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Abstract

We use the Weather Research and Forecast (WRF) model to simulate a large-scale
tropical tropopause layer (TTL) cirrus, in order to understand the formation and life cy-
cle of the cloud. This cirrus event has been previously described through satellite ob-
servations by Taylor et al. (2011). Comparisons of the simulated and observed cirrus5

show a fair agreement, and validate the reference simulation regarding cloud exten-
sion, location and life time. The validated simulation is used to understand the causes
of cloud formation. It is shown that several cirrus clouds successively form in the re-
gion due to adiabatic cooling and large-scale uplift rather than from ice lofting from
convective anvils. The equatorial response (equatorial wave excitation) to a midlatitude10

potential vorticity (PV) intrusion structures the uplift.
Sensitivity tests are then performed to assess the relative importance of the choice of

the microphysics parametrisation and of the initial and boundary conditions. The initial
dynamical conditions (wind and temperature) essentially control the horizontal location
and area of the cloud. On the other hand, the choice of the microphysics scheme15

influences the ice water content and the cloud vertical position.
Last, the fair agreement with the observations allows to estimate the cloud impact

in the TTL in the simulations. The cirrus clouds have a small but not negligible impact
on the radiative budget of the local TTL. However, the cloud radiative heating does
not significantly influence the simulated dynamics. The simulation also provides an20

estimate of the vertical redistribution of water by the cloud and the results emphasize
the importance in our case of both re and dehydration in the vicinity of the cirrus.

1 Introduction

Cirrus are the most frequent type of clouds, covering about 30 to 50 % of the Earth
surface (Stubenrauch et al., 2010), and they have non negligible impact on the global25

radiative energy budget (Lohmann and Roeckner, 1995). From remote-sensing obser-
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vations, they seem nearly ubiquitous in the tropical tropopause layer (TTL, Fueglistaler
et al., 2009). Radiative transfer calculations suggest that they strongly influence the
heat balance of the TTL, controlling its temperature and contributing to upwelling trends
(Corti et al., 2005). Cirrus are furthermore believed to control the dehydration of air
masses and the amount of water vapour that enters the stratosphere (Jensen et al.,5

1996).
Despite the remarkable attention TTL cirrus have received for the last 20 years,

the microphysical processes controlling their formation are still largely debated. More
precisely, the respective importance of homogenous and heterogeneous nucleation
remains unclear, although in situ observations suggest that both are active in the TTL10

(Jensen et al., 2013; Cziczo et al., 2013). Contrary to the microphysics, the dynamics
leading to cirrus seems somehow better understood. The clouds result either from ice
detrainment from convective towers or from in situ formation in supersaturated regions
created by large to mesoscale uplifts (Wang and Dessler, 2012). Nevertheless, the role
of different waves with different scales in cirrus processes is still discussed, and their15

impacts still require quantification (Kim and Alexander, 2015).
Many processes regarding TTL cirrus have been studied using a Lagrangian frame-

work (parcel or single column models, Jensen and Pfister, 2004) or with idealised
mesoscale simulation (e.g., Jensen et al., 2011; Dinh et al., 2012). There have been
relatively few studies conducting meso to large scale modelling of real-case TTL cir-20

rus. Different reasons may contribute to this: the fact that the typical spatial scale of
TTL cirrus can go down to a few meters in the vertical, the many unknowns in the
microphysics, and the uncertainty regarding how detailed the microphysics modelling
needs to be (bin or bulk). However, despite these important limitations, simulations
using a mesoscale model of tropical cirrus have nonetheless been carried out, but in25

a climatological perspective, i.e. using a moderate resolution and several months of
simulations (Wu et al., 2012; Evan et al., 2013). Now, mesoscale simulations can also
be used for case studies of individual clouds, to address issues such as the dynami-
cal causes of cloud formation. Such case studies will first contribute to evaluating the
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realism of the macrophysical characteristics of the simulated cirrus (location, altitude,
timing, extent). If these characteristics are successfully modeled, the model simulation
may serve to explore the cirrus evolution and its impact. Recently, Muhlbauer et al.
(2014) used case studies with a mesoscale (cloud resolving) model to explore the sen-
sitivity of different types of cirrus to modifications of the microphysical parameters and5

to modifications of the initial conditions, but the mesoscale model tool has mainly been
used to study midlatitude cirrus (e.g. Muhlbauer et al., 2015). In this paper, we use
the Weather Research and Forecast ARW (Advanced Research WRF or WRF ARW,
Skamarock et al., 2008) model to conduct such a real-case study of an in situ formed
TTL cirrus cloud, with focus on the large-scale characteristics. The case studied cor-10

responds to a cloud having a very large spatial extent and occuring over the Eastern
Pacific, i.e. in a region where analyses may present significant errors due to the sparsity
of observations (Podglajen et al., 2014). Taylor et al. (2011) have discussed observa-
tions of this cloud.

