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A B S T R A C T

We used thermal-infrared spectra returned by the Mars Express Planetary Fourier Spectrometer (PFS/MEx) to retrieve atmospheric temperature profiles, surface
temperatures, and column-integrated optical depths of dust and water ice. More than 2,500,000 spectra were processed to build this new atmospheric dataset,
covering the full range of season, latitude, longitude, and local time. The data presented here span more than six Martian Years (from MY 26, Ls= 331°, 10 January
2004 to MY 33, Ls= 78°, 6 December 2015). We present an overview of the seasonal and latitudinal dependence of the above atmospheric quantities for the relevant
period, as well as an assessment of the interannual variability in the current Martian climate. The general effect of suspended dust on atmospheric temperatures
observed during the global dust storm of MY 28 is also presented. Atmospheric temperatures and aerosol opacity were successfully retrieved over cold surface areas
and in the polar regions, including the polar nights. Rather than the aphelion cloud belt, the most prominent feature one can observe in the climatology of the
Martian water ice clouds is the seasonal extent, pattern and thickness of the North polar hoods (NPH), where most of the thickest clouds are observed. The NPH also
shows peculiar features, observed in detail here for the first time, with characteristic spatial and seasonal patterns that repeat very similarly every Martian year. By
exploiting PFS/MEx capability to perform observations at different local times (LT), this dataset allowed the characterization of how dust and ice cloud optical depths
vary throughout the day on Mars. We present observations of the dust daily cycle during non-dusty seasons; the daily variation of water ice opacity in the aphelion
cloud belt; and the diurnal variation of the North and South polar hoods. With unprecedented spatial and temporal coverage and details revealed, this dataset offers
new challenges to the Martian global circulation models and, at the same time, a new reference for the MYs complementary to those observed by previous orbiters.

1. Introduction

The state of a planetary atmosphere can be described by the inter-
dependence of the temperature, pressure and density as a function of
the altitude. The knowledge of the vertical temperature profiles is es-
sential for an understanding of the dynamical, thermodynamical, and
chemical processes occurring in the atmosphere. In addition, suspended
aerosols such as dust and water ice, which are very variable in the
Martian atmosphere, strongly affect the radiative transfer, with sig-
nificant impact on the atmospheric density and temperature, and in-
fluence on the large-scale dynamics (e.g., Medvedev et al., 2011; Clancy
et al., 2017; Barnes et al., 2017). Thermal infrared observations of the
15-μm CO2 band are commonly used to retrieve atmospheric tem-
peratures at different levels within the atmosphere by exploiting the
variation in known optical depth as a function of wavelength across the

band. Several instruments have successfully used this approach to re-
trieve atmospheric temperature profiles, including the InfraRed Inter-
ferometer Spectrometer (IRIS) on Mariner 9 (Conrath et al., 1973), the
Thermal Emission Spectrometer (TES) on Mars Global Surveyor (MGS)
(Conrath et al., 2000; Smith, 2004), the Mars Climate Sounder (MCS)
on Mars Reconnaissance Orbiter (MRO) (Kleinböhl et al., 2009), and
the Planetary Fourier Spectrometer (PFS) on Mars Express (MEx)
(Grassi et al., 2005; Wolkenberg et al., 2018). Wide-band infrared ob-
servations covering the 15-μm CO2 band can also be used to infer
temperature representative of atmospheric layers around 0.5mbar
pressure level. Examples are the InfraRed Thermal Mapper (IRTM) on
Viking Orbiter (Martin and Kieffer, 1979; Wilson and Richardson,
2000) and the THermal EMission Imaging System (THEMIS) on Mars
Odyssey (Smith et al., 2003). The amount of aerosols suspended in the
atmosphere is preferably described by the vertical density profiles of
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the suspended particles. Inversion techniques have been developed and
applied to limb-geometry observations by the SPectroscopy for the In-
vestigation of the Characteristics of the Atmosphere of Mars (SPICAM)
(Rannou et al., 2006), TES (Clancy et al., 2010; Guzewich et al., 2013),
the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM)
(Smith et al., 2013), and MCS (Kleinböhl et al., 2009, 2011), as well as
stellar occultations by SPICAM (Montmessin et al., 2006), to derive
information on the vertical distribution of dust and water ice aerosols
on Mars. When vertical profiles could not be retrieved, the column-
integrated optical depth at given wavelength is provided. This quantity
describes the atmospheric opacity in specific wavelengths due to the
presence of the suspended aerosols. When the radiance observations are
obtained by nadir-viewing instruments, the column-integrated optical
depth is the typical product of dust or water ice retrievals, such as those
for TES (Smith et al., 2000; Pearl et al., 2001), THEMIS (Smith et al.,
2003), and CRISM (Wolff et al., 2009; Douté et al., 2013) observations,
as well as those for PFS (Grassi et al., 2005; Zasova et al., 2005;
Wolkenberg et al., 2018), SPICAM (Perrier et al., 2006; Mateshvili
et al., 2009; Willame et al., 2017) and OMEGA (Määttänen et al., 2009;
Madeleine et al., 2012; Douté et al., 2014) nadir observations from the
Mars Express orbiter.

Currently, several datasets of atmospheric parameters, collected in a
variety of different ways, are available for Mars. Data returned by or-
biting spacecrafts can usually be collected systematically on a global
scale and provide the most complete datasets. Atmospheric tempera-
tures and aerosol opacities have been consistently retrieved for several
Martian years from remote-sensing infrared observations by TES (from
Ls ~ 100° of MY 24 to Ls ~ 80° of MY 27; Smith, 2004, 2008), THEMIS
(still collecting data since Ls ~ 330° of MY 25; Smith, 2009), and MCS
(still collecting data since Ls= 111.3° of MY 28; McCleese et al., 2010).
These datasets, combined with ever more accurate global circulation
models, have allowed us to improve our understanding of the main
physical processes that control the current Martian climate, circulation,
and dynamics. However, these datasets are highly heterogeneous, as
they have been created using data from different instruments having
different geometric views, spatial and temporal coverage, as well as
different observing wavelengths (e.g., Montabone et al., 2015), making
the quantitative comparison of the retrieved quantities by the different
instruments in the different Martian years more difficult. Each dataset
has also different limitations, being either temporal, spatial, or vertical
limitations. TES retrievals cover only two full Martian years (Smith,
2004, 2008). THEMIS retrievals of atmospheric temperatures rely on a
single band which is representative of a wide range of heights centred at
about 0.5 mbar (Smith, 2009). MCS limb retrievals have the advantage
of allowing the retrieval of vertical profiles of temperature and aerosols
up to ~80 km, but have the disadvantage of not being able to observe
the first kilometres above the ground, the lowest altitude depending on
the angle of observation and the amount of suspended aerosols
(Kleinböhl et al., 2009). As a consequence, e.g., the MCS dust profiles
cannot be retrieved down to the surface, and the dust in the un-re-
trieved part of the profile can account for a significant fraction of the
total dust column (Montabone et al., 2015). In addition, a common
limitation of the above datasets is that they have a very discrete cov-
erage in local time, due to the choice of orbit geometry. MGS and MRO
have Sun-synchronous polar orbits, which allow observations at two
fixed local times (except when crossing the poles), namely 2:00 AM and
2:00 PM for MGS, and 3:00 AM and 3:00 PM for MRO. The local time of
the THEMIS observations is also quite limited, being typically between
4:00 and 6:00 PM (Smith, 2009).

In this paper, we present the new dataset of atmospheric tempera-
ture profiles, surface temperatures, and column-integrated dust and
water ice retrievals by PFS. More than 2,500,000 spectra have been
processed to build this new dataset, covering the full range of season,
latitude, longitude, and local time for more than six full Martian years.
PFS performed observations at all local times, allowing detailed in-
vestigation of the daily variation of suspended dust and ice.

Atmospheric temperatures and aerosols opacity are also successfully
retrieved over cold surface areas and in the polar regions, including the
polar nights, where most of the previous datasets suffered limited re-
trieval capability.

2. PFS dataset and retrievals

The Planetary Fourier Spectrometer (PFS) (Formisano et al., 2005)
on Mars Express (MEx) (Wilson and Chicarro, 2004) has been observing
the Martian atmosphere since January of 2004, Ls= 331.18° of MY 26.
It has now provided nearly continuous monitoring of conditions in the
Martian atmosphere for over seven full Martian years and it is still
performing measurements at the time of writing. PFS is a double-pen-
dulum infrared Fourier spectrometer optimized for atmospheric studies.
It has two distinct spectral channels operating simultaneously and
covering the wavenumber range between 200 and 2000 cm−1 (Long
Wavelength Channel, hereafter LWC) and 2000–8300 cm−1 (Short
Wavelength Channel, hereafter SWC). Both channels have a sampling
step of 1 cm−1 and a spectral resolution of ~1.3 cm−1, when no apo-
dization function is applied, and ~1.8 cm−1 when Hamming function is
applied to the measured interferograms (as in the case of the present
work). The MEx spacecraft is orbiting Mars in a polar orbit having an
inclination of 87°, a pericentre altitude of ~240 km and an orbital
period of ~7.5 h. The instantaneous field of view (IFOV) is about 1.52°
(Full Width Half Maximum, FWHM) for the SWC and 2.69° (FWHM) for
the LWC, which corresponds to a spatial resolution of, respectively, 6.5
and 11.5 km at the pericentre. Additional details about the PFS design,
specifications, and operation may be found in Formisano et al. (2005).
The spectral and radiometric calibration procedure for both channels
has been discussed in detail by Giuranna et al. (2005a, 2005b). The
current PFS calibration pipeline makes use of the instrumental phase-
based method for Fourier transform spectrometer measurements pro-
cessing recently developed by Saggin et al. (2011).

Thermal-infrared spectra returned by PFS LWC are well suited for
retrieval of the thermal structure of the atmosphere from the surface to
about 60 km, as well as of the column-integrated optical depth of sus-
pended dust and water ice. The infrared spectrum of Mars can be ideally
divided into two parts: the shorter wavelengths dominated by the re-
flected solar radiation, and the longer wavelengths dominated by the
thermal radiation emitted by the atmosphere and the surface of the
planet. In the case of Mars, the boundary of these two regions is near
3 μm. The SWC and LWC channels of the PFS instrument practically
correspond to these two parts of the Martian infrared spectrum
(Giuranna et al., 2005a, 2005b). The PFS LWC is particularly useful to
retrieve key atmospheric parameters. Indeed, information on vertical
temperature profiles in Martian atmosphere can be retrieved from
measurements of the thermal radiation emitted by the planet in the
spectral range corresponding to the main absorption band of the gas-
eous CO2 (the main constituent of the Martian atmosphere, with ~95%
of abundance), which is centred around 667 cm−1 (15 μm). The wide
absorption bands of dust and water ice centred around 1075 cm−1

(9.3 μm) and 825 cm−1 (12 μm), respectively, can be effectively used to
derive integrated optical depths. Moreover, the atmosphere of Mars is
particularly transparent around two spectral regions, centred at
~300 cm−1 and ~1300 cm−1, which are then particularly convenient
for the retrieval of surface temperatures.

