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Abstract Cloud-resolving numerical simulations are carried out to study how in situ formed cirrus affect
the humidity in the tropical tropopause layer and lower stratosphere. Cloud-induced impacts on the specific
humidity are evaluated separately in terms of (i) the dehydration efficiency and (ii) the increase in the
saturation mixing ratio associated with cloud radiatively induced temperature adjustment. The numerical
results show that the dehydration efficiency of cirrus clouds, which is measured by the domain average
relative humidity, varies within 100 ± 15% in all model configurations (with/without heterogeneous ice
nucleation and with/without cloud radiative heating and cloud dynamics). A larger impact on the specific
humidity comes from temperature increase (of a few kelvins) induced by cloud heating. The latter is found
to scale approximately linearly with the domain average ice mass. Resolving the cloud radiatively induced
circulations approximately doubles the domain average ice mass and associated cloud-induced
temperature change.

1. Introduction

Low temperatures around the tropical tropopause (180–200 K) constrain water entering the stratosphere
to a mixing ratio of a few parts per million [Brewer, 1949; Mote et al., 1996]. For a large fraction of air enter-
ing the stratosphere, dehydration occurs within cirrus clouds in the tropical tropopause layer (TTL), but
the details of this dehydration process and overall importance remain incompletely understood [see, e.g.,
Fueglistaler et al., 2009; Randel and Jensen, 2013, and references therein]. Previous calculations of TTL cir-
rus clouds and dehydration have used microphysical box models [Gettelman et al., 2002; Jensen and Pfister,
2004; Fueglistaler et al., 2005; Ren et al., 2007; Fueglistaler et al., 2013], simplified microphysics [Rosenfield et
al., 1998], or transient, localized profiles of individual cloud cases [Dinh et al., 2012, 2014].

Here we use a state-of-the-art cloud-resolving numerical model to explicitly resolve the microphysical,
radiative, and dynamical processes in in situ formed cirrus clouds in the TTL. The model is integrated until a
steady state in water vapor and clouds is reached over a tropics-wide domain, for which our analysis gives
similar characteristics to observations. The steady state model calculations over the life cycles of a large
ensemble of clouds provide insights into not only the roles of individual cloud processes (i.e., microphysics,
radiation, or dynamics) but also how interactions among them affect the humidity profile in the TTL and
lower stratosphere.

2. Numerical Model Setup

All numerical simulations are in 2-D and solved using the dynamical core of the System of Atmospheric
Modeling [Khairoutdinov and Randall, 2003]. The horizontal domain is 3200 km wide and is subject to peri-
odic boundary conditions. In the vertical, the domain extends from z = 11 km to 19 km. Nonreflective open
boundary conditions [Bougeault, 1983; Klemp and Durran, 1983] are applied at the top and bottom of the
domain. The resolution is Δx = 5 km in the horizontal and Δz = 30 m in the vertical. The model is integrated
over 150 days with a dynamical time step of 30 s, and a microphysical time step of 10 s. The results shown
in section 3 represent the model’s internally generated steady state statistics based on the 90 day period
between day 60 and day 150.

The domain is subject to an imposed upwelling following the mean vertical mass flux estimate by Corti
et al. [2005, Figure 3]. The imposed upwelling results in upward fluxes of water vapor and aerosols into
the domain, which are, in steady state, balanced by downward fluxes associated with ice sedimentation.
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In addition, imposed Kelvin waves induce realistic temperature and circulation perturbations. The horizontal
wavelength of the waves is equal to the domain width, and the wave period is 3 days. The waves are excited
in the lower part of the domain (between z = 11 km and 14 km), which will be excluded from the analysis.
Wave energy from the forcing region radiates upward, generating perturbations in the rest of the domain
(see Dinh et al. [2012] for details). This leads to a temporally and spatially varying cloud field with character-
istics similar to observations [see Boehm and Verlinde, 2000; Immler et al., 2008; Fujiwara et al., 2009]. Note
that this model setup does not consider clouds of convective origin.

