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Abstract We calculated the net thermal flux in the atmosphere of Venus from the surface to 100 km
altitude. Our atmospheric model was carefully constructed especially for altitudes below the clouds
(<48 km), using recent CO2 absorption data. It includes updated collision-induced absorptions in the
<250 cm−1, 1200–1500 cm−1, and 2650–3130 cm−1 wave number ranges. We studied sensitivity of the net
thermal flux below the clouds on the abundances of trace gases that were varied within the range reported
by observations. Our results reveal a considerable effect of trace gases on radiative budget. We successfully
simulate net thermal flux profiles measured in situ by the Night and North probes of Pioneer Venus using
20–50 ppmv H2O, suggesting that the high H2O abundance of 200 ppmv derived in the earlier analysis
is not required. Our sensitivity study shows that the trace gases SO2, H2O, and OCS are effective thermal
agents, while CO and HCl influences are rather weak. We suggest that the influence of the former three
gases should be taken into account to estimate the net radiative energy in the deep atmosphere.

1. Introduction

The outgoing thermal flux from Venus to space is about 160 W m−2, which is in almost radiative balance with
the absorbed solar radiation flux and corresponds to an effective temperature close to 230 K [Schofield and
Taylor, 1982; Moroz et al., 1985; Haus et al., 2015a]. About 500 K difference between the 735 K surface temper-
ature and the effective temperature indicates the presence of a strong greenhouse effect [Seiff et al., 1985]
caused mainly by a dense CO2 atmosphere and the thick cloud deck [Bullock and Grinspoon, 2001; Titov et al.,
2007]. These opacity sources prevent an upward thermal flux from the lower atmosphere, and the outgoing
flux corresponds to the temperature near the cloud top level. Therefore, the observed thermal emission is
close to that of the 220–260 K black body radiation in the 5–50 μm range [Titov et al., 2007], and it is difficult
to characterize the thermal flux below the clouds through the use of remote sensing techniques.

Very small amounts of thermal energy from the deep atmosphere are leaking out through the so-called atmo-
spheric transparency windows at several specific wavelengths such as 1.7 μm and 2.3 μm [Allen and Crawford,
1984]. These atmospheric window spectra have been used to analyze trace gaseous abundances below the
clouds as well as cloud opacities [Pollack et al., 1993; Meadows and Crisp, 1996; Marcq et al., 2006, 2008; Arney
et al., 2014; Haus et al., 2015b]. But these spectra at the limited range cannot be used to understand thermal
energy balance at low altitudes. In situ measurements by Pioneer Venus descent probes in 1978 provided
a unique opportunity to measure net flux profiles below the clouds, although an error correction was nec-
essary due to “through-flow” effects [see Revercomb et al., 1982, 1985]. The results showed that the net flux
ranges from ∼10 W m−2 to ∼90 W m−2 near the cloud base level (40–50 km). To explain this unexpectedly
low value of the observed net flux, Revercomb et al. [1985] suggested a large quantity of water vapor, about
5000 ppmv. This is also based on in situ measurement data from the gas chromatograph on board Pioneer
Venus, which reported 0.519% H2O concentration [Oyama et al., 1980]. The gas chromatograph measurement
however could have been affected by sulfuric acid cloud particles blocking inlet of the instrument and gen-
erating water by chemical reactions at the inlet surface thereby explaining the large H2O abundance [von
Zahn et al., 1983]. Such a large quantity of water vapor has not been observed by subsequent experiments.
Venera 9/10 measured 300 ppmv [Marov, 1978], and much less water vapor abundance, 26–32 ppmv, was
reported using ground-based and Venus Express observations [Marcq et al., 2006, 2008; Haus et al., 2015b;
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Arney et al., 2014]. As a consequence, the reason for the lowest net thermal flux value derived by Revercomb
et al. [1985] is not yet understood.

On global scale, solar insolation is strongest at the equator and much smaller at high latitudes. This excess
radiative energy at low latitudes should be distributed by a global circulation, a Hadley-like one that consists
of ascending motion at low latitudes and descending at high latitudes. This global circulation may extend
to below the clouds [Taylor, 2006], as an observed CO abundance reveals its horizontal distribution around
35 km altitude [Tsang et al., 2009], even though solar radiance will decrease quickly below the cloud layer.
The observed increasing net thermal flux toward high latitude could support this global circulation, because
the observation indicates increasing radiative cooling at high latitudes and requires a downward motion to
compensate radiative cooling by adiabatic heating [Revercomb et al., 1985]. However, the latitudinal variation
of the net thermal flux was explained with unrealistically large range of water vapor abundance, so it is difficult
to be understood with the currently observed water vapor abundance, less than 50 ppmv. On the other hand,
the influence of trace gases and aerosols on the thermal flux has not yet been explored enough with updated
gaseous opacity data [Snels et al., 2014], and hence might not have been sufficient at the time of the in situ
measurements.

There are recent studies on the atmospheric radiative energy balance that encompass the lower atmosphere
below the clouds [Haus et al., 2015a; Lebonnois et al., 2015]. Haus et al. [2015a] showed a possible implication of
trace gases on net radiative energy balance but more focused on the cloud bottom level and above altitudes.
Lebonnois et al. [2015] considered CO2 collision-induced absorptions, including data of Stefani et al. [2013]
in the 2900–3100 cm−1 range. Their study pointed out that atmospheric opacity in the 3–7 μm range plays
an important role on the net energy balance below the clouds, and they introduced an arbitrary continuum
of 2× 10−6 cm−1amagat−2 above 3 μm in order to make balanced net energy in the deep atmosphere. In
this study, we compare possible atmospheric opacity sources using the most recent gaseous absorption data
(section 2), including the data of Stefani et al. [2013] in the 2650–3130 cm−1 range. We explore the influences
of trace gaseous abundance on net thermal flux (section 3). The results are discussed in section 4, and the
summary is in section 5.