The atmospheric parameters presented in this work were retrieved
by means of the algorithm for the scientific analysis of individual ca-
librated PFS LWC measurements originally developed by Grassi et al.
(2005). Here we used an improved version of the original algorithm,
described in Wolkenberg et al. (2018). The improved algorithm makes
use of the optimal estimation method coupled with the Bayesian ap-
proach (Levenberg, 1944; Marquardt, 1963; Rodgers, 2000), and has
been optimized for the retrieval of dust and ice opacity during strong
dust storms and in the aphelion cloud belt (Wolkenberg et al., 2018).
Our retrieval scheme exploits the entire range 275–1300 cm−1 to
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perform simultaneous, self-consistent retrieval of the following atmo-
spheric parameters (state vector elements): (a) surface temperature; (b)
air temperature profile; (c) integrated dust content; (d) integrated water
ice content.

The computation of synthetic spectra to be compared (best-fit) to
the PFS observations relies on the DISORT solver implemented in the
ARS code, which was specifically developed for the analysis of PFS
spectra (Ignatiev et al., 2005). DISORT (Discrete Ordinates Radiative
Transfer Program for a Multi-Layered Plane-Parallel Medium) is a
general and versatile plane-parallel radiative transfer program applic-
able to problems from the ultraviolet to the radar regions of the elec-
tromagnetic spectrum (Stamnes et al., 1988), which include a full
treatment of atmospheric multiple scattering by suspended particles.
Standard Mie theory (e.g., Bohren and Huffman, 1983) is used to cal-
culate single-scattering quantities (e.g., single scattering albedo, ex-
tinction cross-section, etc.) of suspended ice and dust to be used as
input parameters for ARS. For water ice, we use optical constants from
Hansen et al. (1997) and Hansen (2005) and size distribution from
Wolff and Clancy (2003). For dust, we use optical constants from
Hansen (2003, 2005) and size distribution from Clancy et al. (2003).

We use HITRAN 2012 (Rothman et al., 2013) as spectroscopic database
for the calculation of the gaseous absorption coefficients. The synthetic
spectra are obtained by performing the line by line computation and
then filtering the result with the PFS instrumental line shape (ILS;
Giuranna et al., 2005a). Hamming apodization is applied to the PFS
interferograms. It is common practice in Fourier transform spectroscopy
to multiply the measured interferogram by an apodizing function in
order to reduce the amount of ringing present in the resulting ILS (Davis
et al., 2001). This reduces the spectral resolution a bit (from ~1.3 cm−1

when no apodization function is applied, to about 1.8 cm−1 when
Hamming function is applied to the interferograms, in the case of PFS),
but also reduces the instrumental noise and the magnitude of the side-
lobes in the instrumental line shape, which are a direct result of the
finite maximum optical difference in the measured interferograms
(Naylor and Tahic, 2007). The PFS ILS, both for the apodized and un-
apodized cases, was measured in laboratory by pointing PFS to a
monochromatic source (a mercury lamp) for different temperatures.
The final result is a function of slightly asymmetric sin-cardinal type
(Giuranna et al., 2005a).

The typical quality of PFS spectra modelling for different thermal

Fig. 1. Zonal-mean atmospheric temperatures at 0.5 mbar (top), integrated dust opacity at 1075 cm−1 (9.3 μm) (middle), and integrated ice opacity at 825 cm−1

(12 μm) (bottom), as a function of latitude and season for different Martian years. The dust opacity is normalized to a reference pressure level of 6.1 mbar.
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conditions of the atmosphere is presented in Giuranna et al. (2008).
Uncertainty in the retrieved atmospheric temperatures is typically ~1 K
in the ~10–30 km altitude range, and larger (1–4 K) at lower and higher
altitudes. The relatively high spectral resolution of PFS allows the de-
tection of several different thermal gradients in the atmosphere, as
shown by the effective modelling in the same spectrum of absorbing
and emitting Q-branches inside the 15-μm CO2 absorption band (Fig. 1
in Giuranna et al., 2008). Noteworthy, the relatively high sensitivity of
PFS allows the retrieval of the above-mentioned atmospheric para-
meters also over cold surfaces and in the night side, including the polar
regions and the polar nights. Examples of PFS spectra of the polar night
atmospheres in selected regions and are provided in the Appendix. PFS
spectra acquired over the ACB and during the MY 28 GDS are also
shown in the Appendix. Examples of PFS spectra modelling by the
improved retrieval algorithm during global dust storms and for dif-
ferent loads of atmospheric dust can be found in Wolkenberg et al.
(2018). These authors also investigated the retrieval uncertainty for
aerosols opacity and found it is mainly related to the values of the
surface temperature. Namely, larger uncertainty is observed for low
surface temperatures (or, equivalently, for low signal-to-noise ratio
spectra), as one would expect. An in-depth analysis revealed that the
PFS dataset can actually be divided in two sub-datasets, based on the
surface temperatures. The temperature threshold is found to be 220 K
for dust and 210 K for ice. In the “warm regime”, the typical single-
retrieval uncertainty ranges from ~0.02–0.06 for dust, and is around
0.01 for water ice (Wolkenberg et al., 2018). In the “cold regime”, the
typical single-retrieval uncertainty is ~0.11 for dust, and 0.06 or lower
for water ice (Wolkenberg et al., 2018).

3. Results

In this section we present the dataset of atmospheric parameters
retrieved by PFS for> 6 full MYs. We used PFS data collected from
Ls=331° of MY 26 (January 10th 2004) to Ls= 78° of MY 33
(December 6th 2015) to derive surface temperatures, vertical tem-
perature profiles, and integrated dust and ice content in the Martian
atmosphere. The zonally-averaged values of atmospheric temperatures
at 0.5 mbar (~25 km), as well as of dust and ice opacity as a function of
season (Ls) and latitude are shown in Fig. 1. The data were binned in 5°
Ls× 1° latitude bins. The dust opacity is normalized to a reference
pressure level to eliminate the effect of topographic inhomogeneities.
Each retrieved opacity value is divided by the surface pressure at the
appropriate location, local time, and season, and then multiplied by
6.1 mbar (often considered as the mean Martian surface pressure), the
value used for the reference pressure level. For the surface pressure we
used PRES0, a routine provided with the Mars Climate Database (MCD
v5.2; Millour et al., 2015; Forget et al., 1999), which makes use of high
resolution (32 pix/deg.) MOLA topography to estimate the surface
pressure with high accuracy. White areas in Fig. 1 indicate observa-
tional gaps (lack of data) caused by different reasons during the various
years of MEx operations, including spacecraft safe modes, spacecraft
mass memory issues, solar conjunctions, eclipse seasons, and other
MEx- and PFS-related temporary issues.

Repeatable patterns are observed every year for each of the re-
trieved quantities. The northern spring and summer (Ls= 0–180°, also
referred to as the aphelion season since aphelion (Ls= 71°) occurs near
the northern summer solstice (Ls= 90°)) are cool, relatively dust free,
and with extensive water ice clouds occurring every year (Fig. 1). On
the contrary, the southern spring and summer (Ls= 180–360°) are
warm and dusty, relatively ice free (except for the polar hoods), and
with regular occurrence of regional dust storms. The reduced insolation
during the aphelion season, which is a consequence of the increased
distance of Mars to the Sun due to the eccentricity of its orbit, is a
primary driver of the overall cooler seasonal climate. Wolkenberg et al.
(2011) compared atmospheric average temperature profiles retrieved
by PFS to those retrieved by TES during the overlapping period and

spatial coverage (the two instruments operated simultaneously from
Ls= 331° of MY 26 to Ls= 84° of MY 27) and found an overall good
agreement. In particular, at the 50 Pa pressure level, temperature dif-
ferences were mostly within the 1-σ deviation and always within± 5 K
between 40° S and 40° N latitude.

One of the most striking features we can observe in Fig. 1 is the
large increase of the atmospheric temperatures (top panel) during the
southern spring and summer of MY 28, when a global dust storm oc-
curred. In this period, the zonally-averaged atmospheric temperatures
at 0.5mbar (~25 km), an altitude at which the temperature response to
dust aerosols is particularly evident (Smith, 2004), are up to 30 K
warmer than in the other years observed by PFS (top panel of Fig. 1).
Moreover, during the global dust storm of MY 28, the maximum of dust
activity occurred between 270° and 305° of solar longitude, much later
than in the other Martian years (middle panel of Fig. 1). In this period,
high amounts of dust persist over most of the tropical and sub-tropical
regions, and the maximum zonally-averaged dust opacity exceeds 2.

Regional dust storms occur regularly every Martian year. The
strongest regional-scale dust event is observed in MY 29, when large
(> 0.7) zonally-averaged dust opacity is observed, especially at sub-
tropical latitudes and during the seasonal range Ls= 220–260° (middle
panel of Fig. 1). Wolkenberg et al. (2018) compared dayside, zonal-
mean dust opacities obtained from TES and PFS and found good con-
sistency between opacities obtained from the two instruments, most of
the retrievals being distributed within the combined standard devia-
tion. The same authors made use of the same dataset of atmospheric
parameters as presented in this work to characterize the dust activity on
Mars from MY 27 to MY 32, as well as its effects on the atmospheric
temperatures and circulation.

The bottom panel of Fig. 1 shows the seasonal and latitudinal de-
pendence of water ice cloud optical depth as observed by PFS for dif-
ferent Martian years. The most prominent seasonal features that are
observed every year are the polar hoods in middle to high latitudes of
both hemispheres, and the aphelion cloud belt (ACB) at low latitudes.
Mars' polar hoods were observed in the past mainly by ground-based
telescopes, providing limited information about the spatial and seasonal
extent as well as of the involved processes in their formation (James
et al., 1990; Martin et al., 1992; Akabane et al., 1993). Observations of
the south polar hood (SPH), in particular, were spoiled by Mars being
tilted away from Earth during the fall and winter seasons (Martin et al.,
1992; James et al., 1990). Early spacecraft observations from Mariner 9
and Viking orbiters were also quite limited (James et al., 1992). TES
and MOC instruments on the Mars Global Surveyor made observations
of both the north polar hood (NPH) and the SPH. However, both da-
tasets were restricted to± 60° N latitude during fall and winter seasons
due to either the difficulty in obtaining ice retrievals over a cold surface
(Smith, 2004), or the absence of sunlight within the terminator circles
and the difficulty of distinguishing clouds from the bright icy surfaces
(Wang and Ingersoll, 2002; Benson et al., 2006). PFS retrievals of water
ice cloud optical depth presented in bottom panel of Fig. 1 cover the full
seasonal and latitudinal range for more than six consecutive Martian
years and allow us to establish the detailed spatial and seasonal extent
and patterns of the polar hoods, as well as to investigate the processes
involved in their formation. The NPH shows peculiar features, de-
scribed in detail in the next section, with characteristic spatial and
seasonal patterns that repeat very similarly every Martian year.