Model simulations with homogeneous ice nucleation only are compared with simulations with both
homogeneous and heterogeneous nucleation. We use the parameterization of Koop et al. [2000] for homo-
geneous freezing and that of Kärcher and Lohmann [2003] for heterogeneous freezing. The threshold for
homogeneous freezing is independent of the nature of the solute [Koop et al., 2000] and ranges about 150
to 160% in relative humidity (with respect to ice) at TTL temperatures. Conversely, the heterogeneous freez-
ing threshold depends on the properties of the substrate material of the freezing nuclei [see, e.g., Murray
et al., 2010]. Here we show results for 120% heterogeneous threshold. Sensitivity calculations with a
threshold of 130% (not shown) give as expected a smaller difference compared to the calculations with only
homogeneous nucleation. The homogeneous and heterogeneous aerosol concentrations at the bottom of
the domain are set to be 108 m−3 and 104 m−3, respectively; these are within the range of observations for
aerosols in the upper troposphere [Chen et al., 1998]. Ice depositional growth and sublimation are solved
using the bin scheme designed by Dinh and Durran [2012]. The size distribution of ice crystals is resolved
with 10 bins ranging from 0.25 μm (i.e., radius of aerosol particles) to 100 μm in radius. Fall speeds of ice
crystals are computed following Böhm [1989].

We compare model simulations with different treatment of cloud radiative heating. In the Rad-None
configuration, cloud radiative heating is ignored, while in the Rad-Mean and Rad-Dynamics configurations
cloud radiative heating is calculated following Dinh et al. [2010]. Cloud radiative heating is balanced by
Newtonian cooling

QN = −T − T̃
𝛾

, (1)

where 𝛾 = 20 days is the radiative relaxation time scale [Hartmann et al., 2001], T(x, z, t) is temperature, and
T̃(z) is the unperturbed temperature. That is, the cloud radiative perturbation is evaluated around a base
state with a realistic dynamically forced mean upwelling and temperature profile.

The difference between the Rad-Mean and Rad-Dynamics configurations is that the latter fully resolves
the cloud radiatively induced circulations, while in the former at each time step and vertical level the
cloud radiative heating is averaged over the horizontal domain and then evenly applied over the horizon-
tal domain. This setup takes the domain-wide temperature adjustment from cloud radiative heating into
account but does not resolve cloud-scale dynamics.

3. Results
3.1. Cloud Characteristics
Figure 1 shows the 90 days after model spin-up of ice number concentrations within clouds for the three
simulations with homogeneous ice nucleation only. The figure shows that the model solution exhibits
variations with time corresponding to variations in cloud properties, and that the 90 day period considered
is sufficiently long to capture the quasi steady state properties of the vapor and cloud fields. The ice number
density distributions in the model simulations (not shown here, but see Dinh et al. [2012, Figures 5 and 7]
for illustrations) are similar to TTL observations that give a range of ∼ 103 to 107 m−3 [Lawson et al., 2008;
Krämer et al., 2009; Davis et al., 2010; Jensen et al., 2013].

Figure 2 shows the vertical profiles of the time and domain average (between day 60 and day 150 and
over the horizontal domain, denoted with the operator [⋅]) of temperature ([T]), ice mixing ratio ([qi])
relative humidity ([RHi]), and specific humidity ([qv]) for all six experiments (Rad-None, Rad-Mean, and
Rad-Dynamics with/without heterogeneous ice nucleation). The differences between Rad-None and the
other two configurations (Rad-Mean and Rad-Dynamics) arise from the differences in temperature (see
Figure 2a). As explained in section 2, the domain average temperature remains fixed (as specified by the
initial condition) for the Rad-None simulations (Figure 2a, red lines). In the Rad-Mean and Rad-Dynamics
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Figure 1. Evolution of ice number concentration averaged over cloudy regions (where the number concentration
is greater than 1 L−1) in the simulations with homogeneous ice nucleation only. The horizontal lines show the time
averages (between day 90 and day 150) of the ice number concentration.

simulations (Figure 2a, green and blue lines), the cloud radiative heating induces a domain-wide tempera-
ture increase compared to the Rad-None runs. At steady state, ice nucleation in the Rad-None simulations
occurs at lower temperatures (than in the Rad-Mean and Rad-Dynamics runs) and produces the highest ice
number concentration in this configuration (see Figure 1).