The paper is organised as follows. In Sect. 2, the model setup and an overview of the15

cirrus event in the simulations are described. We show that despite uncertainties and
crude assumptions in its microphysical parametrisation, the model is able to reproduce
the main characteristics of the observed cloud structure. In Sect. 3, we explain that this
good agreement between observed and modelled clouds is tied to the well-represented
large-scale dynamics. Section 4 illustrates diverse sensitivity studies and the strong20

dependence to the choice in initial and boundary conditions. Finally, Sect. 5 discusses
the modelled impact of the cloud in the tropical tropopause layer.

2 Model and observations

2.1 Case description

The study focuses on a cirrus cloud forming in the Tropical Eastern Pacific in late Jan-25

uary 2009. This case was highlighted as remarkable for its very large horizontal extent
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by Taylor et al. (2011), who analyzed it in satellite observations. In observations from
the Cloud–Aerosol LiDAR with Orthogonal Polarization (CALIOP, Winker et al., 2007),
one can identify the large region covered by the cirrus through its intensified backscat-
ter (Fig. 1, top left panel, similar to Fig. 1 of Taylor et al., 2011). In particular, the cloud
seems to extend almost continuously over 3000 km along track, at an altitude between5

15 and 16 km. In addition to this considerable spatial extent, Taylor et al. (2011) fur-
thermore showed that high clouds were seen on CALIOP tracks during several days
(27–29 January) and suggested that they could be portions of the same extensive cir-
rus. The cloud would then extend several thousand kilometers in the zonal direction as
well, and last a few days.10

Regarding the atmospheric flow in the Tropical Eastern Pacific region, where the
cloud forms, climatological Westerlies dominate at upper-tropospheric levels, as part
of the Walker circulation. However, they can be strongly modulated at synoptic times
scales. This is the case at the time of our simulation, as we will see in Sect. 3.

2.2 Model description and setup15

To simulate the cirrus event, we use the Weather Research and Forecast (WRF)
mesoscale model (Skamarock et al., 2008). The relevant elements of our reference
setup are described in the following, while the different sensitivity tests that were car-
ried out will be the subject of Sect. 4.

Regarding physical parametrisations, microphysical processes are treated with the20

bulk microphysics scheme of Thompson et al. (2004), which has two moments for the
ice class. Short and long wave radiative heating rates are calculated using the Rapid
Radiative Tranfer Model G (RRTMG, Iacono et al., 2008). RRTMG is fully coupled to
the Thompson microphysics, and accounts for the radiative effect of cloud particles
through their mass and effective radius. In the radiative calculations, the values of well-25

mixed greenhouse gas concentrations and of the ozone mixing ratio are taken from the
Community Atmosphere Model with Chemistry (CAM-chem) outputs, with monthly and
latitudinal variations (see WRF Users’ guide). Finally, the initial and lateral boundary
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conditions come from the ECMWF operational analysis, which at that time had 91
vertical levels and a T1279 spectral resolution (corresponding to a horizontal resolution
of about 0.125 ◦).

About domain specifications, our spatial domain extends from 18◦ South to 18◦ North
and from 148◦ West to 112◦ West (i.e., about 4000 km×4000 km), and the nominal hor-5

izontal resolution is 10 km (i.e. 400 points×400 points). In the vertical, there are 120
levels extending up to 8 hPa, with the last 7 km taken as a sponge layer to avoid spu-
rious wave reflection. The resulting vertical resolution around 15 km is approximately
300 m. Although we performed a 4 day integration for the reference simulation, the pa-
per is focused on the shorter period 27–29 July. One reason is that this time period10

includes the observations along Calipso track shown in Fig. 1. Another reason is that
in longer simulations, at the altitudes considered (14–17 km), most of the air that was
initially inside of the the domain got advected out of it within two days or less, thus pre-
venting the analysis with tracers initialised in the initial condition (see Sects. 3 and 5).
In addition to this, the first twelve hours of the simulation are regarded as spin-up, and15

not shown. This is conservative: deep convection is very limited in our simulations, so
little adjustment to latent heat release is expected, resulting in an effective spin-up time
of only a few hours.