2. Description of Calculation

We considered the broad spectral range of thermal emission ranging from 50 to 8300 cm−1 (=1.2–200 μm).
A fast line-by-line calculation method and the Spherical Harmonic Discrete Ordinate Method (SHDOM) [Titov
and Haus, 1997; Evans, 1998] were used to calculate monochromatic upward and downward flux profiles. This
was described by Lee et al. [2015], but details in the atmospheric gaseous absorption calculation had been
greatly improved from this previous study to take into account net radiative energy balance below the clouds
(see section 2.2). We performed calculations with a 0.1 cm−1 spectral resolution.

2.1. Atmospheric Temperature and Pressure Model
Atmospheric temperature, pressure, and density profiles at low latitude were taken from the Venus Interna-
tional Reference Atmosphere (VIRA) [Seiff et al., 1985]. Pole-to-equator temperature difference below 50 km is
small, 10 K at 40 km altitude and only 3 K at 35 km [Seiff et al., 1985]. The density profile of VIRA has been taken
into account with care because of the imperfect gas compressibility factor (𝜁 ) which originally comes from
Hilsenrath et al. [1960]. We find that VIRA density above 15 km altitude agrees well with the pure CO2 den-
sity in National Institute of Standards and Technology webbook (http://webbook.nist.gov/chemistry/fluid/),
describing thermophysical properties of fluids with recent references.

2.2. Gaseous Opacity
Gaseous absorptions due to CO2, N2, H2O, SO2, OCS, HCl, CO, HF, and H2S were included in our atmospheric
model. The mixing ratio of CO2 and N2 was fixed to be 96.5% and 3.5%, respectively [Seiff et al., 1985]. The
abundance of other trace gases varied with altitude. Figure 1 shows these vertical profiles of volume mixing
ratios taken from Titov et al. [2007] that are used as a standard in this study (hereafter “STD”). The variability
of trace gases will be discussed in section 3. Figure 2a shows calculated absorption coefficients (km−1) of all
gases at 40 km. As shown in this figure, CO2 absorption is dominant at all wave numbers, but other gases can
also be significant opacity sources at weak CO2 absorption ranges.
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Figure 1. Vertical profiles of trace gas mixing ratios taken from
Titov et al. [2007].

2.2.1. CO2

CO2 absorption makes the deep atmo-
sphere opaque, and the net flux profiles
are controlled in radiation at CO2 win-
dows. As a consequence, absorption in
distant CO2 wings and collision-induced
absorption (CIA) are important quanti-
ties that have to be considered in net
thermal flux studies. Even though such
absorptions are not fully understood due
to insufficient theoretical and laboratory
experimental studies [Halevy et al., 2009;
Snels et al., 2014], we tried to use available
data so far.

First, we used absorption line parameters
taken from the HITEMP2010 line catalog

[Rothman et al., 2010]. In the 4000–4400 cm−1 and 8000–10,300 cm−1 spectral ranges, another database
developed by Wattson and Rothman [1992] and Pollack et al. [1993] was used.

Second, we used empirical sub-Lorentzian correction factors (so-called 𝜒 factor), which were required to
reproduce observed spectra at 1.0–1.18 μm, 2.3 μm, 2.7 μm, 4.3 μm, 6–40 μm [Winters et al., 1964; Pollack
et al., 1993; Meadows and Crisp, 1996; Tonkov et al., 1996; Ignatiev et al., 1999]. We used five different factors
from the literature that were determined for certain spectral ranges. The factor taken from Ignatiev et al. [1999]
was used in the wave number range shortward of 2000 cm−1, Winters et al. [1964] in the 2000–2600 cm−1

range, Pollack et al. [1993] in the 2600–3800 cm−1 range, Tonkov et al. [1996] in the 3800–4700 cm−1 range,
and Meadows and Crisp [1996] in the range larger than 4700 cm−1. A line-cutoff value of 200 cm−1 was used
for the CO2 absorption calculation.

Third, we took into account CO2 CIA. Gruszka and Borysow [1997] data were used in the range shortward of
250 cm−1 and Baranov et al. [2004] data in the 1200–1500 cm−1 range. Note that CIA studied by Baranov
et al. [2004] is valid for the temperature range from 193 K to 360 K. We assumed that the appearance of CIA
does not change at higher temperatures than the given temperature range, as its temperature dependence
is weak from 294 K to 473 K [Snels et al., 2014]. The same was assumed at lower temperatures. We used recent
laboratory experiment data in the 2650–3130 cm−1 range [Stefani et al., 2013]. In the atmospheric windows,
CIA was suggested to explain an observed spectrum. These values could be retrieved by fitting the spectral
shapes of CO2 absorption but assumed wave number-independent “continuum” in a given window. In this
study, such continuum of 3×10−8 (amagat−2 cm−1) was used in the 2.3 μm atmospheric window in the range

Figure 2. Absorption coefficients of all gases. This calculation uses the mixing ratio profiles shown in Figure 1 and
temperature and pressure at 40 km altitude. (a) The full spectral range used in this study. (b) An enlarged area of
Figure 2a in the 750–3600 cm−1 range and the 10−2 –104 km−1 range, including CO2 collision-induced absorption (CIA)
used in this study (Table 1 and Figure 3) but excluding N2, HF, H2S absorptions.
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Table 1. CO2 CIA Data Sets Used in This Study

Spectral Range (cm −1) CIA (Reference)

<250 Gruszka and Borysow [1997]

1200–1500 Baranov et al. [2004]

2650–2750 Equation (2) and Table S1 [Stefani et al., 2013]

2750–2870 Equation (3) and Table S2 [Stefani et al., 2013]

2870–3130 Equation (4) and Table S3 [Stefani et al., 2013]

4000–5000 3 × 10−8 (amagat−2 cm−1) [Marcq et al., 2006]

5000–6050 7.7 × 10−9 (amagat−2 cm−1) [Bézard et al., 1990]

4000–5000 cm−1 [Marcq et al., 2006]. It permits successful fits to an observed 2.3 μm window spectrum
(section 3). A continuum value of 7.7× 10−9 (amagat−2 cm−1) was utilized in the 1.7 μm atmospheric window
between 5000 cm−1 and 6050 cm−1 [Bézard et al., 1990]. We did not use any CIA for the atmospheric windows
shortward of 1.7 μm. Table 1 summarizes the CIA data sets used in this study.