The ACB is a water ice cloud band that encircles Mars longitudinally
at latitudes ranging from about 10° S to 30° N during the northern
spring and summer (Ls= 0–180°; aphelion season). The ACB forms
when water vapour sublimated from the north polar cap reaches the
tropics and is incorporated into the upwelling branch of the solsticial
Hadley cell, becoming saturated at relatively low condensation levels
compared to those at the perihelion season when atmospheric tem-
peratures are warmer (Clancy et al., 1996; Richardson et al., 2002;
Montmessin et al., 2004). The ACB is an important component of the
current Martian climate system, playing a key role in the seasonal
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evolution of the water vapour cycle (Richardson et al., 2002) by con-
trolling its cross-equatorial transport (Montmessin et al., 2004), and in
the atmospheric and surface thermal structure through its radiative
effects (Wilson et al., 2007, 2008; Madeleine et al., 2012). The aphelion
cloud belt is observed by PFS every year. The large dependence of the
ice opacity with the local time (see below) is the main reason for the
seemingly large inter-annual variation of the ACB (bottom panel of
Fig. 1). The south polar hood is often connected by a narrow filament to
the ACB during its period of maximum optical depth. Two different
seasonal “links” between the south polar hood and the ACB are ob-
served in MY 32 (bottom panel of Fig. 1).

3.1. Climatology of water ice clouds

The seasonal and latitudinal variation of water ice cloud optical
depth as observed by PFS is shown in Fig. 2. Data collected from all
observed Martian years were binned in 5° Ls× 1° latitude bins. From a
climatological point of view, the Martian atmosphere outside the polar
regions is characterized by relatively-low column-integrated ice opacity
from late summer (Ls=~150°) to the end of the year. In contrast to
what has been reported by previous analyses of different datasets, the
most prominent feature one can observe is the seasonal extent, pattern
and thickness of the North polar hoods, rather than the ACB. Moreover,
the polar hoods are observed all year round by PFS in both polar re-
gions, although they show very different characteristics.

The NPH exhibits larger opacities and always extends to the pole,
while the SPH is an optically thinner annular ring that basically follows
the climatological latitudes of the seasonal (water) ice cap edge. This is
in good agreement with both observations by MCS and atmospheric
simulations (Benson et al., 2010, 2011; Montmessin et al., 2004;
Navarro et al., 2014) and is due to the fact that the southern winter
hemisphere is much dryer than its northern counterpart, combined with
a less efficient supply of water vapour to the southern polar region
(Montmessin et al., 2004; Navarro et al., 2014). Typical zonally-

averaged NPH optical depth values throughout the year range from 0.1
to 0.7, with peak opacities larger than 0.8 consistently observed each
Martian year in specific areas and seasons. In particular, the largest
climatological opacities (up to 1.0) are observed over a latitudinal
stripe between ~65–85° N during most of the fall and winter seasons
(210–330° Ls). Large cloud opacity is also observed around the north
pole in correspondence with the beginning of the northern seasonal
frost deposits, especially between 130 and 160° of solar longitude.
Zonally-averaged optical depth values of the SPH vary typically from
0.1 to 0.4. Peak opacities up to 0.6–0.7 are consistently observed at two
specific seasonal ranges: 180–205° Ls and 330–360° Ls, during which
the SPH also extends to the south pole (Fig. 2). This is in remarkably
good agreement with recent MCS observations in limb sounding geo-
metry (see Fig. 1e and q in Benson et al., 2010).

The extent of the polar hoods varies with the season. Their
boundaries always exceed those of the seasonal CO2 polar caps in either
hemispheres (Fig. 2), and rather follow those of the seasonal annuli of
water ice observed in both hemispheres by several instruments
(Wagstaff et al., 2008; Kuzmin et al., 2012; Bapst et al., 2015). In Fig. 3
we show the spatial distribution of water ice clouds throughout the
whole Martian year, in bins of 30° of solar longitude. Data collected
from all observed Martian years were binned in 5° longitude× 3° la-
titude bins. In both hemispheres, the maximum extension is observed
around the respective winter solstices, when the SPH boundary reaches
~25° S and the NPH extends down to ~35° N latitude (Fig. 2). How-
ever, in proximity of the solstices, the polar hoods also show lower
opacity. In particular, low SPH opacities are observed in the seasonal
range 50–140° Ls, which corresponds to the period of maximum activity
of the aphelion cloud belt (Figs. 2 and 3c–e). In this period, little water
vapour is available in the southern polar region, as the southward
transport of water forms the low-latitude cloud belt instead of being
transported to the southern hemisphere (Clancy et al., 1996;
Richardson et al., 2002). The opacity at the edges of the NPH (ex-
ceeding the edges of the seasonal CO2 polar caps) also reduces

Fig. 2. Seasonal and latitudinal variation of zonal-mean water ice opacity observed by PFS. Data collected from all observed Martian years (Fig. 1) were binned in 5°
Ls× 1° latitude bins. The black curve shows the climatological latitude of the seasonal CO2 polar cap edges (Titus, 2005; Titus and Cushing, 2014).
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substantially around the winter solstice, from 220° to 280° of solar
longitude (Fig. 2), likely due to a significant reduction in wave activity
(Montmessin et al., 2004). Thick ice clouds are always observed over
Hellas basin during most of the northern spring and summer season
(from 30° to 150° of solar longitude) and especially along the northern
rim of the crater (Fig. 3b–e), while ice clouds form over Argyre basin
during most of the northern spring (Fig. 3a–c). The ACB is observed by
the PFS in every Martian year. It reaches peaks in optical depth and
extension around Ls= 100°, and gradually dissipates after Ls= 140°
(Fig. 3a–g). The latitudinal extend of the ACB (approximately from 10°
S to 30° N) coincides with the boundaries of the overturning circulation
and its decay is due to an increase of atmospheric temperature at low
latitudes and to the transition towards a weaker equinox circulation.

The NPH shows peculiar features, with characteristic spatial and
seasonal patterns that repeat very similarly every Martian year. Large
opacities (> 0.5) are always observed at latitudes> 80° N, from the
summer solstice (Ls= 90°) until the vernal equinox (Ls= 360°) (Figs. 2
and 3d–n). From 270° to 360° Ls, the whole polar region is covered with
optically-thick water ice clouds (Fig. 3l–n). However, one can also ob-
serve a region where practically no ice clouds form during the entire
northern fall (Fig. 2). This “cloud-free” region is observed every Mar-
tian year between 170° and 280° Ls (Figs. 1 and 2). It is always ~60-
degrees of solar longitude wide but moves latitudinally towards lower

latitudes as the season advances (Fig. 2). It is first observed around 170°
Ls and 75° N (Fig. 3f). Then, it gradually extends to lower latitudes with
the season (Fig. 3g–h), down to ~50° N in the seasonal interval
220–280° Ls (Figs. 2 and 3h–i). A similar feature was identified in the
zonally-averaged ice opacity retrieved by TES over the northern polar
region (Horne and Smith, 2009).

At the moment, we do not have any straightforward explanation for
the NPH features observed by PFS. The agreement between water ice
opacities observed by PFS and predicted by Martian GCMs is generally
good. In particular, the absolute opacities and seasonal variations of the
ACB and the SPH observed by PFS are well reproduced by the models
(e.g., Montmessin et al., 2004). However, the absolute opacities and,
most importantly, the characteristic spatial and seasonal patterns of the
NPH observed by PFS cannot be reproduced by current models, in-
cluding recent implementations with improved microphysics and ra-
diatively active ice clouds (Navarro et al., 2014; Neary and Daerden,
2017). Benson et al. (2010, 2011) used MCS observations in limb
sounding geometry to investigate the Mars' polar hoods and found that
the cloud optical depth is more strongly controlled by atmospheric
temperature variations rather than by intrinsic fluctuations in water
vapour abundance. These authors suggested that NPH clouds were
primarily controlled by the temperature structure and formed at the
water condensation level. Interestingly enough, MCS observed a sudden

Fig. 3. Spatial maps of water ice optical depth measured by PFS at different seasons. The calculations were made using bin sizes of 3° latitude, 5° longitude, and 30°
Ls. Data collected from all observed Martian years (Fig. 1) were used. MOLA topographical contours between −8 km and 20 km altitude (for altitude steps of 2 km)
with respect to mars aeroid are superimposed (black contours). The colour scale is the same as in Fig. 2. Repeatable patterns are observed every Martian year. Note
the region where no ice clouds form in the NPH during the northern fall (panels f to i). Note also the strong decrease of SPH opacity in correspondence of the period of
maximum activity of the aphelion cloud belt (panels c to e). See text for more details. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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decrease of cloud optical depth and a much poleward confinement of
the NPH soon after Ls= 210°, which then persisted for several tens of
degrees of solar longitude. This is in remarkably good agreement with
PFS observations (Figs. 2 and 3) and was interpreted as due to increased
atmospheric temperatures caused by dust storm activity regularly oc-
curring in this period. MCS also observed ice-free regions associated to
the descending branch of the Hadley circulation, which were inter-
preted as due to both the adiabatic warming in the descending branch
as well as the desiccation of the atmosphere in the ascending and
poleward branches of the circulation (Benson et al., 2011). These in-
terpretations might contribute to the explanation for the presence of the
cloud-free region observed by PFS, and for the lower opacity observed
at the edge of the NPH in proximity of the winter solstice. However,
among the various spatial maps provided by MCS in different seasonal
ranges, only those in the seasonal interval 210–225° Ls (Fig. 3d in
Benson et al., 2011) overlap temporally with the PFS observations of
the cloud-free areas. Unfortunately, those maps have gaps (no data
retrieved) in the 60–75° N latitudinal range, which is exactly where the
cloud-free region is observed by PFS at that time of the year (Fig. 3h),
precluding any direct comparison. The partial inability of water vapour
to penetrate into the north polar vortex might also play a role, by
preventing the clouds to be formed at higher latitudes (Richardson
et al., 2002). However, during the fall and winter seasons, PFS always
observes large opacities at latitudes> 80° N, either suggesting that the
clouds previously formed around the pole persist for a long time, or that
some amount water vapour/ice penetrates the vortex and is transported
to higher latitudes (> 80° N), or both. McCleese et al. (2017) made use
of an improved algorithm for the retrieval of temperatures and aerosol
opacities from MCS limb observations (Kleinböhl et al., 2017) to study
the Mars polar atmosphere. These authors reported a significant
abundance of water ice in the core of the northern polar vortex, at la-
titudes> 80° N, and, based on the analysis of individual ice profiles
from MCS, concluded that water could enter the vortex from above,
possibly transported by the Hadley circulation (McCleese et al., 2017).

