of Mean Squares (RMS) as a black line and the 3-σ range of the
RMS as a black dashed line.

The RMS value of 13.2 nW (cm−1 sr cm2)−1 is about twice as large as the instrumental
NESR. We mainly attribute this to spectroscopic uncertainties affecting the simulated
radiances. For example, the largest residual peak at around 1253.9 cm−1 correlates to
spectral transitions of N2O and CH4. A simulated nadir spectrum taking only into account
H2O lines is shown in the bottom part of Figure 4b and helps to identify H2O signatures in
the measured spectrum displayed in Figure 4b (top)

(a)
(c)

(b) (d)

Figure 4. Retrieval characterization of the H2O profile for the GLORIA nadir measurement at 10:30:40
UTC. (a) measured (black) and fitted (red) spectra, (b) residual difference between measured and
fitted spectrum (top) and the simulated signatures of H2O (bottom), (c) averaging kernel rows and
the a priori and retrieved water vapour profile and (d) different error components and the total
estimated error.

Figure 4c illustrates the rows of the averaging kernel matrix. Some kernels are high-
lighted with colours. With the exception of the averaging kernel for the ground-level, all
coloured kernels reach their maximum near to the associated altitude. The peak of the
ground-level kernel below 1 km indicates that the retrieval results of the ground-level
layers mostly illustrate information from around 1 km [33] and only to a small extent
information from the ground. A lower sensitivity of the retrieval between 2 and 4 km
altitude is indicated by the lack of pronounced peaks of the kernels there. This is caused
by an inversion of the temperature profile in this altitude range. The increase in the tem-
perature error and the scaling error also speak for the temperature as the trigger for the
lower sensitivity.

In Figure 4d different error components and the total estimated error are shown.
The total estimated error is determined as the square root of the sum of the squares of
the individual error components. In contrast to the averaging kernel, the total estimated
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error peaks at an altitude of 4 km. Up to an altitude of 10 km the average of the estimated
total error value is 21%. The noise error is almost constant over the entire profile with an
average value of 1.6%. Near the ground and the top of the measurement the error increases
to values of around 3.2%. In contrast to the noise error, the other errors vary more strongly
over the entire profile. The scaling error reaches a maximum deviation of around 11.8% at
a height of 3.75 km and is around 4.9% below 10 km. In the case of a temperature error,
the maximum deviation is 24.3%. Up to 10 km the temperature error is on average 11.6%
and is more than twice as large as the scaling error. The offset error reaches a mean value of
5% below 10 km. In this special case, the offset error has only a weak influence on the water
vapour profile in the area around 2.25 km. The spectroscopic error leads to an average
error of 14% up to 10 km and dominates the total error below 2.5 km and between 6–9 km.
The spectroscopic error predominates in the layers in which the water vapour changes most
with altitude. In the range from 2.5 to 5.75 km the temperature error predominates, which
can be attributed to the present temperature inversion. An explanation for the increase in
temperature and offset errors above 10 km are the low water vapour values, where even
small differences in those parameters can lead to large relative uncertainties.

2.5. IASI Measurements

The Infrared Atmospheric Sounding Interferometer (IASI) is a remote sensing nadir
instrument which operates on board the Metop satellites. Its goal is to record highly
resolved temperature, water vapour and trace gas profiles. IASI measures in a spectral
range between 645 cm−1 and 2760 cm−1 with a spectral sampling of 0.35 to 0.50 cm−1.

For comparison with GLORIA, we use observations from the Metop-A IASI instrument
in the vicinity of our airborne nadir measurement locations. Results from EUMETSAT as
well as data retrieved at Karlsruhe Institute of Technology (KIT) are shown. While the
EUMETSAT retrieval uses the entire spectral range of IASI, the KIT retrieval uses a spectral
window from 1190–1400 cm−1 [9,10,33].

3. Results
3.1. Flight Data

Based at Shannon Airport in Ireland (52.70°N, 8.86°W), the Wave-driven Isentropic
Exchange Campaign (WISE) took place in September and October 2017. During the flight
on 27 September, GLORIA performed measurements in nadir mode (Figure 5). A total of
902 nadir measurements were recorded with different OPDs during different sections of the
flight. For a consistent data analysis we analyse all of them with an OPD of 1.4 cm. Nadir
measurements were recorded in two regions during this flight (see black dots Figure 5).
The northern region of the nadir measurements is around 50°N and between 20 and 26°W.
The southern region lies around 28°W and between 37 and 43°N.