We compared these data sets of CIA to the previous data measured by Moskalenko et al. [1979], which has
been used in other Venus studies [Bullock and Grinspoon, 2001; Eymet et al., 2009; Takagi et al., 2010; Lee and
Richardson, 2011; Mendonça et al., 2015]. This comparison was done at the 1 bar pressure (0.9869 atm) and sev-
eral temperatures as shown in Figure 3. There are considerable differences between the curves. For example,
in the spectral range 1100–1600 cm−1, CIA described by Moskalenko et al. [1979] has broader and stronger
absorption than the observed data by Baranov et al. [2004] (Figure 3b). The similar behavior is observed for
the CIA in the 0–450 cm−1 and 2570–3200 cm−1 ranges (Figures 3a and 3c). In addition, temperature depen-
dences are not consistent. We decided to use the data sets of Table 1 and not to extrapolate CIA absorption
at shorter or longer wave numbers than the specified ranges (e.g., as noted in Gruszka and Borysow [1997] for
the CIA at the 0–250 cm−1 range).

Among these CIA data sets, data in the 2650–3130 cm−1 range have 1 order of magnitude weaker absorption
than those in the 0–250 cm−1 and 1200–1500 cm−1 ranges (Figure 3). Nevertheless, this CIA turned out to
be a significant factor in thermal flux calculation due to the high temperature of the deep atmosphere. We
carefully investigated this specific CIA using the recent measurement data [Stefani et al., 2013]. We divided
the spectral range into three subranges, 2650–2750 cm−1, 2750–2870 cm−1, and 2870–3130 cm−1, and then
compared spectral features and CO2 density dependence. Band integrated intensities (A) are calculated as

A𝜈1−𝜈2
=

𝜈2

∫
𝜈1

k𝜈d𝜈, (1)

where k𝜈 is an absorption coefficient (cm−1), and 𝜈1 and 𝜈2 are limits of a wave number range (cm−1). We
evaluated the CO2 density square dependences of A, which is the characteristic feature of CIA [Frommhold,
1993]. A linear regression was applied to find a coefficient 𝛼 (cm4 mol−2), satisfying A = 𝛼 × 𝜌2, where 𝜌 is
number density (mol cm−3), as shown in Figures 4a–4c. The result in the 2650–2750 cm−1 range is derived as

A2650−2750 = 7.53 × 104𝜌2. (2)

Data points in Figure 4a are corresponding to each spectrum shown in Figure 4b. The correlation coefficient
of the linear fit is 0.996. We compared its spectral feature with a previous study, Moskalenko et al. [1979], as
shown in Figure 3c and found that the shape and the peak location of the absorption coefficient of Stefani
et al., 2013 is different from that of Moskalenko et al., 1979 especially at 2670 cm−1.

The result in the 2870–3130 cm−1 range is derived as

A2870−3130 = 1.334 × 105𝜌2. (3)

This coefficient is a little smaller than that retrieved by Thomas and Linevsky [1989]: 1.59× 105. Measured
spectra shown in Figure 4f are used in Figure 4e. The correlation coefficient of the linear fit in Figure 4e is
0.986. Its weak temperature dependence is consistent with previous studies [Thomas and Linevsky, 1989; Snels
et al., 2014].
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Figure 3. Comparisons of CO2 CIA coefficients between
recent data and previous data. (a) Gruszka and Borysow [1997]
(“GB97”) and Moskalenko et al. [1979] (“Mo79”) from 0 to
500 cm−1, (b) Baranov et al. [2004] (“Ba04”) and Mo79 from
1100 to 1600 cm−1, and (c) Stefani et al. [2013] (“St13”) and
Mo79 from 2550 to 3200 cm−1.

There is an ambiguous CIA in the 2750–2870 cm−1

range. Previous studies suggested its existence
[Moskalenko et al., 1979; Thomas and Linevsky,
1989], but it is difficult to evaluate this absorption,
since this possible CIA is a part of an allowed CO2

absorption band. Three spectra among six mea-
surements show its feature (Figure 4d). Even
though the statistic reliability is low, we used
these spectra to estimate this CIA in the same
manner as done for the above two subranges,
under the assumption of weak temperature
dependence.

A2750−2870 = 1.36 × 104𝜌2. (4)

This possible CIA is not significant due to the over-
lapped CO2 band. The net thermal flux reduction
caused by this CIA is less than 1.5 W m−2 below
40 km altitude.

For our model calculation, we used smoothed
absorption coefficient spectra of the measure-
ments (Tables S1–S3 shown in the supporting
information file). The density square depen-
dence of absorption was calculated according
to equations (2)–(4). Simulated spectra are com-
pared to the measurements in Figures 4b, 4d, and
4f, showing reasonable fits.

In the next step, we compared CIA influences on
the wave number-integrated net thermal flux pro-
files (Figure 5). The abundance of trace gases were
fixed to the STD condition. The strongest effect is
caused by CIA in the 2650–3130 cm−1 range, since
there is no other overlapped gaseous absorption
(Figure 2b), and it is where strong thermal flux
is emitted due to high temperature in the deep
atmosphere. The continuum effect is the next
strongest one. CIA in the 1200–1500 cm−1 range
and shortward of 250 cm−1 are not as effective as
the others, although actual absorption is strong.
The CIA shortward of 250 cm−1 is even negligible,
because of overlapped water vapor absorption
(Figure 2a). Figure 5 shows that CIA affects thermal
flux below the clouds but only very weakly above.
2.2.2. H2O
We prepared two data sets for H2O absorption.
The first one is based on HITRAN2012 [Rothman
et al., 2013]. The air-broadened half width was