The differences between Rad-Dynamics and the other two configurations (Rad-Mean and Rad-None) illus-
trate the effect of the radiatively induced dynamics of the clouds. The Rad-Dynamics runs (Figure 2b, blue
lines) show the largest domain average ice mass

[
qi

]
despite having the smallest in-cloud average ice

number density (Figure 1) and also smallest domain average number density (not shown). Resolving the

Figure 2. Vertical profiles of (a) temperature, (b) ice mixing ratio, (c) relative humidity, and (d) specific humidity. All
variables have been averaged over the horizontal domain and over time between day 60 and day 150. The results for
homogeneous nucleation only are shown by solid lines, and those for homogeneous and heterogeneous nucleation are
shown by dashed lines.
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Table 1. Cold Point Tropopause (CPT) Statistics for Simulations With Homogeneous Nucleation Only (Hom
Only), and With Both Homogeneous and Heterogeneous Nucleation (Hom + Het): Altitude of the CPT,
Temperature, Relative Humidity, Saturation Vapor Mixing Ratio, Specific Humidity, and Ice Mixing Ratio at
the CPTa

Rad-None Rad-Mean Rad-Dynamics

Hom Only Hom + Het Hom Only Hom + Het Hom Only Hom + Het

[z] (km) 16.6 16.6 17.1 17.0 17.4 17.3
[T] (K) 190.2 190.2 191.0 191.1 192.0 191.8
[RHi] (%) 112 111 111 109 103 104
[qs] (10−6 kg kg−1) 2.07 2.07 2.57 2.60 3.21 3.02
[qv] (10−6 kg kg−1) 2.31 2.28 2.83 2.79 3.26 3.10
[qi] (10−6 kg kg−1) 0.001 0.004 0.002 0.006 0.020 0.008

aAll variables have been averaged over the horizontal domain and between day 60 and day 150.

cloud-scale dynamics leads to enhanced mixing between cloudy and noncloudy (often supersaturated)
ambient air and gives larger updrafts at cloud locations (see also discussions in Dinh et al. [2010, 2012,
2014]). These updrafts counteract ice sedimentation, such that the crystals are held longer in suspension
and have more time to grow from water vapor in the surrounding air (that comes into contact with the crys-
tals via mixing). The model results show that cloud radiatively induced dynamics leads to larger domain
average ice mass, and hence, it has a positive feedback with the domain average cloud heating.

In addition to cloud radiation and dynamics, the cloud characteristics are sensitive to the nucleation
mechanism of ice crystals. Heterogeneous ice nucleation decreases the domain average ice mixing ratios
(Figure 2b) and number densities (not shown) in all experiments. The limited number of heterogeneous ice
nuclei produces smaller ice particle number densities, which allows ice crystals to grow to larger sizes. At the
steady state, there is a balance between the vertical fluxes of water vapor and ice sedimentation, and the
same ice sedimentation flux is achieved with a smaller domain average ice mass if ice crystals are larger and
hence sediment faster.

3.2. Dehydration Efficiency
The dehydration efficiency (the ability of the condensates to remove moisture from the domain) is mea-
sured by the domain average relative humidity

[
RHi

]
. Up to the cold point tropopause (CPT),

[
RHi

]
varies

within 100 ± 15% as the configurations of the (six) numerical experiments change (Figure 2c). For our sim-
ulations, the effect of temperature differences between model runs on

[
RHi

]
is less important than that

due to the cloud radiatively induced dynamics. In fact, the difference in
[
RHi

]
between the Rad-None and

Rad-Mean runs is small at the CPT (around 16.6 km and 17.1 km, respectively) even though temperature is
1 K higher in the latter case (see Figure 2 and Table 1). On the other hand, there is a considerable increase
in the dehydration efficiency (i.e., decrease in

[
RHi

]
) in the Rad-Dynamics configuration compared with

Rad-Mean and Rad-None. As shown in Dinh et al. [2014], the cloud circulations tend to spread out the cloud
area and increase in-mixing of ambient air which is typically supersaturated (but not sufficiently moist to
allow ice nucleation). Consequently, on average each cloud is able to deplete water vapor in a volume much
larger than the regions in which ice nucleation (cloud formation) occurs. Overall, the convergence of initially
cloud-free and moist ambient air into the clouds enhances the dehydration efficiency of the clouds over the
domain (i.e., decreasing

[
RHi

]
).