3.2. Surface temperatures

The sole purpose of this small section is to compare the retrieved
surface temperatures with those predicted by the MCD v5.2 and with
the climatological latitudes of the seasonal CO2 polar cap edges. In
Fig. 4 we show the seasonal evolution of the zonal-mean surface tem-
peratures measured by PFS. Data collected from all observed Martian
years and local times were binned in 5° Ls× 1° latitude bins. The areas
where the retrieved surface temperatures range between 140 and 150 K
(the expected range of CO2 condensation temperature on Mars) match
well with the areas where the surface is covered by the seasonal CO2 ice
(Fig. 4a). Each binned value in Fig. 4a is an average of several thou-
sands of PFS values collected in different Martian years and for different
local times and atmospheric conditions. We used the Mars Climate
Database (MCD v5.2; Millour et al., 2015; Forget et al., 1999) devel-
oped at Laboratoire de Météorologie Dynamique (LMD) to extract the
surface temperatures at the exact location and time of the single PFS
observations. We then binned the simulated temperature in the same
way as the PFS data. The difference between the predicted and the
measured surface temperatures is shown in Fig. 4b. The agreement is
good, the absolute differences being mostly< 5 K. The largest dis-
crepancies are observed at the edges of the receding polar caps after the
respective equinoxes, where the model likely fails to predict the actual
extent of the seasonal deposits, being either CO2 ice or water ice.

3.3. Climatology of dust

In Fig. 5 we show the latitudinal and seasonal evolution of sus-
pended dust on Mars (Fig. 5a) and the zonally-averaged atmospheric
temperatures at 0.5mbar (~25 km; Fig. 5b). PFS data collected from all
observed Martian years, except MY 28 when a global dust storm

occurred (Fig. 1), were binned in 5° Ls× 1° latitude bins. Although the
temperatures respond to the eccentricity of the orbit and distance to the
sun, the two quantities in Fig. 5 are linked due to the dust heating the
atmosphere. In the following, we will focus on the climatological as-
pects of Martian dust. An in-depth characterization of the dust activity
on Mars from MY 27 to MY 32 as well as of its effects on the atmo-
spheric temperatures and circulation, obtained from the analysis of the
same dataset of atmospheric parameters as presented in this work
(Fig. 1), can be found in Wolkenberg et al. (2018).

Contrary to what is observed for the ice clouds, the northern spring
and summer (Ls= 0–180°) are relatively dust free. Although substantial
aerosol opacity is observed in the core of the polar vortex in both polar
regions, especially around the winter solstices, it is mostly due to the
presence of CO2 ice clouds or hazes rather than dust. The retrieval al-
gorithm used to process PFS data does not yet distinguish between dust
in the atmosphere and CO2 ice aerosol. Such a distinction is particularly
difficult to achieve because both species have overlapping features in
the spectral range here analysed (7.5–25 μm). As a consequence, our
data products identify CO2 ice clouds as dust. Similar issues apply to
MCS unfiltered dust retrievals (Kleinböhl et al., 2009) and MCS ob-
servations of aerosol in the winter high latitudes of both hemispheres
were also interpreted as due to CO2 clouds retrieved as dust (McCleese
et al., 2010, 2017; Heavens et al., 2011a, 2011b, 2011c).

A region of extremely dust-clear atmosphere separates the dust in
the winter tropics from the aerosols in the winter high latitudes. This
feature repeats every Martian year and is mainly observed at mid-lati-
tudes (45–60° N) around the northern winter solstice (Ls= 220–310°)
(Fig. 5a; see also Wolkenberg et al., 2018). It is not reproduced by any
of the current GCMs available for Mars and a complete explanation is
still missing. The region of extremely dust clear air corresponds well
with the area of the atmosphere heated primarily by the descending
branch of the Hadley circulation and was also observed by TES and
MCS. Similarly to PFS, TES observed dust-clear annular bands occurring
from 45° N to 60° N in the seasonal range 220–310° Ls, and a barely
visible counterpart in the South around northern summer solstice
(Ls= 90°) (Horne and Smith, 2009). Contrary to PFS and TES, MCS
retrievals of density-scaled dust opacity show a broader area of clear
atmosphere in the southern hemisphere at Ls= 90° than in the northern
one at Ls= 270° (McCleese et al., 2010; Heavens et al., 2011b, 2011c).

PFS regularly observes dynamic dust activity near the edges of the
seasonal caps throughout the year in both hemispheres, induced by
thermal gradients resulting from the expansion and regression of the
polar caps (Fig. 5a). Increased dust storm activity along and inside the
cap edges was also observed by MOC and HST visual cameras (Cantor
et al., 2001, 2002; Wang et al., 2003; James et al., 1999, 2005), as well
as by OMEGA (Douté et al., 2014) and TES (Horne and Smith, 2009),
whereas little or no dust is present in the MCS observations at polar cap
edge latitudes (Montabone et al., 2015). Flows capable of lifting dust
from the surface can be achieved by a variety of conditions at a variety
of spatial scales, from cap edge thermal contrasts, to topographic var-
iations, thermal tides, and sublimation of the polar deposits (Siili et al.,
1999; Toigo et al., 2002; Spiga and Lewis, 2010; Mulholland et al.,
2015). In particular, large temperature variations generate large pres-
sure gradients, initiating the movement of air from one location to
another. The larger the horizontal pressure gradient force, the stronger
the wind, which can efficiently lift the surface dust up to the atmo-
sphere. At the cap edges, the lateral temperature heterogeneities due to
cold icy deposits and warm defrosted surface can cause high surface
friction and vertical mixing thus injecting dust in the atmosphere (Spiga
and Lewis, 2010; Siili et al., 1999). Cap-edge winds, analogues to ter-
restrial sea breeze circulation, are thus an important factor for the de-
velopment of dust storms near the cap edges. Three-dimensional nu-
merical modelling at mesoscales (Toigo et al., 2002) demonstrated that
such winds, generated by the strong thermal contrasts that exist along
the edges of the polar caps, are sufficient to initiate dust lifting over
quite large areas.
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Fig. 4. (a) Seasonal variation of zonal-mean surface temperatures measured by PFS. (b) Difference between surface temperatures predicted by the LMD GCM (MCD
v5.2) and measured by PFS. Contours mark areas where the difference is larger than± 5 K. The black curve shows the climatological latitude of the seasonal CO2

polar cap edges (Titus, 2005; Titus and Cushing, 2014). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 5. (a) Seasonal and latitudinal variation of zonal-mean dust opacity observed by PFS. Data collected from all observed Martian years (except MY 28) were binned
in 5° Ls× 1° latitude bins and normalized to a reference pressure level of 6.1 mbar. The black curve shows the climatological latitude of the seasonal CO2 polar cap
edges (Titus, 2005; Titus and Cushing, 2014). Note the continuous dust activity at the edges of the seasonal caps throughout the whole year in both hemispheres, and
the development of strong, regional dust storms at high southern latitudes in the 210–270° Ls seasonal range. Note also the extremely dust-clear atmosphere in the
northern mid-latitudes (45–60° N latitude) around the winter solstice (Ls= 240–300° Ls) consistently observed every Martian year. The apparent large opacity
observed around the winter solstices in both polar regions is actually due to the presence of CO2 ice clouds. (b) PFS zonal-mean temperature structure at 50 Pa
(~25 km). See text for more details.
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Strong regional dust storms occur at high southern latitudes, and
particularly in the 210–270° Ls seasonal range, when significant
amount of dust is observed every Martian year by PFS from the south
pole up to ~30° N (Figs. 1 and 5a). The largest zonally-averaged
column-integrated opacities (up to ~0.8) are consistently observed
between the perihelion (Ls= 251°) and the southern summer solstice
(Ls= 270°) between 70° S and 90° S latitude. Short regional-scale dust
events in the southern hemisphere are also observed between 305 and
320° Ls. Although they repeat every Martian year and can extend from
−70° to 20° N latitude, these events are generally weak, resulting in
typical zonally-average opacities around 0.2–0.3, and never exceeding
0.4. As it is lifted up above the boundary layer, the radiatively active
dust absorbs the incident solar radiation and rapidly warms the rela-
tively cool middle atmosphere. This effect is clearly visible in Fig. 5b,
where the zonal mean temperatures at 0.5 mbar emphasize the overall
impact of dust events on the atmosphere. Increased atmospheric tem-
peratures are also observed in the northern hemisphere, typically
around 50° N, in correspondence of the major dust events, due to an
intensification of the Hadley circulation driven by dust heating in the
southern hemisphere and enhancement of the global thermal tides
(Zurek, 1986; Wilson, 1997; Guzewich et al., 2014) as well as the direct
dust-driven southern hemisphere heating. The impact of dust on the
atmospheric temperatures proved to be a powerful tool to identify and
categorize the regional-scale dust events on Mars. Kass et al. (2016)
examined the zonal-mean binned temperatures at 0.5 mbar and defined
regional-scale storms as events where the temperature exceeds 200 K.
These authors identified three major dust-driven warming events in the
daytime MCS observations that repeated every Martian year in the
absence of global dust storms. Although the starting and ending dates,
specific regions and peak heating of the storms vary somewhat from
year to year, they always occur in the same order and at similar seasons,
and can be recognized in PFS dust and temperature retrievals shown in
Fig. 5. All three are regional-scale events with significant warming at all
longitudes at the peak of each storm and are labelled in seasonal order
A, B, and C. They were described as follows (Kass et al., 2016): the “A
storm” is a regional-scale or planet-encircling southern hemisphere dust
event occurring at most southern latitudes. It tends to initiate around
middle southern spring and has a moderate duration, typically in the
205°–240° Ls range, always over by the southern summer solstice. The

“B storm” is a stronger southern polar event which typically starts
around perihelion and reaches its peak between the perihelion and the
southern summer solstice (Fig. 5a). PFS observations show that the end
of the A-type dust activity cannot be clearly defined as these mid-lati-
tudes storms merge with “B storms” originating in the south polar re-
gion, especially in the 240°–260° Ls seasonal range (Fig. 5; see also
Wolkenberg et al., 2018). The “C storms” are either regional-scale or
planet encircling southern hemisphere dust events, except they are very
short, mostly occurring between 305°–320°Ls, and are also clearly
visible in PFS retrievals in Fig. 5.