multiplied by 1.7 to take into account CO2 broadening [Fedorova et al., 2008] with a line-cutoff value of
100 cm−1 and assumed 𝜒 = 1. The second set includes laboratory experimental continuum results obtained
from measurements in the 2000–9000 cm−1 range that were performed by the UK-based Continuum
Absorption at Visible and Infrared wavelengths and its Atmospheric Relevance (CAVIAR) consortium
[Ptashnik et al., 2011, 2012] and at the V.E. Zuev Institute of Atmospheric Optics, Russia [Ptashnik et al., 2013].
They compared the measurements between their data and another most broadly used H2O continuum data,
the Clough-Kneizys-Davies (CKD) model, the latest version Mlawer-Tobin-Clough-Kneizys-Davies (MT_CKD)
model [Clough et al., 2005], and showed that their measured data exhibit stronger absorption than MT_CKD.
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Figure 4. CO2 CIA from laboratory experiments [Stefani et al., 2013]. (a, c, and e) Band integrated intensities as a
function of density square. Linear fits are shown as red solid lines. (b, d, and f ) The measured absorption coefficients at
different pressures and temperatures (solid lines) and input data in our model calculation (dashed lines).

We compared our first and second data sets and found that the difference is negligible, because of the rel-
atively low abundance of H2O. Nevertheless, we used the first data set in the 50–2000 cm−1 range and the
second one in the 2000–9000 cm−1 range, since this later one is based on recent experimental measurement,
meaning that this may have more appropriate absorption spectrum features than the former. For the sec-
ond data set, we used UCL08 line parameter, which is a compilation of HITRAN2008 and University College
London data, containing 1.5 million lines [Shillings et al., 2011]. We calculated allowed absorptions as
described by Ptashnik et al. [2012]. Then, optical depth of H2O absorption (𝜏) was calculated as the sum of
allowed absorption (𝜏line) and continuum (𝜏cont). The continuum was divided into self-continuum (Cs) and
foreign continuum (Cf ), as shown in the equation below,

𝜏cont(𝜈, T) = Cs(𝜈, T)𝜌H2OPH2O + Cf (𝜈, T0)𝜌H2O(Pair − PH2O), (5)
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Figure 5. Influence of CO2 CIA on the net thermal flux. Grunszka
and Borysow (1997) data have been used in the 0–250 cm−1 range
(red line, “GB97”), Baranov et al. (2004) in the 1200–1450 cm−1 range
(blue, “Ba04”), the laboratory experimental data [Stefani et al., 2013] in
the 2650–3130 cm−1 range (green, Figure 4, “St13”), and atmospheric
window continua in the 4000–6050 cm−1 range (yellow, “CNT”). All
of CIA are used for STD (black). Without CIA (grey, “woCIA”) is almost
identical to the red curve below the clouds and to the yellow curve
above the clouds.

where Cs and Cf are cross-section (cm−2

molecule−1 atm−1), 𝜌H2O is a number den-
sity of water vapor (molecule cm−3), Pair is
the total atmospheric pressure (atm), PH2O

is a partial pressure of water vapor (atm), T
is temperature (K), and T0 is 400 K. Cf was
measured for the Earth atmosphere and is
assumed to be similar to that in the CO2

atmosphere.

Figure 6 shows spectra of Cs and Cf . The
measured Cs varies from 289 K to 472 K
[Ptashnik et al., 2011, 2013]. We interpo-
lated Cs(𝜈, T) from 250 K to 500 K but fixed
to the value at T=250 K when T is lower
than 250 K or that at T =500 K when T is
higher than 500 K. Cf has a weak temper-
ature dependence, so we used the data at
T =400 K [Ptashnik et al., 2012].
2.2.3. Other Gases
Other trace gas line parameters were
taken from the HITRAN2012 (SO2, OCS,
CO, HCl, HF, H2S, and N2). We used the air-

broadened half width for the CO2 broadening, a line-cutoff value of 100 cm−1, and 𝜒=1. More accurate calcu-
lation would be possible when absorption line parameters of these gases in the dense CO2 atmosphere are
available.

2.3. Cloud Models
The clouds of Venus are located between ∼48 km and ∼70 km altitudes above the surface. Many previous
studies used various cloud models depending on spectral ranges and analysis methods [Crisp, 1986; Pollack
et al., 1993; Zasova et al., 2007; Ignatiev et al., 2009; Haus et al., 2015a; Lee et al., 2015]. We compared three
among them, selecting Table 2 of Crisp [1986] (Crcld), Table 1 of Haus et al. [2015a] (Hacld), and a cloud model
from Lee et al. [2015] with the aerosol scale height of 4 km and the cloud top altitude of 67 km, defined by
a unity optical depth at 5 μm(ZLcld). Crcld was based on Pioneer Venus’ in situ and remote sensing data. It
considers lower haze from 30 km to the cloud base at 48 km. Hacld was developed to fit observed spectra
at broad spectral ranges (300–1700 cm−1, 2000–2800 cm−1, and 4000-4600 cm−1) that were measured by
spectrometers onboard Venera-15 and Venus Express. ZLcld is a combination of the upper cloud model, which
was used to retrieve cloud top altitudes and aerosol scale heights using a joint analysis of spectrometer and
radio occultation measurement on board Venus Express and the middle and lower cloud model taken from

Figure 6. H2O continua data taken from Ptashnik et al. [2011, 2012, 2013].
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Figure 7. Influence of the aerosols on the net thermal flux. (a) Different cloud models, (b) various lower cloud opacities at 48–50 km, and (c) various lower haze
opacities at 30–48 km. The three clouds were taken from Haus et al. [2015a] (“Hacld”), Lee et al. [2015] (“ZLcld”), and Crisp [1986] (“Crcld”). The opacity of the
lower clouds is increased by a factor of 1 to 4 (CF1.0–CF4.0) in Figure 7b. The opacity of the lower haze is changed to 1 order of magnitude higher (LH10) or
lower (LH0.1) in Figure 7c.