2.3 Model validation against CALIPSO observations

In order to compare WRF outputs with CALIOP observations, we use the LiDAR sim-20

ulator from the Cloud Feedback Model Intercomparison Project Observation Simulator
Package (COSP, see Chepfer et al., 2008, for a description). Light scattering by ice
particles is a complicated problem, and in theory depends on the size distribution,
shape and orientation of ice crystals on top of their concentration. In the COSP Li-
DAR simulator, only the dependences of the LiDAR signal to ice concentration and ice25

crystal effective radius are retained. Those two are calculated consistently between the
different microphysical parametrisations used and the LiDAR simulator.
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For the comparison, we will mainly use the observed and simulated total attenuated
backscatter (ATB) at 532 nm without any normalization. The ATB is an almost direct
measurement, and the absence of normalization is appropriate as long as we are in-
terested in one specific and limited altitude range. Figure 1 shows the along-track pro-
files of the ATB observed by CALIOP (top left) and simulated by WRF-COSP (top right)5

for the reference case on 28 January 2009. Despite the crude microphysical treatment
of ice nucleation in the reference Thompson scheme, there is an overall good agree-
ment between observed and simulated cirrus cloud location and extension (quantitative
evaluation will be used in Sect. 4 to compare different choices for the simulations). This
agreement qualititavely validates the simulation of the general dynamics which led to10

cloud formation. However, the model visually seems to underestimate the backscatter
by a factor of about 2. Possible reasons for this disagreement are the uncertainties as-
sociated with measurement noise (typically about 35–50 % of the measured ATB for our
cloud) and approximations and uncertainties in the calculated backscatter from WRF
outputs. Shape assumptions is one source of such uncertainties. Here, the choice of15

the ATB for comparison implies that the hypothesis about ice crystal shapes are made
in the COSP LiDAR simulator and not in the retrieval. Hence, we do not rely on the Li-
DAR ratio chosen in the CALIOP retrieval algorithm, on the contrary to what would have
happened if we had used CALIOP’s extinction coefficients for example (Mioche et al.,
2010). This allows us to evaluate the sensitivity to shape assumptions directly by vary-20

ing parameters in COSP. Among the choices available, we have tested for differences
between spherical and non-spherical prolate shapes. The results for this experiment
are illustrated on Fig. 1 (top right and bottom right panels). The strong difference in
amplitude seen between the two panels agrees with results stressed for instance by
Cirisan et al. (2014), who showed that changing the assumed aspect ratio of prolate25

spheroids by 20 % could modify the backscatter by a factor of 2. For our simulation, the
best agreement in the signal amplitude is achieved assuming spherical crystals, which
agrees with observations of the shape of small TTL ice crystals (McFarquhar et al.,
2000). In light of the strong unknowns in the measurements and in the comparison
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procedure, the agreement found between the top left and right panels in Fig. 1 is very
encouraging.

In addition to the “comparison related” uncertainties mentioned above, the disagree-
ment between the observed and simulated backscatter intensities may also be due to
an underestimation of the ice water content (IWC). A number of factors could then be5

involved: inappropriate microphysics, too much diffusion of water vapour in the model,
underestimation of the water vapour content in the initialisation, or overestimation of
the temperature. In fact, it is likely that several of those factors are at play and partly
compensate, e.g. underestimation of both water vapour and supersaturation. In the
absence of more constraining data, we do not attempt here any tuning of the initial10

conditions but we will provide some discussion on the sensitivity to those in Sect. 4.
We do not look for any further validation of the microphysical properties of the cloud ei-
ther (such as in cloud supersaturation and ice crystal number), because of the absence
of observational data for this case.

Finally, one should add that the simulated and analyzed temperature fields show15

significant local departures from one another, up to 3 K at 16 km, 36 h after initiali-
sation, though no systematic bias is noted. Those differences typically correspond to
meso-scale structures of ∼ 1000 km horizontal extent, yet they have small amplitudes
(< 0.5 K) in the region with significant ice water content. With these differences in ab-
solute temperature, it may be rather surprising that the simulated cloud is so similar to20

observations. This arises because of the strong constraint provided by the large-scale
dynamics leading to the cloud formation. This is the subject of Sect. 3, but first an
overview of the cirrus evolution in the simulation is provided in the next subsection.

2.4 Simulated cirrus evolution

Figure 2 shows the evolution of the temperature and cirrus field in the simulation, at25

the potential temperature level θ = 360K. On those maps, we see that the correlation
between the cloud field and low temperature anomalies, as observed by Taylor et al.
(2011), is reproduced in the WRF simulation. As expected due to the dependence of
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microphysical processes on relative humidity, which itself depends on temperature, the
cloud development closely follows the evolution of low temperatures in the simulation.