Douté et al. (2014) proposed hypothesis regarding the origin of the
strong aerosol activity observed in the southern polar region. Simula-
tions of the Martian surface-atmosphere dynamics at mesoscales were
used to reproduce observations of the southern seasonal ice regression
by several instruments. Two mechanisms were proposed to play a major
role for lifting and transporting dust particles, and creating dust events
or storms: i) Night-time katabatic winds, which are efficient at locations
where a favourable combination of frozen terrains and topography
exists and are thought to be the main responsible for the A-type storm
events in the 220–255° Ls seasonal range; ii) daytime mesoscale thermal
circulation at the edge of the cap (cap-winds), which requires a sharp
thermal boundary of regional proportion, and is particularly strong
when the defrosting area is sufficiently narrow. The cap winds and the
smaller-scale thermal circulation due to the high thermal contrasts as-
sociated to segregated terrains in the south polar cap around the peri-
helion are particularly strong around 250°–270° Ls (Douté et al., 2014),
and thus the combination of the two mechanisms might play a role in
the development of B-type storm events.

4. Daily cycles of dust and ice

PFS retrievals presented here allow for the first time the complete
characterization of how dust and ice cloud optical depths vary
throughout the day on Mars. Exploiting the non-Sun-synchronous
nature of Mars Express orbit, PFS has performed observations of the
Martian atmosphere at all local times. In the next three sub-Sections we
will present the variation of dust opacity as a function of local time
during non-dusty seasons, as well as the daily cycle of ice opacity ob-
served in the aphelion cloud belt, and an assessment of the diurnal

Fig. 6. Daily variation of dust opacity during non-
dusty seasons, for the indicated seasonal and latitu-
dinal ranges. The “error bars” represent the standard
deviation of each averaged value and provide in-
dication of the observed zonal, meridional, and in-
terannual variations. See text for more details. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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variation of the North and South polar hoods.

4.1. Dust daily cycle in non-dusty seasons

Mean values of dust opacity during non-dusty seasons (Ls < 200°
and Ls > 330°) are presented in Fig. 6 as a function of local time.
Column-integrated dust opacity retrieved by PFS in the various Martian
years is averaged in one-hour bins of local time, separately for the
northern (0–40° N) and the southern (0–40° S) hemispheres. The dif-
ferent local-time bins have uniform spatial and seasonal sampling. The
“error bars” in Fig. 6 represent the standard deviation of each averaged
value and provide indication of the combined zonal, meridional, and
interannual variation. In both hemispheres, the mean dust opacity
shows a clear and similar daily cycle. Dayside mean opacity
(7 AM–5 PM) shows near constant values ranging between 0.12 and
0.15, in agreement with previous observations at 2–3 PM during non-
dusty seasons. The opacity decreases as the sunset approaches (5–6 PM)
and a relative minimum is observed in both hemispheres between 7 and
8 PM. Then, night-time average values around 0.1 are observed up to
midnight. After midnight, we consistently observe a rapid decrease of
dust opacity. The minimum opacity values are registered in early-
morning hours, between 3 AM and 5 AM, when the average column
opacity is around 0.03–0.04. As the dawn approaches (5–6 AM), a rapid
increase of dust opacity is observed until 7–9 AM, when the mean
dayside abundance of suspended Martian dust is restored (Fig. 6). The
complete daily cycle of suspended dust in non-stormy seasons described
above could not be characterized by any of the previous missions due to
limited LT coverage.

The amplitude of daily variability in dust opacity observed by PFS
requires injection of dust above the PBL every day in the morning hours
(7–9 AM) as well as removal of dust in the nighttime hours, especially in
early morning (from midnight to 3–4 AM). Strong diurnal variation of
suspended dust on Mars was also observed by MCS (Heavens et al.,
2014). These authors reported significant increases of density-scaled
opacities on the dayside (3 PM) relative to the nightside (3 AM). We
note here that the two local times observed by MCS basically corre-
spond to the time of the day when maxima and minima values of dust
opacities are observed by PFS (Fig. 6). The relatively weak longitudinal
variability in the spatial distribution of detached dust layers observed
by MCS implies that at least one of the injection processes involved is
independent of large-scale topography (Heavens et al., 2014). More-
over, the rapid increase of dust opacity observed by PFS soon after the
sunrise suggests processes driven by solar heating. Near-surface wind
stress (NSWS), saltation, and dust devils are the main mechanisms re-
sponsible for dust lifting on Mars (Mulholland et al., 2015; Chapman
et al., 2017). NSWS can lift a significant amount of dust in the atmo-
sphere and it is thought to play the dominant role in the initiation of
regional and global dust storms (Newman et al., 2002; Strausberg et al.,
2005; Kahre et al., 2006; Basu et al., 2006; Wilson, 2011). However,
Martian surface winds speeds are thought to be too low to lift micron-
sized dust particles directly. Instead, lifting is believed to proceed via
saltation, whereby larger particles (a few tens of microns) are partially
lifted and fall shortly after entering into atmospheric suspension. On
returning to the surface, they collide with smaller particles, sending
them into suspension. The wind stress is the shear stress exerted by the
wind on the surface and is affected by the wind speed that, in turn, is
caused by air moving from high pressure to low pressure, usually due to
changes in temperature. For this reason, NSWS is typically larger
around the terminator and in the morning hours, when large tem-
perature gradients occur on the surface. Transient convective vortices
known as ‘dust devils’ provide the other main means for dust to enter
the atmosphere. The dust devil parameterisation in use in most Mars
GCMs results in a high level of dust devil activity during morning hours
(Chapman et al., 2017). Apparently, the diurnal variation in dust devil
activity is governed by near-surface wind speeds, rather than the ac-
tivity simply being governed by the availability of heat at the planet's

surface. As a result, large areas of the Martian surface experience dust
devil activity during the morning (Chapman et al., 2017). In addition,
Spiga et al. (2013) used mesoscale modelling of the Martian atmosphere
to predict that “rocket dust storm” convection, which is fed by the
absorption of incoming sunlight by dust particles, should be most in-
tense during the non-dusty seasons.

On the other hand, the rapid dust removal consistently observed by
PFS in early morning suggests that sedimentation is not the dominant
process. Once suspended, dust particles will slowly fall to the ground
under the influence of gravity, as their density is greater than the at-
mospheric density. Settling velocity increases with particle size, with
sedimentation timescales varying from hours for large (> 50 μm) par-
ticles to days and months for small particles, depending also on their
altitude. Dust devils may be responsible for lifting particles of all sizes
into the atmosphere, as the vortex threshold speed for such an injection
appears to be relatively independent of particle size (Neubauer, 1966;
Greeley et al., 1981; Cantor et al., 2001). However, the effective radius
of dust particles on Mars ranges, on average, from 1.5 to 1.7 μm. Thus,
sedimentation alone would require velocities much larger than the
~0.01m s−1 estimated by for dust particles of 1–2 μm radius at
0.5–1.0mbar (Kahre et al., 2008) to explain the rapid decrease of dust
opacity observed by PFS in early morning. Among the possible me-
chanisms, diurnal tides and coating/scavenging of dust particles by
water ice clouds may play a role. GCM simulations indicate that the
strong, vertically propagating thermal tides on Mars could efficiently
clear dust between 3 PM and 3 AM local solar time (Heavens et al.,
2014). We note that this temporal interval corresponds well to that of
the daily dust removal observed by PFS. In particular, diurnal tide can
generate downwelling vertical velocities of 0.2–0.3 m s−1 at 0.5–1mbar
in the early morning hours. Such large velocities last for about 4 h
(Heavens et al., 2014), which is just the duration of the rapid decrease
of opacity observed by PFS between midnight and 3–4 AM (Fig. 6).
Coating and scavenging of dust particles by water ice clouds might also
contribute to the observed daily reduction of dust opacity, and as a
possible mechanism of dust removal. The mineral dust is known to act
as good cloud condensation nuclei. Dust scavenging by cloud ice can
both limit the vertical extent of dust, capping the dust distribution
around the height of the ice clouds, and efficiently remove dust, as the
particles involved in cloud formation can be subjected to the faster
sedimentation that applies to (larger) ice particles (Navarro et al.,
2014). However, an explanation involving a cycle of scavenging and
lifting on a daily basis does not seem very likely given the timescales
involved. If ice is involved, the apparent reduction of suspended dust
observed by PFS in early morning may result from daily formation and
sublimation of an icy coating onto the dust particles, which can effi-
ciently suppress their spectral signature (Toigo and Richardson, 2000).
The condensation-sublimation daily cycle seems more prone than the
slow scavenging process at creating dust opacity changes over a few-
hour timeframe. PFS observations of the ACB ice opacity as a function
of local time for the seasonal range 50–140° Ls are discussed below and
shown in Fig. 7. The comparison of dust and ice daily cycles observed
by PFS provides support to a role for water ice. Indeed, the time in-
tervals when low dust opacity is observed correspond well with those
when large ice opacities are observed (LT < 7AM and LT > 6 PM;
Figs. 6 and 7). Coating, capping and faster sedimentation of dust due to
ice may thus contribute to explain the daily dust removal observed by
PFS. The association of intense dust removal with cloudy tropical re-
gions observed by MCS also supports this hypothesis (Heavens et al.,
2014). An in-depth analysis of PFS water ice and dust opacity datasets
will help to address the role of the ice clouds in the daily dust cycle.

4.2. Ice daily cycle observed in the ACB

Water ice clouds are strictly associated with water cycle on Mars
and its atmospheric circulation (Montmessin et al., 2004; Mateshvili
et al., 2009). They occur in different forms including topographically
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induced clouds, ground fogs, vast polar hoods, and a low-latitude belt of
clouds that activates during the aphelion season between
Ls= 40°–140°. Because water ice clouds form by condensation of water
vapour, relatively small changes in atmospheric temperature can cause
clouds to form or sublimate quickly. As a consequence, large changes in
water ice cloud optical depth are expected to occur over the course of a
day. Although previous works reported significant diurnal variation of
ice opacity, a complete characterization of how cloud optical depths
vary throughout the day is not yet available due to the sparse coverage
of local time by previous observations. PFS observations of ice opacity

presented here can help to fill this gap, by providing full daily cycles of
water ice opacity and reconciling the previous results.

