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Abstract. A retrieval algorithm of integrated water vapor content above cloud, using shortwave infrared observations, is de-
veloped and evaluated through idealized and realistic atmospheric profiles, with its application currently limited to oceanic
regions and latitudes within +60°. Water vapor plays a crucial role in cloud formation and development, particularly in the
formation of clouds resulting from convective processes. The resulting convective cloud locally influences the spatio-temporal
variability of atmospheric water vapor content, through exchanges between cloud and its immediate environment. Therefore,
a better understanding of the water vapor content above and around clouds is necessary to improve our comprehension of
interactions between water vapor and cloud to better constrain Large-Eddy Simulations and numerical weather forecasting
models. The algorithm was developed for the Cluster for Cloud evolution, ClImatE and Lightning space mission project. This
mission, scheduled for 2028, aims to enhance our knowledge of the 3D convective cloud development velocities, the electrical
activity associated with convective systems, and the water vapor content above and around the cloud. The retrieval algorithm
presented in this study uses a Bayesian probabilistic approach, the optimal estimation method. The atmosphere is assumed
to be composed of homogeneous plane-parallel layers, and synthetic radiance datasets were generated to test the developed
retrieval algorithm. The feasibility of retrieving the integrated water vapor content above the cloud over the ocean from short-
wave infrared radiances is shown to have, under idealized vertically homogeneous cloud profiles, absolute errors less than 2
kg.m~?2 for optically thick clouds or when the integrated water vapor content is below 20 kg.m~2 and less than 1 kg.m 2
for very thick clouds with an optical thickness exceeding 150. Tests using realistic water vapor and cloud extinction profiles
that present non-homogeneous vertical distributions show that integrated water vapor content above water type clouds could
be retrieved with a Root-Mean-Square Error related to cloud vertical penetration of approximately less than 1 kg.m~2 except
for optically thin and low-level clouds (cloud optical thickness less than 50 and cloud top height less than 2 km). For very low
water vapor content encountered in the presence of high deep convective clouds, the retrieval algorithm tends to systematically
overestimate the retrieved water vapor content due to an overestimation of the cloud extinction profile in the upper part of the

cloud in the inversion model.
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1 Introduction

Clouds play a significant role in Earth’s energy balance, as they can induce a positive or negative radiative forcing whose uncer-
tainty is still important (e.g., Stocker et al., 2013; Masson-Delmotte et al., 2021). Depending on their latitude, characteristics,
altitude and temperature, their radiative forcing can be different (e.g., Ramanathan et al., 1989; Harrison et al., 1990). In fact,
lower tropospheric clouds, which are composed primarily of liquid water, tend to reflect solar radiation at all wavelengths, re-
sulting in a cooling effect (€.g., Fermepin and Bony, 2014), named the parasol effect (€.g., Crutzen and Ramanathan, 2003). In
contrast, solar radiation goes through upper thin tropospheric clouds, such as cirrus but these thin high clouds absorb thermal
radiation from the Earth and re-emit infrared radiation towards space at a lower temperature due to their cold temperature,
thereby enhancing the greenhouse effect (e.g., Jensen et al., 1996; McFarquhar et al., 2000; Lee et al., 2009; Schmidt et al.,
2010). A more detailed description of cirrus type clouds and their effects on the Earth-Atmosphere system can be seen in
Lynch (2002). Deep convective clouds combines both effect as they reflect a significant amount of incoming solar radiation
back into space and emit infrared radiation at a low temperature due to the high level of their top. It is therefore essential to
better understand cloud development in order to accurately assess their radiative impact on the Earth’s energy balance. As an
example, Bony et al. (2015) address the scientific community with several questions aimed at emphasizing the importance of a
better understanding of the role of cloud feedbacks and convective organization on climate, as well as the factors that influence
cloud formation.

Cloud formation and development depend on the amount of water vapor available in the atmosphere. Indeed, at a given
temperature, saturation is reached when the water vapor partial pressure equals the saturation vapor pressure. Water vapor will
then condense either on Cloud Condensation Nuclei (CCN) to form new cloud droplets or on Ice Nuclei (IN), to form new ice
crystals. The latent heat released during water vapor condensation and cloud formation not only disturbs the thermal structure
of the atmosphere (e.g., Trenberth and Smith, 2005; Schneider et al., 2010) but also fuels cloud development through a chain
reaction.