The color points on the figure illustrate some air parcels positions. The displace-
ment of those air parcels comes from (kinematic) Lagrangian trajectories calculated
with the wind field in the simulation. Due to diabatic heating, the potential temperature5

level of those air parcels obviously changes during the time of the simulation. However,
the trajectory calculations show that this change is limited to less than 1 K during the
simulation, which is consistent with the value of diabatic heating rates. Hence the repre-
sentation of those points on the isentrope θ = 360K does not introduce any qualitative
bias.10

One point that those trajectories show is that, although the flow has a stagnation
point and weak velocities at the center of the domain (see the evolution of the red
point position between 27 January at 18:00 UTC and 29 January at 00:00 UTC), air
parcels nonetheless experience significant variations in temperature. Moreover, aside
for air parcels near the stagnation point, significant horizontal displacements are found15

(on the order of a thousand km per day). Different clouds are always present in the
simulation but, due to the temperature variability along the trajectory (which is linked
to different meso-scale perturbations), they do not follow air parcels and this limits the
in-cloud residence-time for each cloud. This problem of in-cloud residence-time in the
simulation will be addressed in more details in Sect. 5.2.20

One last important property of this cloud field is that, despite its “patchy” feature,
different clouds appear in the same regions, which suggest some large-scale forcing of
the cloud. In the following Sect. 3, the causes of cloud formation in the simulation will
be examined more precisely.
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3 Dynamical features leading to cloud formation

3.1 Cause of ice cloud formation

Cirrus clouds in the TTL can either form in situ through the cooling of ascending air
masses, or they can result from ice lofting from convective clouds (Fueglistaler et al.,
2009). For our case, Taylor et al. (2011) argued that the latter was unlikely due to the5

horizontal extent of the cloud. Furthermore, there was no evidence of deep convection
taking place in the region of interest at that time in CALIPSO observations. To support
their assertion, we have introduced passive boundary layer tracers at the beginning of
the simulation (27 January 00:00 UTC). None of them had reached the cirrus altitude
(> 14 km) at the end of the simulation.10

Hence in situ formation prevails here, and it must happen through the cooling of as-
cending air masses. Using GPS radio-occultation temperature measurements, Taylor
et al. (2011) showed that the synoptic situation in the cirrus region was associated with
a cold temperature anomaly in the TTL. The strong link of cirrus clouds with low tem-
perature anomalies in the simulation (seen in Fig. 2) is once more shown in Fig. 3 (left15

panel) where the cirrus, highlighted by the contours of the ice water content, tend to
be present in the coldest regions. One naturally thinks of cold temperature anomalies
as associated with strong constant upward vertical velocities. Yet, there is no clear cor-
relation between w and the cirrus cloud in most of our simulations (not shown). While
this may seem puzzling at first, it simply reflects that the simulated clouds formed in20

wave-induced negative temperature anomalies, in phase with adiabatic upward vertical
displacements rather than with upward velocities.

To quantify the uplift, we have computed Lagrangian trajectories in the WRF simula-
tion. The deduced uplift, calculated since the start of the simulation, is shown in Fig. 4,
left panel. Part of the figure is intentionally left blank, because the corresponding air25

was not in the domain at the initial time. The cirrus location is clearly associated with
the strongest vertical uplift, and the northern limit of the cloud corresponds to a rever-
sal of the sign of the vertical displacement which becomes negative in the northern
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part of the domain. To show that the simulated relative humidity is actually controlled
by the vertical displacement field and not directly by the initial conditions, we have also
computed a ∆RH, which is defined as the difference between initial and current relative
humidity along an air parcel trajectory:

∆RH = RHnow −RHini (1)5

This quantity is shown in the right panel of Fig. 4. Its strong correlation with the cirrus
location (shown by the black contours) confirms that in this case study the simulated
cirrus forms because upward the vertical displacement caused an increase in the rel-
ative humidity, and not because the relative humidity was already high enough in the
initial conditions.10

3.2 Large scale dynamics

A large scale uplift thus explains the formation of the clouds, but the question of the
cause of this uplift remains. Taylor et al. (2011) pointed out that the cold temperature
anomaly was most likely related to dynamical features originating in the extratropics. In
particular, they showed a map of potential vorticity from NCEP reanalysis at 200 hPa15

(see their Fig. 9), illustrating midlatitude intrusions of high PV anomalies extending in
the region where the cirrus form. A comparable figure for our simulation is displayed
in Fig. 3, right panel, which shows the potential vorticity at θ = 360 K. A clear Northern
Hemisphere PV intrusion can be identified on this figure and the large-scale dynamics
in the simulation is likely strongly affected by this structure.20