In Fig. 7 we present the spatial distribution of nighttime and day-
time ice clouds in the aphelion cloud belt as observed by PFS. Data
collected from all observed Martian years in the seasonal range
Ls= 60°–120° are binned in 5° longitude× 3° latitude bins. The ACB
mainly extends from 10° S to 30° N latitude over most of the longitudes,
although localized clouds are also observed, especially during night-
time, over Alba Mons (40.5° N, 105° W) and at southern mid-latitudes,
over the northern flanks of Hellas and Argyre basins and south of the

Fig. 7. Spatial distributions of (top) nighttime (5 PM≤ LT≤ 7 AM) and (bottom) daytime (8 AM≤ LT≤ 4 PM) ice clouds in the aphelion cloud belt for the seasonal
range indicated. PFS data are binned in 5° lon× 3° lat bins. Black contours are topography from MOLA between−8 km and 20 km altitude (for altitude steps of 2 km)
with respect to mars aeroid. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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steep scarp of Claritas Fosse, between Icaria Fossae and Icaria Planum
(43° S and 100–130° W) (Fig. 7). Two distinct large areas of increased
water ice opacity are found in the eastern and in the western hemi-
spheres. These areas extend from west of Olympus Mons (150° W) to
about 0° W, including Valles Marineris, in the western hemisphere, and
from ~30° E to ~195° E in the eastern one. The largest opacities (~1
and up to 1.28) occur over specific regions of elevated terrains and high
topographic variation. The ice cloud formation is primarily controlled
by thermal tides. Numerical modelling suggests that the tides are
strongly influenced by topography and thus water ice clouds are found
near the topographic features (Hinson and Wilson, 2004). In the wes-
tern hemisphere, the thickest clouds are observed over Olympus Mons
and the Tharsis volcanoes, as well as over the south-west edges of
Chryse Planitia (10° N, 50 W). In the eastern hemispheres, the largest
opacities appear over Syrtis Major Planum (10° N, 70° E), along the
dichotomy west of Isidis Planitia (15° N, 115° E), and over Elysium
Planitia (15° N, 165° E). The daytime and nighttime spatial patterns of
ice clouds shown in Fig. 7 are in good qualitative agreement with TES
daytime (Smith, 2004) and nighttime (Pankine et al., 2013) observa-
tions of the ACB. However, PFS ice opacity is consistently larger than
that retrieved by TES. PFS retrieval includes the effect of scattering by
aerosols in the infrared. As explained by Smith (2004), the opacity
derived from TES measurements does not represent the total opacity of
the clouds. By neglecting infrared scattering in their radiative transfer
model, the TES retrievals represent extinction due to cloud absorption
and/or emission. Noteworthy, the quantitative agreement between TES
and PFS is achieved after applying a scaling factor roughly equal to 1.5
to TES values, which is necessary to determine the true ice extinction
(Smith, 2004). Spatial patterns derived from MOLA reflectivity
(Neumann and Wilson, 2006) and from analyses of TES-derived
nighttime surface temperatures anomalies (Wilson et al., 2007), and
predicted by GCM simulations (Richardson et al., 2002; Hinson and
Wilson, 2004) are also consistent with the PFS spatial maps shown in
Fig. 7.

With the exception of those observed over the northern rim of the
Hellas basin, the nighttime clouds exhibit larger optical depths and
spatial extension compared to the daytime water ice clouds (Fig. 7),
which confirms that ice clouds are subject to significant local time
variation. Past observation also provided support to this conclusion.
Pankine et al. (2013) reported larger ice cloud opacity and spatial
coverage during nighttime, and THEMIS retrievals of water ice cloud
optical depth taken at ~5:00 PM had higher values than retrievals from
contemporaneous observations made by TES at ~2:00 PM (Smith,
2009). Finally, by comparing the spatial patterns of MOLA absorptions
with the differences between observed and modelled nighttime surface
temperatures, Wilson et al. (2007) concluded that nighttime water ice
cloud are thicker and more extensive than daytime clouds in the ACB.
The pattern of diurnal change observed by PFS is also consistent with
thermal tides controlling cloud formation. The tides are responsible for
the formation of strong negative temperature perturbations in the lower
atmosphere at night, which further stimulate water ice cloud formation
(Hinson and Wilson, 2004).

In Fig. 8 we present the mean value of ice cloud opacity observed by
PFS in the aphelion cloud belt as a function of local time. Column-in-
tegrated ice opacity retrieved by PFS between 0 and 30° N and 50–140°
Ls in different Martian years is averaged in one-hour bins of local time.
There is a quite uniform spatial and seasonal sampling in the different
local time bins. The “error bars” in Fig. 8 represent the standard de-
viation of each averaged value and provide indication of the combined
zonal, meridional and interannual variation. The observed daily cycle
of ice opacity shows a nearly symmetric behaviour around noon, when
the minimum of opacity is observed. The mean ice opacity increases
almost linearly from midnight, when a value of 0.4 is observed, to
7 AM, when it peaks to a value of ~0.6. The cloud optical depth then
rapidly decreases during late morning to a minimum of 0.2 around local
noon and increases again during early to mid-afternoon to reach a

maximum value of 0.6 around 6 PM, similar to that observed in the
morning. Then, the ice opacity decreases almost linearly from late
afternoon until midnight. The complete characterization of the varia-
tion of the ACB ice opacity throughout the day described above and
presented in Fig. 8 finds a positive echo in several previous observa-
tions. Akabane et al. (2002) used Earth-based observations to in-
vestigate the diurnal variations of ACB ice clouds and, in good agree-
ment with our results, found maximum optical thickness of 0.6 over
Tharsis in the morning, and a minimum of 0.2 around noon. Also,
consistently with our results, the ice optical depth was found to de-
crease in late morning and to increase again in early and mid-afternoon.
The observed diurnal variations of morning and afternoon clouds re-
peated regularly for a long period, at least from late spring to early
summer (Akabane et al., 2002). Tamppari et al. (2003) studied the
diurnal variability of ACB using the Viking Infrared Thermal Mapper
(IRTM) and found water ice cloud optical depth to be minimum at
midday, with higher optical depth both in the morning and late after-
noon. Finally, as already mentioned, Wilson et al. (2007) found
nighttime water ice cloud optical depths to be considerably larger than
daytime values, and a similar behaviour was observed by TES and
THEMIS (Pankine et al., 2013; Smith, 2009).

The nighttime clouds affect the thermal structure of the atmosphere
through their radiative cooling. Elevated temperature inversions were
observed over the tropics in Radio Science (RS) MGS measurements
(Hinson and Wilson, 2004). With the inclusion of radiatively active
water ice clouds, simulations by a Martian GCM can fairly reproduce
the temperature inversions observed by RS, which were found to be
strictly associated to the presence of water ice clouds (Hinson and
Wilson, 2004). Consistently to PFS observations, the model predicts
cloud formation during late afternoon, after 5 PM, near the temperature
minimum at the base of the strong inversions observed by RS. During
the course of the night, these inversions (and the associated water ice
clouds) reduce progressively with local time. GCM simulations further
suggest that water ice clouds formation is induced by adiabatic cooling
during night associated to thermal tides. Indeed, the tides are ultimately
responsible for the formation of the strong temperature inversions ob-
served in the lower atmosphere at night, which further stimulate water
ice cloud formation (Hinson and Wilson, 2004). As also observed by
IRTM (Tamppari et al., 2003), clouds almost disappear around noon
due to warm atmospheric temperatures. Ice clouds are also observed to
increase in thickness and extent from midday to afternoon (Tamppari
et al., 2003), possibly due to increased atmospheric temperatures
causing uplifting of dust which then acts as cloud condensation nuclei.
The daily cycle of water ice clouds observed by PFS in the ACB may
then be interpreted as the result of the i) warm dayside temperatures
that prevent part of the water vapour to reach the condensation level;
ii) increasing opacity from midday to afternoon due condensation on
dust nuclei; and iii) strong nighttime tide-clouds coupling.

4.3. Diurnal variation of polar hoods opacity

The diurnal (day vs night) variation of the ice opacity (on a zonally-
averaged sense) observed by PFS in the polar hoods is presented in
Fig. 9. Data collected from all observed Martian years are averaged
binned in 5° Ls× 1° latitude bins for two different ranges of local time,
7 PM≤ LT≤ 6 AM (nighttime) and 7 AM≤ LT≤ 5 PM (daytime). We
observe a different behaviour depending on the region and the season.
The nighttime SPH is generally more extended than the daytime one, by
about 10° of latitude, although ice clouds over Hellas and Argyre are
also observed during daytime throughout the southern fall and winter
seasons (see also Fig. 3). As already mentioned, daytime and nighttime
winter atmosphere over the South Pole is characterized by relatively
low ice opacity, in contrast to what is observed in the NPH. The spring
NPH (Ls≤ 90°) exhibits a similar behaviour, being more extended than
the seasonal CO2 polar deposits by, on average, about 10° of latitude
during nighttime, while during the day it is mostly confined within the
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seasonal cap edges (Fig. 9). However, the spring NPH shows larger
opacities during daylight hours, as most of the water cold-trapped
during winter is released as the North polar cap recedes, transported
poleward, and then partially re-condenses in the atmosphere and par-
tially redeposits onto the cap (Houben et al., 1997; Montmessin et al.,
2004).

5. Interannual variability

The temporal coverage of the dataset presented here include six full
Martian years, from MY 27 to MY 32, allowing investigation of the
interannual variability of mean atmospheric parameters. The mean
meridional circulation can be investigated by using zonal averages of
atmospheric temperatures, as often applied in model studies. In Fig. 10
we present zonal-mean temperatures in bins of 60° of Solar longitude,
from Ls=180° of MY 29 to Ls= 180° of MY 32. They repeat very si-
milarly on Mars each year, although inter-annual variations ranging
from several up to tens of degrees can be observed. Such variations are
often, although not exclusively, related to the overall dust content in
the Martian atmosphere in the different years. Only daytime tempera-
tures (8 AM≤ LT≤ 4 PM) are considered in the various panels of
Fig. 10. The orbital resonance of MEx is such that the distribution of
local times is essentially the same in the different Martian years.
However, some biases could be introduced due to slightly different LT
distributions, which could be responsible of some of the differences
observed in the various Martian years.