In the free troposphere, humidity influences the dynamical development of clouds through entrainment and detrainment pro-
cesses. Convection processes, in turn, contribute significantly to the redistribution of energy and water vapor in the atmosphere
(e.g., Blyth, 1993). Humidity above and around clouds is therefore an essential parameter in the process of cloud development,
particularly in the case of convective clouds.

Many spaceborne remote sensing instruments have been developed to retrieve water vapor across various spectral domains.
Microwave sounders such as the Sounder for Probing Vertical Profiles of Humidity (SAPHIR) aboard the French-Indian satel-
lite MEGHA-TROPIQUES (e.g., Desbois et al., 2007), or AMSU (the Advanced Microwave Sounding Unit) aboard the NOAA
satellite, make it possible to conduct measurements at all weather conditions and provide either humidity profiles or informa-
tion on total water vapor content at a spatial resolution of 12 km at nadir for SAPHIR (e.g., Rao et al., 2013), 48 km at nadir
for AMSU-A, and 16 km for AMSU-B (e.g., Rosenkranz, 2001; Karbou et al., 2005). Humidity profile retrieval in clear sky
conditions or above thick clouds are also performed by the Infrared Atmospheric Sounding Interferometer (IASI) instrument

operating in the thermal infrared (TIR) with a spatial resolution of 8 km (e.g., Schliissel and Goldberg, 2002; Hilton et al.,
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2012). These instruments give a vertical information on the water vapor content in the atmosphere but their limitation to study
cloud and water vapor interactions lies in their low spatial resolutions and not contiguous pixels, which do not allow for precise
examination of these interactions.

Near-Infrared (NIR) or Shortwave Infrared (SWIR) imagers allow to derive water vapor content at a better spatial resolution
under clear sky conditions through the differential absorption method, either with airborne measurements (e.g., Bouffies et al.,
1997), or from spaceborne sensors such as the POLarization and Directionaly of Earth Reflectance instrument (POLDER:
e.g., Vesperini et al., 1999), the Medium Resolution Imaging Spectrometer (MERIS: e.g., Bennartz and Fischer, 2001), the
MODerate resolution Imaging Spectroradiometer (MODIS: e.g., Gao and Kaufman, 2003) or the Ocean and Land Colour
Instrument (OLCI: Preusker et al., 2021). All of these retrieval algorithms propose parameterizations that link the Total Column
Water Vapor (TCWYV), in kg.m ™2, to the ratio of NIR or SWIR spectral bands within absorbing and non-absorbing channels.
However, in cloudy sky conditions, these parameterizations are no longer sufficient as clouds interact with the measurements.
Indeed, in this particular spectral domain, clouds are not transparent to radiation (as it is in the microwave domain). Moreover,
as clouds do not act as a perfect reflector, radiation penetrates the cloud and gets scattered, effectively extending the radiation
path through the atmosphere and consequently increasing absorption by water vapor or any other absorbing gas. Albert et al.
(2001) demonstrates the feasibility of retrieving water vapor content above cloud in the SWIR domain, over various types
of surface, and in the presence of low and optically thick clouds, applying the differential absorption method to simulations
conducted in the context of the POLDER and MERIS instruments. They demonstrated with simulations that the absorption
of solar radiation within a water vapor absorption band is influenced by the "radiation path", modified by the presence of
clouds. On one hand, multiple scattering increases the path length traveled by radiation, leading to higher absorption by water
vapor and consequently, a higher retrieved water vapor content. On the other hand, the presence of clouds reduces or stops
the influence of lower atmospheric layers, resulting in reduced overall absorption (Albert et al., 2001). They conclude that
retrieving water vapor above cloud is feasible for high values of cloud optical thickness. By adjusting the path in their method
and applying it to POLDER measurements, they report an average root mean square error (RMSE) of 1.8 kg.m~2 over ocean,
as compared with radio-sounding data. (Vidot et al., 2009) conducted a feasibility study using an optimal estimation method
within the framework of the Orbiting Carbon Observatory (OCO) sensor, quantifying various type of errors to demonstrate
the potential for retrieving column-averaged carbon dioxide mixing ratios over liquid water clouds above the ocean. Similarly,
(Schepers et al., 2016) used SWIR measurements from the Greenhouse Gas Observing Satellite (GOSAT) to simultaneously
retrieve the total columns of methane and carbon dioxide above clouds, along with cloud properties.