This kind of influence from the midlatitudes is common in the Eastern Pacific upper
troposphere (Waugh and Polvani, 2000), where the average Westerly winds associated
with the Walker circulation enable inter-hemispheric interactions. Intruding in tropical
regions, the midlatitude signals are expected to excite equatorial modes (Kiladis and
Feldstein, 1994). We examined this using fields from the ERA interim. Figure 5 shows25

a Hovmoeller diagram of the (left) symmetric and (right) antisymmetric components of
the 125 hPa temperature between 15◦ S and 15◦ N, with zonal wind contours added on
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the left panel and meridional wind contours on the right. The symmetric signal shows
quasi-stationarity features, which could be the signature of an equatorial Rossby wave.
On the contrary, the antisymmetric signal clearly shows westward phase propagation,
and antisymmetric temperature are in phase with the meridional wind component. This
moving pattern is consistent with the signature of a Yanai wave, and explains the an-5

tisymmetric structure in which the cirrus forms that was seen on Fig. 3, left panel.
The Yanai wave interpretation is also consistent with the quadrature phase relation-
ship between symmetric zonal anomalies of the potential vorticity and antisymmetric
temperature anomalies (Fig. 3, both panels).

The onset of this “Yanai wave” style perturbation in the domain and its vertical struc-10

ture are depicted more clearly in Fig. 6, which shows a vertical Hovmoeller diagram of
antisymmetric temperature and symmetric meridional wind at 130◦ W. Meridional wind
and antisymmetric temperature exhibit a downward phase propagation in the cirrus
altitudes (in agreement with expectations for upward-propagating Yanai wave pack-
ets). It is worth noting that the “Yanai wave” perturbation seen here differs from the15

free-travelling Yanai waves observed in the equatorial lower stratosphere. Its period
is longer (∼ 10 days vs. 4–5 typically in the lower stratosphere) and its phase speed
lower. This is probably due to several factors such as the low frequency of the midlati-
tude interaction that excites the wave-like response, Doppler shift, the interaction with
the equatorial Rossby wave pattern, and the complicated sheared wind structure (see20

Wang and Xie, 1996) over the Eastern Pacific at that time. Such long period (6–10
days in our case) westward propagating Yanai waves seem common in the Westerly
duct and have been observed in analyses by Randel (1992).

The combination of the symmetric and antisymmetric temperature signals creates
negative temperature anomalies in the South-East part of the domain, which is also25

the region of strongest vertical displacements. Hence, the large scale dynamics during
the simulation is dominated by a midlatitude PV intrusion that excites Yanai (and prob-
ably Rossby) equatorial wave modes, which are themselves responsible for the vertical
displacements in the upper troposphere. These wave-induced vertical displacements
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are the necessary component to increase the supersaturation and cause the cirrus
formation.

Although the main structure of the cirrus is dominated by the large-scale waves, other
waves contributing to the vertical displacement might also have an impact on the tem-
perature anomaly and may influence cirrus formation. However, for a given trajectory5

the spectrum of vertical displacements emphasizes more the contribution of motions
with slower intrinsic frequencies. In the present case, where large-scale motions with
significant vertical displacements are present, the contribution from smaller scale mo-
tions (inertia gravity waves) to the vertical displacement needed to produce the cirrus
clouds seems secondary to understand the cloud pattern.10

4 Sensitivity of the simulated cirrus cloud

The large-scale uplift is thus a first-order element needed to produce the cirrus field. Ac-
curate cirrus cloud simulations involve this and other components, ranging from a good
description of the water vapour field to meso-scale gravity waves, as well as appropri-
ate microphysics and radiative parametrisations. The sensitivity of the simulated cirrus15

to some of those components will be presented in the following subsections once the
methodology for comparing the simulations is introduced. A summary of all simulations
presented in this section can be found in Table 1.

4.1 Comparison methodology

Different characteristics of the cloud field should be compared between simulations and20

observations. Along a CALIOP track, cloud location and extension (“cloud fraction”) are
important properties to be evaluated on top of the averaged returned backscatter. Their
evaluation depends on subjectively chosen thresholds for the cloud limits, but can nev-
ertheless provide more objective insights into the differences than a visual comparison.
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Cloud location and amplitude will be used to determine how the different simulations
compare with the observations.

On top of the comparison with the observations, it is also necessary to conduct com-
parisons of the simulations with one another, to capture the spatial structure better
than only with the along-track view provided by CALIOP. We have used maps of the5

simulated Ice Water Path (IWP, vertically integrated ice water content) above 14.5 km
for this purpose. The (dis)similarity of the obtained maps is evaluated using standard
correlations and the SAL metrics, which have been introduced by Wernli et al. (2008)
and previously used to evaluate cirrus simulations by Kienast-Sjögren et al. (2015). The
SAL consists in 3 components: Structure (S), Amplitude (A) and Location (L). A per-10

fect match between the fields (exactly similar) corresponds to the score 0 for Structure,
Amplitude and Location. More precisely, the Stucture and Amplitude components take
values between −2 and 2, while the Location component is bounded by 0 and 2. The
structure, S, compares the shape of the two cloud fields (many small clouds vs. one
huge cloud). Positive values indicate a more dispersed cloud field than the reference.15

The Amplitude A compares the average IWP, positive values corresponding to an over-
estimation relatively to the reference. This A component takes no consideration on the
spatial structure. The last component, L, summarizes the error in the spatial location of
the field (the location of its center of mass).