In all configurations (Rad-None, Rad-Mean, and Rad-Dynamics) the simulations with heterogeneous ice
nucleation have larger [RHi] in the lower part of the domain (below the tropopause) despite having a lower
nucleation threshold than the homogeneous-only simulations. The effect of heterogeneous nucleation on
[RHi] is largest in the Rad-Dynamics configuration. This is because the faster sedimentation of the fewer, but
larger, ice crystals in the presence of heterogeneous nucleation reduces the cloud lifetime and consequently
the effect of the cloud radiatively induced dynamics (which tends to decrease [RHi]).

3.3. Radiative Temperature Adjustment
The cloud radiative heating in the Rad-Mean and Rad-Dynamics calculations leads to a temperature
adjustment relative to the base profile of the Rad-None calculation (see Figure 2a). The magnitude of the
temperature adjustment is proportional to the Newtonian cooling time scale (see equation (1)) and is,
within the range of ice crystal sizes in these experiments, approximately linearly proportional to the domain
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average ice mass, i.e., [T] − T̃ ∝
[

Qrad

]
∝
[

qi

]
. A comparison between the Rad-Mean and Rad-Dynamics

calculations shows that the cloud radiatively induced dynamics increases the domain average ice mass
(Figure 2b) and hence the radiative temperature adjustment (Figure 2a). Also, Figure 2 shows that the faster
ice sedimentation in the heterogeneous runs not only affects [RHi] as discussed above but also reduces the
domain average ice mass (Figure 2b), and hence the radiative temperature adjustment (Figure 2a).

The applicability of our model results to the radiative temperature adjustment for the TTL depends on (i)
whether the model domain average ice mass profile is similar to that of the TTL and (ii) whether the radia-
tive response estimated with Newtonian cooling is realistic. With respect to (i), the domain average ice mass
generated by the model in the TTL is on the order of 0.05 mg m−3. This is on the lower side of the observed
range 0.02 − 0.5 mg m−3 given by Microwave Limb Sounder [Hendricks et al., 2011, Figure 6] and CALIPSO
[Haladay and Stephens, 2009; Flury et al., 2012]. However, these observational estimates also include con-
vective anvils and remnants thereof which have much larger ice masses than in situ formed clouds. Reliable
attribution of the total observed cloud ice mass to in situ cirrus remains challenging. Given these uncertain-
ties, we consider the model domain average ice mass for in situ cirrus as realistic for the tropical average, but
with an uncertainty of perhaps a factor of 2 or 3.

Further, the radiative relaxation time scale depends on the vertical scale of the perturbations (which may
be for thin TTL cirrus shorter than typical dynamical length scales), and the 20 days taken here also have
an uncertainty of about a factor of 2 [see, e.g., Fueglistaler et al., 2014]. Previous model calculations of
cloud-induced radiative temperature adjustment are in the range of a few kelvins [Rosenfield et al., 1998].
In our model calculations, the temperature adjustment is about 2 K at the CPT and up to 5 K below the
tropopause. In light of the uncertainties for the temperature adjustment, we discuss below the importance
of the radiative temperature adjustment from the perspective of 1 K ≲ 𝛿T <5 K.

3.4. The Relative Importance of Dehydration Efficiency and Radiative Temperature Adjustment
The relative importance of changes in dehydration efficiency and temperature change due to cloud
radiative heating on the specific humidity is given by

𝛿qv[
qv

] =
𝛿RHi[
RHi

] +
𝛿qs

[qs]
=

𝛿RHi[
RHi

] +
Ls

Rv[T]
𝛿T
[T]

(2)

for constant pressure and using the Clausius-Clapeyron relation, where qs is the saturation mixing ratio, Ls

is the latent heat of sublimation, and Rv is the gas constant of water vapor. For temperature in the range
190 to 210 K, the factor Ls

Rv[T]
is ∼30. Therefore, a fractional change in temperature contributes much more

to changes in specific humidity than the same fractional change in relative humidity. In fact, as shown in
Figure 2, the differences in the specific humidity profiles between Rad-None, Rad-Mean, and Rad-Dynamics
runs follow more those in temperature than in relative humidity, i.e., 𝛿qv

[qv] is dominated by Ls

Rv[T]
𝛿T
[T]

.