Figure 5. Flight track of WISE campaign flight F06 on 27 September 2017, colour coded for aircraft
GPS altitude as indicated by the legend. Black dots indicate time slots where GLORIA was operated
in the nadir viewing mode.
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3.2. Cross Sections

Figure 6 displays cross-sections of retrieved and ERA 5 water vapour profiles along the
flight. From the initial 902 nadir measurements, 502 remained after cloud filtering and 439
converged. In Figure 6a the retrieved water vapour profiles are based on always the same
exponential a priori profile (see Figure 4c). Even with this a priori choice, various structures
show up in the retrieval results. For example, the water vapour inversion between 2 km
and 4 km altitude at 10:45 UTC. More realistic a priori profiles are depicted in Figure 6b,
which are the spatially and temporally interpolated ERA 5 data. These profiles serve as a a
priori for the water vapour retrievals in the Figure 6c.

Comparing the three panels in Figure 6 provides indications about the influence of
the realistic ERA 5 a priori on the retrieval results as well as parts of the flight where
information from the observations show clear differences from ERA 5. One example for
the latter are the high volume mixing ratios between 2 and 4 km at around 10:45 UTC in
Figure 6a,c, which are less pronounced in the ERA 5 data. A similar effect is visible around
8:45 UTC at 2 km altitude. On the other hand, the water vapour inversion above 2 km after
10:25 UTC in Figure 6c seems to be imprinted by use of the ERA 5 a priori profiles as well
as the slight inversion around 8:45 UTC between 4 and 6 km.

Other features that are different from the ERA 5 a priori are high retrieved water
vapour volume mixing ratios near the ground. These are most evident in the measurements
in the north. Further areas with higher VMR in contrast to the a priori values can be seen
between 10:40 and 10:50 UTC at altitudes around 12 km.

Figure 6. Cross sections of water vapour VMR profiles. (a) displays retrievals based on an exponential
a priori profile. (b) shows the ERA 5 a priori profiles which are used for the retrievals in (c). The black
lines indicate the observer altitude.

3.3. Comparison of Mean Profiles

Figure 7 displays two map projections indicating the position of GLORIA limb obser-
vations during flight as well as proximate IASI measurements. In addition to the flight
trajectory, the tangent heights of the GLORIA limb measurements can be seen in Figure 7a.
For better recognition the GLORIA nadir points are coloured green in this illustration.
In Figure 7b, the nadir points of the IASI measurements are shown next to the flight path.
The ovals in the map projections indicate the GLORIA and the IASI measurements, which
are selected for a mean profile comparison. Co-located IASI observations have been se-
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lected such that the nadir points are located within one degree of longitude and latitude
from the GLORIA nadir measurements.

A total of 316 GLORIA nadir measurements and ERA 5 a priori profiles, 259 GLORIA
limb measurements and 63 IASI measurements were averaged for the mean profile compari-
son. Figure 8 presents a direct comparison of the mean profiles for the different instruments
and the water vapour profile of the 11:30 UTC radiosonde ascent of the Graciosa station
(39.09°N, 28.03°W). Additionally, the 1-σ variability of the averaged profiles as error bars
and the associated mean a priori profiles are presented in Figure 9. The radiosonde dataset
clearly shows the large variability of water vapour with altitude indicating three major
parts of deviation from a ’smooth’ vertical profile at around 2 km, between 5 and 7 km
and between 8 and 10 km. The second ’best’ observations in terms of altitude resolution
(around 0.5–0.7 km) in this comparison are the GLORIA limb observations. These match
well the dip in H2O mixing ratios between 6 and 8 km while the low values at 8–10 km are
not visible in the mean. However, the variability (Figure 9) indicates, that the radiosonde
values are mostly within the specified range.

The ERA5 reanalysis dataset clearly shows the two lower ‘dips’ at 2 and 5–7 km
altitude while the negative deviation at 8–10 km is only slightly indicated (Figure 9). It is
obvious that the GLORIA nadir retrieval results with ERA5 a priori even with five degrees
of freedom are strongly pulled in the direction of the a priori by the Tikhonov smoothing
operator. The GLORIA nadir observations with smooth exponential a priori profile show
a tendency to lower values between 5 and 7 km as well as an indication of a dip at 2 km.
At 8–10 km, however, there is no sign of a dent in the profile. Above approximately 8 km
altitude both GLORIA nadir retrievals show a positive deviation compared to all other
profiles hinting to an unknown systematic impact (Figure 8). This is also supported by the
low variability of these two profiles at this altitude (Figure 9).