In this study, the objective is to retrieve the integrated water vapor content above cloud using SWIR satellite observations
with high spatial and temporal resolution over the ocean in the context of the the Cluster for Cloud evolution, CllmatE and
Lightning (C3IEL) mission. The main advantage that can be exploited is the knowledge of the cloud top height retrieved with
good accuracy thanks to the CLOUD radiometers (Dandini et al., 2022). Firstly, in section 2, we provide an overview of the
study’s context, specifically the space mission project C3IEL that contextualizes our work. Then in section 3, we discuss the

method employed in the developed retrieval algorithm. Section 4 shows the sensitivity of the C3IEL water vapor channels to



95

100

105

110

115

120

the integrated water vapor content above cloud (IWWVac). In section 5, the algorithm is tested first under idealized cloudy

atmospheric conditions, then under realistic conditions. Finally, section 6 summarizes the main findings and perspectives.

2 The C3IEL space mission project

The space mission project named as the Cluster for Cloud evolution, ClImatE and Lightning, C3IEL (Rosenfeld et al., 2022)
started in 2016 through a partnership between the French space agency (CNES) and the Israeli Space Agency (ISA). The
mission is under development and is scheduled to be launched at the end of 2028, with a minimum expected duration of
two years that could be extended to three years. Its primary objective is to explore the dynamical development of convective
clouds, including cumulus congestus and cumulonimbus clouds. This will be achieved by gathering data at high spatial and
temporal resolutions. Indeed, the satellites will rotate to track the same scene for 200 seconds and capture a sequence of 11
acquisitions of two simultaneous observations. C*IEL consist of a pair of satellites operating in tandem, distanced by about
150 km following a sun-synchronous orbit at about 1 : 30 PM local time at the equator. The altitude of the orbit is expected
to be between 600 and 700 km. The underlying measurement principle is represented in figure 1. The viewing angles for each
satellite will be approximately +50°, —42°, —32°, —20°, and —7° on each side of the observed scene. Additionally, the first
satellite will include a —55° angle, while the second satellite will include a +-55° angle. Between each sequence of acquisitions,
the satellites will have to return to their initial attitude, which implies a limited number of 4 sequences per orbit. The latitudes
of these observation sequences will be chosen according to climatology of convective clouds. This strategy of observations will
provide (1) the 3D envelope of convective clouds and their vertical/horizontal development velocities (Dandini et al., 2022)
using the visible imagers named CLOUD, measuring at 670 nm with a high spatial resolution (20 m at nadir), (2) the associated
electrical activity generated by convective processes with the instruments Lightning Optical Imager and Photometers (LOIP)
consisting in visible imagers measuring at 777 nm with a spatial resolution of 140 m at nadir and three photometers at 337, 391
and 777 nm and (3) the water vapor content above and around convective clouds using the three shortwave infrared (SWIR)
imagers, with a spatial resolution of 125 m at nadir.

This paper focuses on the development of a retrieval algorithm for the integrated water vapor content above cloud (/W Vac)
from three SWIR water vapor imagers on each satellite. Figure 2 shows the water vapor transmission spectrum in this spectral
range and the three spectral bands selected for the C3IEL water vapor imagers. The first band (1) is a non-absorbing band
centered at 1.04 um; the second band (2) is a moderately absorbing band centered at 1.13 pm; the third one is a highly
absorbing band centered at 1.37 um. These three bands have a spectral width of about 0.04 um.

3 Methodology

This section introduces the retrieval scheme used in our study. It follows an Optimal Estimation Method (OEM) scheme
(Rodgers, 2000), with the aim to get the 1D equivalent cloud optical thickness (C'OT) and the integrated water vapor above

cloud (/WVac). The OEM is a Bayesian statistical approach commonly used in remote sensing in order to estimate at-