Zasova et al. [2007], which is based on Pioneer Venus and Venera data. Since each of these cloud models has
been developed for different purposes, we assumed that the differences between them may be representative
to characterize the possible range of cloud structure variations. Four-mode size distributions of 75% sulfuric
acid aerosols were used for all three models: mode 1 – r̄ = 0.15μm and 𝜎 = 1.91, mode 2 – r̄ = 1.05μm and
𝜎=1.21, mode 2′ – r̄=1.40μm and 𝜎=1.23, and mode 3 – r̄=3.85μm and 𝜎=1.30, where r̄ is a mean radius
and 𝜎 is a standard deviation for a lognormal size distribution [Pollack et al., 1980a]. The optical properties of
aerosols were calculated using Mie code calculation [Palmer and Williams, 1975; Wiscombe, 1980] (N. Ignatiev,
personal communication, 2010).

Figure 7a illustrates net thermal fluxes obtained for the three cloud models. The net fluxes below the clouds
are very similar. Thus, the cloud structure has a negligible influence on the net thermal flux below the clouds.
Above the clouds, the net flux varies, but this is a reasonable result considering different cloud top altitudes
and structures (e.g., Hacld: 71.3 km at 1μm, Crcld:∼71 km at 0.63μm, and ZLcld: 67 km at 5μm). These changes
in cloud parameters affect the upward directed flux up to the top of the atmosphere. Then, we changed the
lower cloud opacity of Crcld (48–50 km) by increasing the cloud number density up to a factor of 4 in the same
manner as done by Arney et al. [2014]. The corresponding results shown in Figure 7b confirm the weak influ-
ence of the lower cloud opacity on the net thermal flux below the clouds. There is no effect on the outgoing
thermal flux at altitudes higher than about 55 km because of unaffected cloud top altitudes. Finally, we

Figure 8. Comparison between synthetic spectra and an observed
spectrum at the 2.3 μm atmospheric window. The observation is taken
from VIRTIS-M-IR on board Venus Express (orbit #0098 and qube #17).
The observed spectrum is an average at low latitudes with less than 5∘
emission angle at night side.

changed only the lower haze opacity in
the 30–48 km altitude range; increasing
or decreasing it by 1 order of magni-
tude (Figure 7c). The result reveals the
weak influence of the lower haze on the
net thermal flux below the clouds due to
too small size of haze particles compared
to the maximum wavelength of thermal
emission below the clouds.

2.4. Comparison With Observation
We compared our synthetic radiances
with an observed 2.3 μm window spec-
trum to validate our model calculation
and also to determine a reasonable opac-
ity of the lower cloud layer. Figure 8 shows
this result. The synthetic spectra were cal-
culated at 0∘ emission angle using differ-
ent lower cloud opacities ranging from a
factor of 2 (CF2.0) to a factor of 3 (CF3.0).
The observed spectrum is an average of
370 spectra, having the same condition of
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emission angles (<5∘) at 33∘ (±2∘)S latitude and around 21 h local time measured by the Visible and Infrared
Thermal Imaging Spectrometer (VIRTIS)/Venus Express [Piccioni et al., 2006]. The result shows that the syn-
thetic spectrum for CF2.8 fits the observation well in the 2.2–2.3 μm range that is almost not influenced by
trace gas variations as it is the case in the 2.3–2.5 μm range. It is important to note that an observed radiance
at this atmospheric window may strongly vary with local time and latitude. This implies a high variability of
the lower cloud opacity, for example, from CF1.0 to CF3.0 [Arney et al., 2014]. However, our interest is more
directed to the net thermal flux below the clouds, where the dependence on the clouds is weak (see Figure 7).
For our study, any CF is acceptable between CF1.0 and CF4.0, corresponding to a total cloud opacity from
29 to 46 as calculated at 1 μm. This range of cloud opacities is close to the observed variation range from
VIRTIS that shows 33–51 [Haus et al., 2015b]. We decided to use CF2.8 of Crcld as STD because of the good
fitting shown in Figure 8. The variation of CF alters the thermal heating at the cloud bottom level. This would
affect the cloud level convection [Baker et al., 1998; Imamura et al., 2014] and could be investigated in a future
study.

Measured and synthetic spectra in the 2.3–2.5 μm range depend on the abundance of trace gases, such as
CO, H2O, OCS, and SO2 [Marcq et al., 2008; Arney et al., 2014; Haus et al., 2015b]. Differences between synthetic
and observed spectra can be reduced by changing the abundance of the trace gases from STD, but this is not
the scope of the present study.

3. Results

We investigated the sensitivity of the net thermal flux in the lower atmosphere of Venus to trace gas
abundances of SO2, H2O, OCS, CO, and HCl. Spectral-integrated net flux profiles are compared, while the abun-
dances of each trace gas was varied below 52 km altitude and all the others were fixed to STD (Figure 1). In
order to understand effective spectral range and altitude, spectral sensitivity to an abundance of a gas is also
studied, −dFnet,𝜈(Agas, z)∕dAgas, where Fnet,𝜈 is a monochromatic net thermal flux (W∕(m2 cm−1)), Agas is an
abundance of a gas, 𝜈 is a wave number, and z is an altitude. Possible vertical gradients of trace gases were
ignored in this sensitivity study, except for STD.

3.1. SO2

Previous studies reported the abundance of SO2 as 126–185 ppmv with deviations from ±40 to ±70 ppmv
using in situ measurement and the 2.3 μm atmospheric window observation which corresponds to around
35 km altitude [Oyama et al., 1980; Pollack et al., 1993; Marcq et al., 2008]. The most recent ground-based obser-
vation at the 2.3 μm wavelength reported considerable spatial variability from 0 to 260 ppmv [Arney et al.,
2014]. Their high spectral resolution data with R = 3500 is sufficient to retrieve SO2 abundance from the
narrow absorption range at 2.45–2.48 μm. Vertical distributions of SO2 abundance were measured in situ by
ISAV1 and ISAV2 on board Vega balloons. The results showed a decreasing trend of the SO2 abundance down-
ward in altitude, from 125–140 ppmv at 42 km to 20–25 ppmv at 12 km altitude [Bertaux et al., 1996]. The
observed abundance of SO2 in the lower atmosphere triggered discussions on chemical process. For example,
Fegley and Treiman [1992] suggested the losing process of SO2 through the reaction between SO2 and CaCO3

(atmosphere-surface interaction) and showed their model result of significantly low SO2 abundance, less
than 10 ppmv below ∼15 km. The atmosphere-surface interaction, however, may be a localized process
[Krasnopolsky, 2007], and volcanism may be a sufficient source [Fegley and Treiman, 1992]. Therefore, the range
of SO2 abundance variation is not fully understood below the clouds. In this study, we take into account a SO2

mixing ratio variability in the range of 0–300 ppmv. But we note that the zero abundance would be extreme.