The comparisons of the different fields with observations are presented in Table 2,20

which reports the differences in the vertical and horizontal location of the centroid of the
returned backscatter between observation and simulations, as well as the differences
in the amplitude of the returned backscatter (calculated as the A component of the
SAL). The maps of the ice water path (IWP) above 14.5 km are shown in Fig. 7 and the
corresponding correlations with the reference setup and SAL metrics are reported in25

Table 3.
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4.2 Sensitivity to initial conditions

Previous studies have shown TTL cirrus modelling to be strongly sensitive to initial con-
ditions, for instance the initial water vapour content (Dinh et al., 2015). To assess this
sensitivity, we have carried out different sets of simulations varying the initial and the
boundary conditions (see Table 1). With two different microphysics schemes (Morrison5

and Thompson), we have performed simulations with ERA interim and the ECMWF
operational analysis initial and boundary conditions. The reference simulation uses the
operational analysis for initialisation and boundaries. We have also performed a sim-
ulation with the operational analysis field but with the water vapour content increased
by 20 %. This bias is in the range of observed disagreements between the ECMWF10

operational analysis and in situ observations (Kunz et al., 2014).
Table 2 shows that the reference simulation offers the best agreement with the ob-

servations in amplitude, and a close centroid location. The center of mass of the atten-
uated backscatter is about 300 m (less than one model level) lower in this simulation
than in observations. All simulations put the cloud centroid too much to the south, which15

is linked to an underestimation of the northward extension of the cloud compared to ob-
servations. All simulations also underestimate the intensity of the ATB, except the one
with increased initial water vapour. The change in the initial condition mainly results in
a change in the location of the cloud, which is moved further southward with the ERA
interim (Table 2).20

This effect of southward displacement of the cloud in the simulation with ERA in-
terim is also shown in the IWP maps in Fig. 7. The cloud pattern is changed in the
same way for the two microphysics schemes presented: the slightly different dynam-
ics and water vapour in ERA interim simulations result in a cloud structure moved in
the southern part of the domain. In terms of SAL metrics (Table 3), depending on the25

scheme, the amplitude in the ERA interim simulations can be increased (Thompson)
or decreased (Morrison) compared to those that use the operational analysis. These
contrasted responses are due to the different behaviors of the two schemes in the con-
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text of a competition between a moister initial condition in cirrus formation regions in
the ERA interim simulations and stronger uplifts in the northern part of the domain for
simulations with the operational analysis. On the other hand, for the two schemes, the
correlations with the reference are significantly decreased (below 0.65) when the ERA
interim is used for initialisation. This mainly comes from a change in the location term,5

and the simulation that uses ERAi with Thompson is the one that shows the highest
(about 0.14) location parameter for the SAL. Finally, regarding the structure component
S of the SAL, initial and boundary conditions are the most sensitive factors.

We must emphasize that the sensitivity to the initial conditions refers in fact to both
the initial dynamics of the simulation (e.g. initial distribution of the potential vorticity)10

and the initial relative humidity. To isolate one from the other, we have also performed
a simulation with the ECMWF operational analysis initial and boundary winds and tem-
perature, but with the ERA interim water vapour field (not shown). Our water vapour
does not strongly affect the dynamics because of the limited occurence of convection
in the domain. The simulated cirrus is then very similar to the one obtained with the15

operational analysis fields in terms of location and structure; it shows higher IWC, con-
sistently with the discussion above (moister ERA interim). This experiment highlights
again that, due to the importance of the uplifts and the strong vertical gradient of water
vapour content, the cloud structure is controlled more by the dynamically induced ver-
tical displacement than by the initial distribution of humidity. Consistently, a simulation20

with NCEP-CFSR winds and temperature conducted in early stages of this work lead
to a cirrus field with significant differences.