Specifically, consider the statistics at the CPT (Table 1). Comparing between the Rad-Mean and Rad-None
calculations, the percentage change in relative humidity 𝛿RHi

[RHi]
is less than 2%, whereas temperature

increases by about 1 K, which, together with a decrease in pressure of the CPT, correspond to 𝛿qs

[qs]
∼25 %.

The net change in specific humidity 𝛿qv

[qv]
is 20 to 25%. Interestingly, the changes in relative humidity and

radiative temperature adjustment between the Rad-Dynamics and Rad-None calculations are of opposite
signs. That is, resolving the radiatively induced cloud dynamics decreases the relative humidity
(𝛿RHi < 0), but increases the domain average ice mass and consequently the temperature adjustment
(𝛿T>0). Comparing between Rad-Dynamics and Rad-None calculations,

[
RHi

]
decreases by less than 10%,

but
[

qs

]
increases by at least 45% due to ∼ 2 K temperature increase (and also, to a lesser extent, due to a

decrease in pressure of the CPT). The net effect is a 35 to 40% increase in
[

qv

]
at the CPT.

3.5. Implications for Stratospheric Water
The radiative temperature adjustment leads to a vertical displacement of the CPT (Figure 2a), but in all
model experiments [qi] decreases rapidly with height near the CPT (Figure 2b). As shown in Table 1, [qi] at
the CPT is negligible compared to [qv]. Since there is almost no ice above the CPT, to a very good approxima-
tion the specific humidity is constant with height above the CPT (Figure 2d). In other words, water entering
the stratosphere is, in the absence of ice convectively injected into the stratosphere, controlled by the
vapor passing the temperature minimum at the CPT. The contribution from condensates transported
upward and evaporating in the stratosphere is marginal in our model calculations.
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4. Conclusions

We have used cloud-resolving model calculations in steady state to study how cloud microphysical,
radiative, and dynamical processes of thin cirrus clouds affect the specific humidity in the TTL and lower
stratosphere. We have conceptually separated cloud-induced impacts on the specific humidity into (i) pro-
cesses controlling the dehydration efficiency of the clouds and (ii) the changes in the saturation mixing ratio
associated with cloud radiatively induced temperature adjustment.

We find that in the TTL up to the tropopause the relative humidity varies within 100 ± 15%, depending
on whether we solve for cloud dynamics and heterogeneous ice nucleation. Resolving the cloud radia-
tively induced circulations increases the dehydration efficiency (i.e., decreasing the domain average relative
humidity) due to convergence of initially cloud free, but slightly supersaturated air toward cloudy regions
where the ice crystals deplete the air from the excess moisture. When heterogeneous ice nucleation is
resolved, the impact of the cloud radiatively induced dynamics is reduced as the clouds dissipate faster,
leaving less time for the dynamics to develop.

The saturation vapor mixing ratio increases as the cloud radiative heating warms the TTL. On the domain
average, the cloud-induced temperature change is proportional to the cloud radiative heating rate, which
is found to scale approximately linearly with the domain average ice mass. In our simulations, the domain
average ice mass and hence cloud radiative heating increase when the cloud radiatively induced dynamics
is resolved due to the larger in-cloud updrafts holding particles longer in suspension. This suggests that
there is a positive feedback between the cloud radiative heating and the induced dynamics.

The cloud radiatively induced effects on the dehydration efficiency and radiative temperature adjustment
are found to be of opposite signs. The decrease in relative humidity is less than the increase in the satura-
tion mixing ratio associated with cloud-induced warming. The magnitude of the cloud radiatively induced
temperature change is subject to some uncertainty, but even for a conservative estimate of the temperature
change (on order of a few kelvins), the radiative effect is larger than the effect of changes in dehydration
efficiency. This is because of the strong temperature dependence of the saturation water vapor mixing ratio
at the very low TTL temperatures.

In the absence of deep convective overshoots, all model simulations show a negligible role for moistening
of the stratosphere by condensates evaporating in the stratosphere. Rather, the stratospheric humidity is
dominated by the transport in the vapor phase, which depends on the dehydration efficiency and radiative
temperature adjustment at the CPT.
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