Figures 9a and 9b show the results. A significant increase of the net flux appears when we use 0 ppmv. The
net flux increases by ∼60 W m−2 compared to that using 300 ppmv. More than 20 ppmv mixing ratio can
produce sufficient opacity to suppress this increase, and the change of the net flux becomes rather small from
50 to 300 ppmv (5 W m−2). The SO2 absorption bands are not as broad as those of H2O and CO2. But as shown
in Figure 9b, the largest net flux variation happens in the 1100–1200 cm−1 range, which accommodates a
strong SO2 absorption band. On the other hand, this spectral range is characterized by comparatively small
opacities of other gases including CO2 (cf. Figure 2b). Therefore, if the abundance of SO2 is not high enough
(<20 ppmv) in the lower atmosphere, then this atmospheric window can enable effective thermal cooling
below the clouds. However, the variations of SO2 abundance below the clouds do not affect net flux within
and above the clouds. The difference between the net flux profiles decreases quickly below 30 km altitude
because of pressure broadening of CO2 absorption that effectively “closes” the spectral window.
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Figure 9. Sensitivity of the net thermal flux to the abundance of trace gases. (a and b) The sensitivity to the SO2 mixing
ratio for the wave number-integrated net flux profiles and for the monochromatic net flux profile between minimum
(0 ppmv) and maximum (300 ppmv), respectively. (c and d) The same as Figures 9a and 9b but for the 20–50 ppmv
of H2O. (e and f) The same but for the 0–5 ppmv of OCS. Figures 9b, 9d, and 9f have enlarged boxes, showing most
sensitive spectral regions of each gas between 0 and 50 km. (g and h) The same but for the 10–50 ppmv of CO.
(i and j) The same but for the 0.2–0.7 ppmv of HCl.
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Table 2. Summary of the Sensitivities of the Net Thermal Flux to the Abundance of Trace Gases Below the Clouds

Gas SO2 H2Oa OCSa COa HCl

Min (ppmv) 0b(80) 20 0 10 0.2

Max (ppmv) 300 50 5 50 0.7

ΔFnet = Fnet(min) − Fnet(max)
Max ΔFnet (W m−2) 59.9 (3.1) 20.0 6.4 2.2 0.5

Altitude of max ΔFnet (km) ≥43 (≥47) 43 32–33 21–22 36–38

Most affected spectral 1100–1200 ∼1600 ∼2900 4150–4350 ∼2900

Region (cm−1) (∼440–450, 1200–1230)
aA vertical gradient of abundance is ignored.
bExtreme case. Minimum 80 ppmv case is shown in parentheses.

3.2. H2O
We consider an abundance range of H2O from the previous observations between 20 and 50 ppmv [Bézard
et al., 1990; Pollack et al., 1993; Bézard et al., 2009; Marcq et al., 2008; Arney et al., 2014; Haus et al., 2015b]. The
much larger abundance of H2O, 150–300 ppmv, which was reported by Venera [von Zahn et al., 1983], is not
considered in this study, because this has not been confirmed by other observations.

As shown in Figures 9c and 9d, the net thermal flux profile near 40 km decreases by ∼20 W m−2, when the
mixing ratio of H2O increases from 20 to 50 ppmv. This is the second strongest influence on net flux after that
of SO2, but the variation ranges of mixing ratio is much smaller than that of SO2. The H2O absorption extends
over broad spectral range and higher H2O abundances can reduce the net thermal flux very effectively. The
spectral sensitivity is the strongest around 1600 cm−1, where H2O opacity is dominant (Figures 2 and 9d).

3.3. OCS
We compare thermal flux profiles for abundance variations of OCS from 0 and 5 ppmv assuming a constant
profile below 52 km. Previous observations at the 2.3 μm atmospheric window reported an increasing OCS
abundance below 30 km [Pollack et al., 1993; Marcq et al., 2005]. Also, there are considerable differences in
observed abundance above 30 km ranging from less than 1 ppmv to 4.4 ppmv [Pollack et al., 1993; Marcq
et al., 2005; Arney et al., 2014; Haus et al., 2015b]. This may indicate possible different vertical gradients, but we
simplified our sensitivity study using a constant value. A vertically varying OCS mixing ratio has been assumed
for STD according to Figure 1, 0.025 ppmv at 48 km to 32 ppmv at 27 km (∼4 ppmv at 33 km). A comparison of
results using STD model and a constant mixing ratio can provide a rough assessment of the influence of the
vertical gradient. Figure 9e shows that the STD flux profile intersects with that of 4 ppmv constant value at
∼33 km, implying that both agree above 30 km. However, below 30 km, the STD flux profile shows the smallest
value, which is caused by the large abundance of OCS. Therefore, we restrict the OCS sensitivity analysis for
the altitudes above 30 km.

Figure 9e shows that the net thermal flux variation due to OCS is from 35 W m−2 (5 ppmv) to 42 W m−2 (0 ppmv)
at 33 km. This is the third strongest influence on the net thermal flux changes, after those of SO2 and H2O.
Taking into account its small range of mixing ratio variation, the sensitivity of the net thermal flux to abun-
dance changes of OCS is relatively high compared to SO2 and H2O. Most effective absorption is located around
2900 cm−1 (Figure 9f ), where CO2 and H2O absorptions are relatively weak. Note that the net flux change is
reduced by CO2 CIA (cf. Figure 4f ).