The specific effect of changing the initial relative humidity is also shown in the sim-
ulation with a homogeneous 20 % increase in initial water vapour. It has little effect on
the horizontal characteristics of the cloud field (see the correlation, location or structure25

in Table 3). However, its effect is not limited to increasing the IWC but it also tends to
lower the cloud altitudes (see Table 2) by bringing regions below the cloud in the ref-
erence simulation to supersaturation and hence prolongating vertically the fall streaks
generated by the initial cloud.
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4.3 Sensitivity to the microphysical scheme in WRF

As stated in the Introduction, there has been much debate regarding microphysical
pathways of cirrus cloud formation (Spichtinger and Krämer, 2013). Recent measure-
ments and modelling studies suggest that strong variability may get to scales as small
as a few meters (e.g., Jensen et al., 2013; Murphy, 2014; Dinh et al., 2015), unreach-5

able in our model setup. Hence we do not attempt to delve in the details of the micro-
physics, but simply take advantage of the schemes available in WRF to test how sensi-
tive the simulated cirrus clouds are to changes within a range of standard parametrisa-
tions. We performed tests with one single-moment parametrisation, the WSM5 and two
double-moment schemes, the Thompson and Morrison schemes. All those schemes10

use very empirical approaches of the nucleation at low temperature, but their different
numerical treatments of sedimentation and growth lead to some sensitivity.

On Fig. 7, one can compare the IWP produced by the Thompson and Morrison
schemes for the two initial and boundary conditions tested. The two schemes produce
similar (correlated, see Table 3 for correlation with the reference) cloud fields but their15

intensities differ. The Morrison simulation tends to have higher ice water content than
the Thompson simulation. The difference is mainly due to the integrated effect of sed-
imentation (it almost vanishes if sedimentation is suppressed), the Morrison scheme
having a less efficient sedimentation. This lower downward flux of ice in the simula-
tions with the Morrison scheme explains that the cloud is higher in those compared to20

CALIPSO observations (see Table 2). Vertical profiles confirm this effect of higher IWC
in the Morrison scheme (not shown).

In terms of SAL metrics, Table 3 shows that the main component affected by the dif-
ferent choice in microphysics is the amplitude, i.e. the mean value of the Ice Water Path.
However, the correlations are higher, and the structure and location components are25

more similar between the different schemes than between different initial and boundary
conditions. Also, it appears clearly in this table that the different choices made in the
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two-moments schemes make them as dissimilar from one another as from the WSM5
one-moment scheme.

4.4 Sensitivity to radiation

Previous studies have shown that interaction with radiation could have a strong influ-
ence in the cloud field evolution for midlatitude cases (Gu et al., 2011). IWP from sim-5

ulations with (top) and without (bottom) cloud radiative effect included are displayed in
Fig. 7. There is little difference between the two simulations, and this is confirmed by
the very high correlation (0.97) and the small amplitude component of the SAL met-
rics (Table 3). On this time scale (36 h after the beginning of the simulation), it seems
that there is little impact on the cirrus field. We will discuss possible reasons for this10

negligible impact of the radiation in our case in Sect. 5.

4.5 Resolution

It should be noted that the results we present are for a specific resolution, which is
probably too low to adequately simulate some of the processes at stake. Nevertheles,
increasing by a factor of 2 the vertical resolution or by a factor 2.5 the horizontal one15

created little quantitative changes to the simulated cirrus cloud field. This illustrates
that in our setup and with our typical resolution (a few kilometers in the horizontal,
a few hundred meters in the vertical), sensitivity to resolution has not yet appeared.
This is also linked to the relative lack of convection in the domain, and to the first-order
influence of the forcing provided by the large scale-dynamics.20

4.6 Summary of sensitivities

For our cirrus case, the combination of the correlations and of the amplitude component
of the SAL metrics in Table 3 allows some ranking of sensitivities. The dynamics is of
first order, even so after 36 h of simulation the impact of microphysics and initial water
vapour are also important. The choices of the parametrisation of microphysical pro-25
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cesses and of the initial water content do not affect the cloud field like dynamics does:
they mainly influence the cloud “amplitude” and vertical position. The “dry” dynamical
initial and boundary conditions (winds and temperature), and the different dynamics
and water vapour field they create through different advection, are more important to
determine the cloud structure and location, and have the strongest impact on corre-5

lations. The relatively moderate role of details in the water vapour field is reassuring
because this quantity is poorly known at fine scale in the TTL. It explains why we obtain
a good agreement with the observations without any tuning of the initial water vapour.
Finally, Table 3 shows that, in our case, the cloud radiative effect results in much less
sensitivity than the other factors, because of the relatively low heating rates.10