The Hadley cell plays a dominant role in the meridional mean cir-
culation. Its maximum intensity occurs during the solstice seasons
(around Ls= 90° and 270°; centre panels in Fig. 10). The ascending
branch of the Hadley circulation starts in the summer tropics and
transports heat to winter mid latitudes in the descending branch.
However, the polar warming, caused by the adiabatic heating of air in
the descending branch of the Hadley cell, is much stronger in the
northern hemisphere (during the southern summer, Fig. 10b, e, h) than
in the southern one (during the northern summer, Fig. 10k, n, q). This is
not observed on Earth due to the lower eccentricity of the Earth's orbit
and to the presence of oceans, which modulate and mitigate the sea-
sonal oscillations of the surface temperature. Being close to the time of

perihelion (Ls= 251°), the Southern-hemisphere summer temperatures
(Fig. 10b, e, h) are much larger than the Northern-hemisphere summer
ones (Fig. 10k, n, q). As a result, the southern summer Hadley cell is
twice more intense than the northern summer counterpart (Richardson
and Wilson, 2002). However, in northern summer the Hadley cell
descends at ~60° S, that is about 20° of latitude more equatorward than
in southern summer, allowing the southern polar vortex to be much
broader than that observed in northern winter (central panels of
Fig. 10). The region of extremely dust clear air discussed in Section 3.2
(Fig. 5) appears to be located around the low-latitude periphery of the
northern polar vortex (black solid lines in Fig. 10b, e, h). The thermal
structure around the two equinox periods (Ls= 0° and 180°) is nearly
symmetric about the equator (left and right panels of Fig. 10). This is a
clear evidence of two main Hadley cells occurring on Mars in these
periods (Heavens et al., 2011c).

Over the six years observed by PFS, the strongest regional-scale dust
event is observed in MY 29 (middle panel of Fig. 1), when relatively
large (> 0.7) zonally-averaged dust opacity is observed, especially at
sub-tropical latitudes and during the seasonal range Ls= 220–240°.
When compared to, e.g., MY 30 and 31, MY 29 exhibits larger tem-
peratures in the low and mid atmosphere due to the absorption of solar
radiation by dust (Fig. 10a, d, and g). The zonal-mean thermal fields in
the seasonal range 240–300° Ls for the three years analysed are similar
(Fig. 10b, e, and h). However, in this seasonal range, PFS observed a
regional increase of dust opacity in MY 31 in two different areas:
poleward of ~70° S and between 30 and 40° S latitude (black arrows in
Fig. 10h). In these regions, the correlation between dust opacity and
atmospheric temperature is particularly evident, with a temperature
increase of ~20 K or more around ~1mbar in correspondence of a dust
opacity increase of ~0.2 (black arrows in Fig. 10h). In Fig. 11 we
compare the atmospheric temperatures registered during the global
dust storm event of MY 28 with those observed over the same seasonal
range (240–300° Ls) for a “typical” Martian year (e.g., MY 30), when no
global dust storm occurs. The atmosphere is strongly heated up by
absorption of solar radiation due to dust, as expected. A net heating is
observed for altitudes above ~1mbar, where the mean atmospheric
temperature is up to 28 K warmer than for a typical Martian year
(Fig. 11c). These altitudes are just above the height of the peak of dust

Fig. 8. Daily variation of mean water ice opacity
observed by PFS in the aphelion cloud belt, for the
indicated seasonal and latitudinal ranges. The “error
bars” represent the standard deviation of each aver-
aged value and provide indication of the combined
zonal, meridional and interannual variation. The
grey and the yellowish areas indicate the range of LT
selected for the nightside and daytime spatial maps
in Fig. 7, respectively. See text for more details. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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Fig. 9. Same as in Fig. 2 but for (top) nighttime (7 PM≤ LT≤ 6 AM) and (bottom) daytime (7 AM≤ LT≤ 5 PM) hours.
During the fall and winter seasons (Ls≥ 180°), the NPH exhibits two different behaviours, depending on the latitude. Poleward of the seasonal cap edges, the ice
cloud opacity shows little or no diurnal variation. Beyond the cap edges (i.e., at lower latitudes) the NPH shows larger opacity during daytime, possibly due to
sublimation of the exposed water ice annulus and subsequent re-condensation in the atmosphere as ice clouds (Wagstaff et al., 2008; Kuzmin et al., 2012) (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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extinction measured by MCS (Heavens et al., 2011a, 2011b;
Wolkenberg et al., 2018). However, the infrared radiative cooling rates
due to dust cannot be overlooked in the lower altitudes within dusty
atmosphere. Especially during a dust storm event, cooling in the in-
frared regions is comparable to heating due to absorption of the in-
cident solar radiation by dust, and the thermal structure of the

atmosphere is determined by the balance between heating and cooling
caused by radiative effects of dust. During the global dust storm of MY
28 we observe a net cooling of the lower atmospheric layers of up to
26 K, on a zonally average sense (Fig. 11c). The region (latitude) of
maximum cooling corresponds to the region where the largest dust
opacity is observed (Fig. 11a). Solar shielding by thick dust layers may

Fig. 10. Daytime (8 AM≤ LT≤ 4 PM) zonal-mean atmospheric temperatures for bins of 60° Ls and for different Martian years, as indicated. The logarithmic vertical
scale is used both for pressure and dust opacity (black solid line). The colour scale is the same in all panels. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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also contribute to the cooling of the lower atmospheric layers.
Wolkenberg et al. (2018) used temperature vertical profiles and
column-integrated dust optical depth retrieved by PFS, as well as dust
vertical profiles derived by MCS observations, to investigate the influ-
ence of dust on atmospheric temperatures. These authors calculated the
cooling and heating rates due to dust in the infrared range (~9 μm) and
in the visible range (~0.67 μm), respectively, and consistently observed
a significant net heating of the atmospheric layers just above the peak-
altitude of dust opacity, due to absorption of the visible solar radiation,
and a net cooling in the first two or three atmospheric scale heights, due
to radiative cooling. The net heating rate increases with total dust
opacities. Even low amount of dust (opacity around 0.15) produces a
net heating rate of several degrees Kelvin per day, while relatively high

opacities (>~1.5) can heat the atmospheric layers by 40 K/day or
more (Wolkenberg et al., 2018). Such results are consistent with those
presented in Figs. 10 and 11 and discussed above.

5.1. Aphelion cloud belt

The mean nighttime (5 PM≤ LT≤ 7 AM) ice opacity observed in
the aphelion cloud belt, averaged for the various years of PFS ob-
servations, is shown in Fig. 12. Although it can be observed throughout
the northern spring and summer (Ls= 0°–180°), thicker clouds (mean
nighttime opacity > 0.2) typically start to form around Ls= 40°. After
this solar longitude, the mean opacity progressively increases and
reaches a peak of 0.6 or more, on average, between Ls= 90–110°, when

Fig. 11. Impact of MY 28 dust storm on daytime (8 AM≤ LT≤ 4 PM) atmospheric temperatures. Zonal mean atmospheric temperatures (a) during the global dust
storm occurred in MY 28 and (b) for MY 30 for the seasonal range indicated. (c) Difference between (a) and (b). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 12. Mean nighttime (5 PM≤ LT≤ 7 AM) ice
opacity observed by PFS in the aphelion cloud belt
for the Martian years indicated. As an indication of
the observed interannual variability, the error-bars
represent the standard deviation of mean opacity
observed in the various Martian years (MY 27 to MY
32). See text for more details.
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the larger extension of the ACB is also observed (Fig. 3d). It then gra-
dually dissipates, especially after Ls= 140°, until the end of the
summer. As previously reported (Smith, 2004; Smith, 2009), the ACB
shows little interannual variability, the values of water ice opacity and
the distribution of water ice clouds being very similar from year to year.
The largest interannual variability, indicated by the error-bars in
Fig. 12, is observed during its formation and expansion phases, that is
between 40° and 110° of solar longitude. However, Martian year 29
appears to be an exception. In this year, the formation of thick water ice
clouds starts much later than in the other years. Mean nighttime opa-
cities larger than 0.2 are only observed after Ls= 80°. Nevertheless, the
maximum value of the mean opacity is consistent with that observed in
the other years, and so is the Solar longitude at which it is observed.
The regression and dissipation of the ACB observed in MY 29 is also
consistent with those of the other Martian years. We don't have an
explanation for the different seasonal evolution of the ACB observed in
MY 29. The local times sampled in the various MYs are quite uniform
and so are the latitudes and longitudes. Moreover, we selected
5 PM≤ LT≤ 7 AM. Here, only relatively small variation of the mean
water ice opacity with LT is observed (see Fig. 8).

6. Summary and conclusions

We presented a new dataset of atmospheric parameters retrieved by
the Planetary Fourier Spectrometer (PFS) on Mars Express. Thermal-
infrared spectra collected in the first 12 years of operations were used to
retrieve atmospheric temperature profiles, surface temperatures, and
column-integrated optical depths of dust and water ice. More than
2,500,000 spectra were processed to build this dataset, covering the full
range of season, latitude, longitude, and local time, from Ls=331° of
MY 26 (10 January 2004) to Ls= 78° of MY 33 (December 2015).
Atmospheric temperatures and aerosols opacity are successfully re-
trieved in the polar regions, including the polar nights, where most of
the peculiar features were observed. By exploiting PFS/MEx capability
to perform observations at different local times, the new PFS
dataset allowed a complete characterization of how dust and ice cloud
optical depths vary throughout the day on Mars. The dataset presented
in this paper will be constantly updated as new observations will be
acquired by the PFS and new retrievals will be performed. The dataset
is available in NetCDF format and can be obtained, on request, from the
corresponding author.

6.1. Climatology of dust

We investigated the latitudinal and seasonal evolution of dust ac-
tivity on Mars. A region of extremely dust-clear atmosphere separates
the dust in the winter tropics from the aerosols (mainly CO2 ice clouds)
in the winter high latitudes. This feature repeats every Martian year and
is mainly observed at mid-latitudes (45–60° N) around the northern
winter solstice (Ls= 220–310°). It corresponds well with the area of the
atmosphere heated primarily by the descending branch of the Hadley
circulation and was also observed by TES and MCS. Currently, this
feature is not reproduced by any of the GCMs available for Mars.

PFS regularly observes dynamic dust activity near edges of the
seasonal caps throughout the year in both hemispheres, induced by
thermal gradients resulting from the expansion and regression of the
polar caps. Strong regional dust storms occur at high southern latitudes
in the 210–270° Ls seasonal range, when significant amount of dust is
observed every Martian year by PFS from the south pole up to ~30° N.
Type A, B, and C storms as defined by Kass et al. (2016) through day-
time MCS observations can be recognized in PFS observations of dust
and atmospheric temperatures.