3.4. CO and HCl
We change the abundance of CO from 10 to 45 ppmv, as reported by previous observations [Bézard et al.,
1990; Pollack et al., 1993; Marcq et al., 2008; Tsang et al., 2009; Arney et al., 2014; Haus et al., 2015b]. A constant
profile has been used below 52 km. Figures 9g and 9h show that the strongest CO influence occurs at the
2.3 μm window around 20 km, but the overall effect is rather weak.

The mixing ratio of HCl ranges from 0.2 to 0.7 ppmv [Bézard et al., 1990; Iwagami et al., 2008; Arney et al., 2014].
This produces negligible effect on the net thermal flux (Figure 9i). Figure 9j shows that spectral ranges of high
sensitivity are around 3000 cm−1 and 6000 cm−1, where HCl absorption bands exist.
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Figure 10. Comparison of net thermal flux profiles. The
minimum abundance of trace gases (MIN, black), the same
as MIN except for a moderated SO2 abundance (MIN2, red),
and the maximum abundance of trace gases (MAX, green) are
used to calculate the net thermal flux profiles. STD is the result
using Figure 1. See text for details. In situ measurement data
from the North and Night probes of Pioneer Venus are also
shown (grey shaded lines) [Revercomb et al., 1985].

3.5. The Range of Net Flux Variations
The sensitivities of the net thermal flux to abun-
dance variations of trace gases are summarized
in Table 2. Considerable net flux variations can
be caused by abundance changes of SO2, H2O,
and OCS below the clouds, while there are weak
variations due to CO abundance and negligible
flux response to the abundance changes of HCl.
Our results are consistent with previous studies
by Pollack et al. [1980b] and Tomasko [1983] who
also described H2O and SO2 as important ther-
mal opacity sources. Our conclusion about the
strongest influence of SO2 is different from the
previous study by Taylor and Grinspoon [2009].
This is caused by the different CO2 absorption con-
sideration, which will be discussed in more detail
in section 4. The weak influence of CO and negli-
gible effect of HCl in our result are consistent with
previous studies [Pollack et al., 1980b; Tomasko,
1983; Titov et al., 2007; Taylor and Grinspoon, 2009].

We also compare the minimum (MIN) and maxi-
mum (MAX) abundances of all gases in order to
explore the range of possible net thermal flux vari-

ations. MIN and MAX are considered as the abundances shown in Table 2 for SO2, H2O, OCS, and CO. MIN2
uses the same mixing ratios as MIN, except a moderate SO2 by 80 ppmv. All gaseous abundances are con-
stant below 52 km altitude. Figure 10 shows the result. The net thermal flux at 45 km altitude is 40 W m−2 for
MAX and increases up to 68 W m−2 for MIN2 and 97 W m−2 for the extreme case MIN, respectively. We also
investigated net flux changes due to temperature profile variations from equator to polar latitudes according
to VIRA using STD abundance conditions. The difference in net flux due to the thermal structure is less than
9.7 W m−2 (not graphically shown here). This implies that the abundance of trace gases plays an important
role in controlling the net thermal energy below the clouds, more than the meridional variation of thermal
structure does.

4. Discussion

There is only one in situ observation available to compare with our calculation results. This is the data obtained
by the net flux radiometers on board Pioneer Venus small probes. Among three probes the Night and North
probes descended on the nightside, meaning they measured only thermal flux [Suomi et al., 1980]. The primary
results revealed ∼50–110 W m−2 at the 40–50 km altitude range [Suomi et al., 1980], but these values were
corrected later on to 30–100 W m−2 by the error removal procedure [Revercomb et al., 1982]. The corrected
data below 48 km are compared with our results in Figure 10. This comparison shows that the variation of
observed thermal fluxes below the clouds is consistent with our model calculations using various abundances
of trace gases.

We find that 50 ppmv water vapor and abundances of other trace gases within their observed ranges pro-
duce enough thermal opacity to fit the measured net fluxes of the Night probe. Thus, it is not necessary to
assume 100–200 ppmv water vapor as done by Revercomb et al. [1985]. Below 30 km altitude, the observed
net thermal fluxes are smaller than our results. We identified a possible cause resulting from the error correc-
tion process applied by Revercomb et al. [1982]. The error term is the largest at 14 km altitude and decreases
upward reaching minimum near 55 km. This error depends on the simulated net thermal flux at 14 km, since an
absolute error could not be calculated. Revercomb et al. assumed 0–16 W m−2, which is smaller than our calcu-
lation (20–29 W m−2). Therefore, the comparison between corrected observation and our model calculation
is more plausible in the 35–48 km altitude range than at lower altitudes.

Concerning the contributions of water vapor to the thermal opacities, our result is consistent with the
previous studies; H2O is an effective factor on the net flux variation [Pollack et al., 1980b; Tomasko, 1983;
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Figure 11. Comparison of cooling rate profiles. The net thermal flux
profiles shown in Figure 10 are used. The global mean solar heating
rate profiles are taken from Tomasko et al. [1985] (grey dashed line)
and Haus et al. [2016] (grey dotted line).

Revercomb et al., 1985; Titov et al., 2007;
Taylor and Grinspoon, 2009]. SO2 can
enhance thermal cooling most signifi-
cantly in this study but only for the case
of less than 20 ppmv mixing ratio. This
is an interesting result considering the
atmospheric evolution of Venus, as Taylor
and Grinspoon [2009] seem to underesti-
mate the influence of SO2, due to the used
CO2 CIA around 1100–1200 cm−1. These
data described by Moskalenko et al. [1979]
have broad CO2 CIA, which covers the SO2

absorption band. Since these data show
quite different temperature dependence
compared to those from recent measure-
ments [Baranov et al., 2004; Snels et al.,
2014] (Figure 3b), the broad CIA extend-
ing down to 1100 cm−1 is doubtful and
would require an additional study to con-
firm it. A further study would be a com-

parison of different sub-Lorentzian line shape factors in this particular spectral range to make better
understanding on thermal flux in this spectral range.