Compared to each other, both IASI retrieval results show similar behaviour. There
is no clear sign of both dips at 5–7 km and 8–10 km. While the KIT retrievals are clearly
smaller between 5 and 7 km than their associated a priori profiles, the EUMETSAT retrievals
are very similar to their a priori across the entire profile. The mean vertical resolution in
the troposphere for the results of the KIT retrieval is 4.4 DOFs. This is slightly smaller than
the 5.0 DOFs for the GLORIA nadir result and may be a reason for the less resolved profile.
In the best case, the EUMETSAT retrieval can have up to 10 DOFs for the entire profile [37].

(a) GLORIA
(b) IASI

Figure 7. Map projection of the GLORIA limb tangent altitudes and the IASI nadir points. The GLO-
RIA limb tangent altitudes in (a) are colour coded. The red dots in (b) illustrate the IASI nadir
positions, while the blue dots indicate the selected IASI profiles. The GLORIA nadir points are
indicated by the green dots. The black ovals indicate the measurements that are used for the mean
profile comparison and the grey star marks the position of the radiosonde launch site.
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Figure 8. Various mean water vapour profiles in vicinity of the southern flight leg (see Figure 7a,b).
The red and blue lines illustrate the mean profiles for the GLORIA nadir retrieval with the ERA 5
and the exponential a priori, respectively. The green line shows the mean profile for the GLORIA
limb retrieval. The purple and ochre-coloured lines depict the IASI retrieval mean profiles from KIT
and EUMETSAT, respectively. In addition, a radiosonde ascent of the Graciosa station on the Azores
is shown in black.

Figure 9. Same profiles as in Figure 8 with 1-σ variability of the averaged profiles as error bars and
the associated mean a priori profile as black dashed lines.

4. Discussion

In this study, we have examined for the first time the capability of the GLORIA
instrument measuring water vapour profiles in the nadir mode on board of the research
aircraft HALO during the WISE campaign. For the selection of spectra unaffected by



Remote Sens. 2021, 13, 3675 11 of 13

clouds in the field-of-view during the time of recording an interferogram, we have applied
a new approach to filter out the cloud influence based on both, the interferograms and the
calibrated spectra.

Due to the application of averaged spectra from each nadir image, the estimated error
caused by spectral noise is a minor contribution in the total error budget of the retrieved
water vapour profiles. The most prominent contributions stem from uncertainties in the
radiometric calibration, the assumed temperature profile as well as the spectroscopy. With a
mean deviation of 11.6% and a peak of 24.3%, the temperature error of GLORIA is in the
same range as the corresponding IASI errors [32,33]. Overall, the mean estimated total error
up to 10 km altitude is 21%. Errors are largest between 2.5 and 5.5 km with a maximum
peak of 28.8% at 4 km. Above 9 km the total error increases again.

The mean profiles of the GLORIA nadir measurements show a good similarity with a
radiosonde ascent of the station Graciosa on the Azores. They even indicate water vapour
inversions at around 2 km and between 6 and 8 km altitude—though overestimating
concentrations above about 8 km. The mean GLORIA limb profile agrees very well with
the values of the radiosonde and even represents the inversion above 6 km. Overall the
two mean IASI retrieval profiles are in line with the radiosonde water vapour values and
the retrieved GLORIA profiles bearing in mind the coarse vertical resolution and the error
uncertainties of the inferred data. However, only the IASI-EUMETSAT profile points at the
water vapour inversion at 2 km, while the inversion around 7 km is not visible.

This study has demonstrated the principal capability of GLORIA to measure H2O
vertical profiles in the nadir observation mode with an overall accuracy of about 21% and
five degrees of freedom in the troposphere corresponding to a vertical resolution of 2–4 km.
In further studies, it would be interesting to examine the influence of a better spectral
resolution on the results since a previous study performed by [38] investigating nadir
sounding with high spectral resolution has claimed total errors of retrieved H2O profiles
around 10%. Future work includes the analysis of GLORIA nadir measurements for other
gases like CH4, N2O and O3. In addition, as only sketched out in this study, a combined,
more interlaced and locally overlapping recording of limb- and nadir spectra should help
to better characterize the 3-D distribution of water vapour and other trace gases from near
the ground up to flight level. Such an option could foster the quality assessment regarding
the validation of satellite instruments.
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