6.2. Climatology of water ice

We presented the seasonal and latitudinal variation of water ice

cloud optical depth. Previous instruments were unable to confidently
retrieve aerosol opacities above the CO2 seasonal caps. This limitation
excluded a significant part of the cloud annual cycle, as demonstrated
by the PFS observations of the polar hoods. In contrast to what reported
by previous analyses of different datasets, the most prominent feature
observed by PFS is the seasonal extent, pattern and thickness of the
NPH, rather than the ACB. Most of the thickest Martian clouds are
observed in the polar hoods. The extent of the polar hoods varies with
the season and their boundaries always exceed those of the seasonal
CO2 polar caps in either hemispheres. The NPH exhibits larger opacities
and always extends to the pole, while the SPH is an optically thinner
annular ring that basically follows the climatological latitudes of the
seasonal cap edge. The SPH extends up to the pole in two relatively
narrow seasonal ranges, 180–205° Ls and 330–360° Ls, when the largest
opacities are also observed. The NPH shows peculiar features, observed
in detail here for the first time, with characteristic spatial and seasonal
patterns that repeat very similarly every Martian year. Large opacities
(> 0.5) are always observed at latitudes> 80° N, from the summer
solstice (Ls= 90°) until the vernal equinox (Ls= 360°). A region where
practically no ice clouds form during the entire northern fall is con-
sistently observed every MY between 170° and 280° Ls. It is always
about 60° of solar longitude wide and moves latitudinally towards
lower latitudes as the season advances. It is first observed around 170°
Ls and 75° N. Then, it gradually extends to lower latitudes with the
season, down to ~50° N in the seasonal interval 220–280° Ls. Possible
interpretations of this ice-free region include clouds formation con-
trolled by the atmospheric temperature structure; a connection to the
descending branch of the Hadley circulation; as well as the partial in-
ability of water vapour to penetrate into the north polar vortex, pre-
venting the clouds to be formed at higher latitudes.

Thick ice clouds are always observed over Hellas basin during most
of the northern spring and summer season (from 30° to 150° of solar
longitude) and especially along the northern rim of the crater, while ice
clouds form over Argyre basin during most of the northern spring. The
ACB is observed by the PFS in every Martian year. It reaches peaks in
optical depth and extension around Ls= 100°, and gradually dissipates
after Ls= 140°.

6.3. Daily variation of dust

Mars' climate models are still doing very poorly to create diurnal
variation in the dust distribution. PFS observations of the dust daily
cycle during non-storm seasons suggest that moderate amount of dust is
rapidly lifted in the atmosphere during the 2 or 3 h after the sunrise,
and remains suspended for the whole day. Dayside mean opacity shows
constant values ranging between 0.12 and 0.15. The atmospheric dust
content slowly decreases from the terminator to midnight, and then
rapidly reaches its minimum values of ~0.03 in early morning
(3–4 AM) in both hemispheres. The daily variability in dust opacity
observed by PFS requires injection of dust above the PBL every day,
especially in the morning hours (7–9 AM), as well as removal of dust in
the nighttime hours, especially from midnight to 3–4 AM. The rapid
increase of dust opacity observed by PFS soon after the sunrise suggests
processes driven by solar heating. Near-surface wind stress, which is
typically larger around the terminator and in the morning hours; in-
tense dust devil activity during the morning; and “rocket dust storm”
convection may provide a possible explanation for the rapid increase of
dust opacity observed by PFS in morning hours of non-dusty seasons.
The rapid dust removal consistently observed by PFS in early morning
suggests that processes other than sedimentation dominate the process.
The most likely mechanisms are large downwelling vertical velocities
generated by diurnal tides and coating/scavenging of dust particles by
water ice clouds.
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6.4. Daily variation of water ice cloud in the ACBs

The ACB mainly extends from 10° S to 30° N latitude over most of
the longitudes. The largest opacities (~1 and up to 1.28) occur over
specific regions of elevated terrains and high topographic variation. In
the western hemisphere, the thickest clouds are observed over Olympus
Mons and the Tharsis volcanoes, as well as over the south-west edges of
Chryse Planitia (10° N, 50 W). In the eastern hemispheres, the largest
opacities appear over Syrtis Major Planum (10° N, 70° E), along the
dichotomy west of Isidis Planitia (15° N, 115° E), and over Elysium
Planitia (15° N, 165° E). Localized clouds are also consistently observed
at northern and southern mid latitudes, especially during nighttime,
over Alba Mons, the northern flanks of Hellas and Argyre basins, and
south of the steep scarp of Claritas Fosse. With the exception of those
observed over the northern rim of the Hellas basin, the nighttime clouds
exhibit larger optical depths and spatial extension compared to the
daytime water ice clouds.

Because water ice clouds form by condensation of water vapour,
relatively small changes in atmospheric temperature can cause clouds
to form or sublimate quickly. As a consequence, large changes in water
ice cloud optical depth are expected to occur over the course of a day.
The daily cycle of ice opacity in the ACB observed by PFS shows a
nearly symmetric behaviour around noon, when the minimum of opa-
city is observed. The mean ice opacity increases almost linearly from
midnight (mean value ~0.4) to 7 AM (peak value ~0.6). The clouds
optical depth then decreases during late morning to a minimum of 0.2
around local noon, and increases again during early to mid-afternoon to
reach a maximum value of 0.6 around 6 PM, similar to that observed in
the morning. The daily cycle of water ice clouds observed by PFS in the
ACB finds a positive feedback in several previous observations and can
be interpreted as the result of several mechanisms, including warm
dayside temperatures that prevent part of the water vapour to reach the
condensation level; increasing opacity from midday to afternoon due
condensation on dust nuclei; strong tide-clouds coupling which further
stimulate water ice cloud formation during nightside.

6.5. Interannual variability

The temporal coverage of the dataset presented here includes six full
Martian years, from MY 27 to MY 32, allowing investigation of the
interannual variability of mean atmospheric parameters. Zonal-mean
atmospheric temperatures collected in the various Martian years exhibit
inter-annual variations, ranging from several up to tens of degrees. Such
variations are often, although not exclusively, related to the overall dust
content in the Martian atmosphere in the different years. Over the six
years observed by PFS, the strongest regional-scale dust event is ob-
served in MY 29, when large (> 0.7) zonally-averaged dust opacity is
observed, especially at sub-tropical latitudes and during the seasonal
range Ls= 220–240°. When compared to the other years, MY 29 ex-
hibits larger temperatures in the low and mid atmosphere due to the

absorption of solar radiation by dust. During MY 31 PFS observed a
regional increase of dust opacity in the South Polar region (poleward of
~70° S) and between 30 and 40° S latitude. In these regions, the cor-
relation between dust opacity and atmospheric temperature is evident,
with large increase of atmospheric temperatures (20 K or more) in
correspondence of relatively small increase of dust opacity (~0.2).

A global dust storm occurred on Mars in MY 28. During this event,
the atmosphere was strongly heated up by absorption of solar radiation
due to dust. A net heating is observed for altitudes above ~1mbar,
where the mean atmospheric temperature is ~30 K warmer than for a
typical Martian year. However, a net cooling of the lower atmospheric
layers of up to 26 K is also observed, demonstrating that the infrared
radiative cooling rates due to dust cannot be overlooked in the lower
altitudes within dusty atmosphere.

The ACB shows little interannual variability, the values of water ice
opacity and distribution of water ice clouds being very similar from
year to year. The largest interannual variability is observed during its
formation and expansion phases, that is between 40° and 110° of solar
longitude. Martian year 29 appears to be an exception. In this year, the
formation of thick water ice clouds starts much later (~40° of solar
longitude) that in the other years.

The dataset presented here allowed investigation of the current
weather and climate on Mars. With unprecedented spatial and temporal
coverage and details revealed, this dataset offers new challenges to the
GCMs and, at the same time, a new reference for the MYs com-
plementary to those observed by previous instruments. Further analysis
and comparison to the available GCMs are needed for a complete in-
terpretation of PFS observations. Current climate models are unable to
reproduce the diurnal (TES, MCS and PFS) and daily (PFS) variation of
dust and ice content observed on Mars. Comparisons of improved model
predictions to PFS observations, as well as assimilation of previously-
unavailable dust and ice retrievals in the polar regions and at all local
times, will be of invaluable importance to interpret the observations
and to understand the processes involved.
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Appendix A

Fig. A1. Single PFS brightness spectra recorded over the Aphelion Cloud Belt in MY 27 (blue curve, Ls= 62°, LT=8 AM, Lat= 1° N, Lon=−83° E) and during the
MY 28 Global Dust Storm (black curve, LS= 280°, LT= 11 AM, Lat= 1° N, Lon= 72° E). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. A2. The PFS spectra shown in the next figures are selected within the four regions here defined. Region A: a portion of the “cloud-free” region observed every MY
in the northern polar region during the fall season; Region B: North polar hoods; Region C: aphelion cloud belt; Region D: CO2 ice clouds (retrieved as dust). See text
for more details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. A3. PFS nighttime (7 PM≤ LT≤ 6 AM) average spectra in the four regions defined in Fig. A2. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. A4. PFS-retrieved average temperature profiles relative to the spectra shown in Fig. A3. 1-σ error bars are also shown. Squares: surface temperatures. Dashed
lines: water vapour saturation profiles calculated using the average mixing ratio profiles extracted from MCD v.5.2 for the same geometry as the PFS observations.
Green dash-dotted line: CO2 condensation profile for a uniform CO2 mixing ratio of 0.9532. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. A5. Ratio of PFS polar night spectra collected in different regions. Regions A, B, and D are defined in Fig. A1. The low surface temperatures (due to the presence
of CO2 ice on the ground) and the temperature inversions that occur in the polar night atmosphere tend to mask and distort the aerosol spectral features present in the
polar night spectra. One way to show such “hidden” features is through the ratio of two PFS polar night spectra: one in a relatively aerosol-free region, and the other
with relatively large ice or dust (actually CO2 clouds retrieved as dust, as explained in the text) opacity retrieved. The red curve is the ratio of the PFS average
spectrum in region B (north polar hoods) to the average spectrum of region A (“cloud-free” region). The water ice spectral features are seen in “emission”, the ice
clouds being warmer that the surface temperature (see Fig. A4). The green curve is the ratio of the PFS average spectrum in region D (CO2 ice clouds) to the average
spectrum of Region A (“cloud-free” region). The curve shows mixed features of H2O and CO2 ice. The slope is due to the different surface temperatures in the two
spectra (see Figs. A3 and A4). The green dashed line is the ratio of a Planck radiance at T=149 K to a Planck radiance at 152.6 K, i.e., the average surface
temperatures for region D and region A, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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