Thermal cooling rate is calculated for the one-dimensional net flux profile, using the following equations,

dT
dt

= 1
𝜌cp

(
−
𝜕Fnet

𝜕z

)
, (6)

where cp is heat capacity (J kg−1 K−1) taken from Crisp [1986],

cp(T) = 443.15 + 1.688T − 1.269 × 10−3T 2 + 3.47 × 10−7T 3. (7)

The results are smoothed over 3 km path length and are compared in Figure 11 considering MIN and MAX
trace gas abundances. Since the air density (𝜌) increases logarithmically downwards, thermal inertia is very
large in the deep atmosphere. Cooling rates therefore become much smaller than those above 60 km altitude
[Lee et al., 2015]. Nevertheless, there is a considerable difference between MAX and MIN2 especially above
30 km altitude. Cooling rates may increase by a factor of 2 (or even three for the extreme case MIN).

Our results suggest that the observed abundance variation of trace gases can produce thermal cooling rate
change e.g. at 36.5 km from 0.014 K d−1 for MAX to 0.029 K d−1 for MIN2 (0.077 K d−1 for MIN), where d is
for Earth day. This is comparable to the meridional gradient of diurnally averaged solar heating rate from
0.011 K d−1 at equator to 0.001 K d−1 at the pole at 36.1 km altitude [Tomasko et al., 1985]. The ranges of thermal
cooling rate variation due to each trace gas abundance are estimated, although this is not shown graphically.
That due to the SO2 abundances is from 0.024 K d−1 through 0.026 K d−1 to 0.074 K d−1 at 36.5 km when
the SO2 abundance varies from 300 ppmv through 80 ppmv to 0 ppmv, respectively (this range of cooling
rate variation, 0.05 K d−1, corresponds to 200% of STD cooling rate at the same altitude). That due to the H2O
abundances is from 0.017 K d−1 to 0.034 K d−1 at the same altitude (68% of STD cooling rate) and that due
to the OCS abundances is from 0.020 K d−1 to 0.019 K d−1 (4% of STD cooling rate), for the maximum and
minimum abundances of each trace gas (Table 2), respectively. This confirms that the influence of trace gases
should be carefully considered in the net radiative energy balance of the deep atmosphere.

Below the clouds, thermal cooling rates have a very weak latitude dependence, since latitudinal temperature
differences are small. Solar heating rates more strongly depend on latitude due to decreasing solar inso-
lation with increasing latitude. A comparison of globally averaged thermal cooling rates and solar heating
rates allows to estimate the net radiative energy balance in the lower atmosphere. This is shown in Figure 11
using the global mean solar heating rates given by Tomasko et al. [1985]. There is an approximate balance
of thermal cooling and solar heating at altitudes below 34 km, while weak cooling dominates between
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34 and 40 km. The recent global mean solar heating calculation given by Haus et al. [2016] is also shown in
Figure 11, using VIRA temperature and cloud opacities according to their Figures 4 and 5. As the authors found
a general weak net cooling in the lower atmosphere, our comparison also shows stronger cooling than solar
heating. Lebonnois et al. [2015] reported similar net cooling results and introduced an additional absorption
continuum that can suppress the net cooling. This possibility of insufficient thermal opacity may be caused
by not yet known gas absorptions, for example, CO2 foreign CIA or absorption properties of trace gases in
the dense CO2 atmosphere. In addition, a further study of solar heating rates is required using various cloud
opacities, the unknown UV absorber’s absorption spectra and abundances, trace gas abundances, and solar
irradiance spectra. These results should improve the estimation of the net radiative energy balance in the
lower atmosphere.

There are no significant changes in the net thermal flux above ∼70 km altitude in all of our sensitivity studies
(Figures 9 and 10). This implies that the huge opacity of the clouds can prevent radiative influence from the
deep atmosphere on the mesosphere, meaning that any variations will be difficult to be recognized through
remote sensing, consistent with a previous study [Lebonnois et al., 2015]. In addition, these various thermal
fluxes below the clouds will be absorbed by the clouds and may induce horizontal contrasts of thermal heat-
ing rates at the cloud bottom (∼48 km). A similar response may also result from lower cloud opacity changes
(Figure 7b). This would affect a convective layer in the low-to-middle cloud layers [Baker et al., 1998; Imamura
et al., 2014], which has been explored through fluid dynamic model calculations using solar and thermal radia-
tive energies. A further study employing the spatial inhomogeneity of heating at the cloud bottom would be
helpful to better our understanding of the convective layer.

5. Summary

We calculated the net thermal fluxes in the atmosphere of Venus from the surface to 100 km altitude. Updated
CO2 collision-induced absorption coefficients (CIA) were included in this study. Compared with values that
were measured in the 1970s [Moskalenko et al., 1979], these new data exhibit a considerable discrepancy in
the temperature dependence and also in the spectral coverage. Among the updated data sets, we find that
the CO2 CIA in the 2650–3130 cm−1 range affects the deep atmospheric thermal flux strongly.

Using the new CIA data, the influence of trace gas abundances on net thermal flux profiles in the lower atmo-
sphere of Venus has been explored in great detail by specifying minimum and maximum abundances of
all trace gases reported from observations. Considerable flux variations occur implying the importance of
trace gases to understand the net radiative energy balance in the lower atmosphere. The results show that
SO2, H2O, and OCS are effective thermal opacity sources. The most significant influence may occur when SO2

abundances would be small (<20 ppmv). H2O abundance variations from 20 to 40 ppmv also produce consid-
erable changes of the net thermal flux. Various OCS abundances from 0 to 5 ppmv show some effects on the
net thermal flux, even though the range of variation is small. CO and HCl abundance variations only weakly
modify net thermal fluxes. We also explored the influences of lower clouds and lower haze distribution
changes. They turned out to wield little influence on net thermal fluxes below the clouds.

Present results on simulated net flux variations show a successful fitting of in situ measurement data obtained
by the decent probes of Pioneer Venus. This means that the observed variations of trace gas abundances
facilitate a possible explanation of these measured net flux variations.
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