5 Discussion

5.1 Evaluation of the cirrus radiative impact in the TTL

Cirrus clouds are believed to strongly influence the radiative budget of the TTL by in-
creasing the radiative heating rates. In this region of low positive heating rates, even
a small contribution from cirrus could significantly enhance the transport efficiency and15

strongly lower the transit time of ascending air parcels from the TTL to the stratosphere
(Corti et al., 2006). Based on the satisfactory agreement with observations, our sim-
ulations allow us to provide a reliable estimate of the radiative impact of this specific
cloud in the tropical tropopause layer. To evaluate this, we have performed simulations
with the cloud radiative heating artificially turned off in the RRTM scheme. The result-20

ing profiles of radiative heating rates averaged over the domain are shown in Fig. 8.
For comparison, the same profiles in the ECMWF ERA interim reanalysis are also
displayed for clear and all sky radiative heating rates at the same time. Note that the
heating rates profiles displayed here are in actual temperature tendency and not in
potential temperature tendency.25
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In the upper TTL, the WRF simulation seems to underestimate the heating rates
compared to the ERA interim. This apparent disagreement is a short wave effect due
to different time averaging between the simulation and the reanalysis. The ERA interim
heating rates are indeed 3 h averages that include the sun rise, whereas the WRF
heating rates are instantaneous nighttime values.5

In the lower part of the TTL (below 90 hPa) where the short wave impact is negligible,
there is a fair agreement between the heating rates in the ERA interim and in the
WRF simulation, which use different versions of the same RRTM scheme. However,
the difference between clear and all sky heating rates in the reanalysis is very limited,
while there is a significant enhancement of the heating in the simulations even after10

averaging over the whole domain. From the difference between the WRF simulations
with and without cloud radiative heating included, we estimate the domain-averaged
cloud radiative effect to be of the order of 0.1 Kday−1. This contribution moves the
Level of Zero Radiative Heating by about 10 hPa (i.e. about 500 m) below its clear sky
value. This is comparable to the estimate by Corti et al. (2006) for the whole tropics.15

This is a domain average, but instantaneous values in the cloud can be much more
substantial, reaching up to 1.5 Kday−1. This is comparable to estimates of the order
1–3 Kday−1 observed by Bucholtz et al. (2010). This figure also stresses that a poor
representation of the cirrus in the reanalysis probably leads to an underestimation of
the additionnal heating rate induced by the cloud.20

5.2 Absence of a cloud scale (re)circulation, and observed cloud duration

Recent studies (e.g. Dinh et al., 2012; Jensen et al., 2011) have examined the poten-
tially important role of cloud-induced radiative heating to drive cloud-scale circulation
in TTL cirrus. Among other results, the presence of shear was found to be an important
factor that could prevent cloud-scale circulations (Jensen et al., 2011).25

We examined the dynamical impact of cloud radiative heating for our simulated cir-
rus, by comparing the simulations with and without cloud radiative heating. Only minor
differences were found for the cirrus evolution (see Table 3). Although the situation was
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a priori ideal for a cloud-scale circulation to build (cloud above the ocean, with little
convection below), several factors can explain its absence in our simulations. First, our
radiative heating rates are too low to generate such a circulation, although they are
comparable to the lower values reported in the literature for modelling studies (e.g.,
Dinh et al., 2012). Then, our vertical resolution of 300 m may be too coarse to resolve5

this recirculation in the cloud and its surrounding. However, increasing the vertical res-
olution by a factor of 2 did not produce any significant change. Going back to physical
reasons, Jensen et al. (2011) suggested that, in most cirrus, the Lagrangian temper-
ature variability along an air parcel trajectory was such that it would limit the cloud
lifetime, which would then be too short for a radiatively-induced circulation to build.10

We estimated the in-cloud residence time using Lagrangian trajectories: forward and
backward trajectories were calculated from initial positions within the cloud (IWC higher
than 1×10−10 kgkg−1), spaced every 1◦ in latitude and longitude and every 500 m in
the vertical. The resulting probability density functions for the in-cloud residence time
of air parcels is displayed in Fig. 9. The typical lifetime is less than 10 h, which is proba-15

bly too short for a radiative circulation to build and have significant impact on the cloud
evolution. This result for our cirrus is in agreement with what was found for different
TTL cirrus by Jensen et al. (2011).

On top of this cloud-lifetime limitation, there is another reason explaining the absence
or at least the very limited impact of a cloud scale (re)circulation in our test case:20

that is the amplitude of this circulation. It will obviously depend on the background
stability and heating efficiency but idealised studies (Dinh et al., 2010, 2012) suggest
that, in the most favourable cases and in a two-dimensional setting, those circulations
will not exceed a few ms−1 in the horizontal and a few cms−1 on the vertical. These
velocities and the associated shears are at most comparable to and often smaller than25

the ambient velocities and shears (e.g. the amplitude of cirrus induced wind shear in
idealised simulations reaches at most 5 ms−1 km−1 Dinh et al., 2012). In the vertical,
typical large-scale to mesoscale motions which generate cirrus formation and cause
cirrus dissipation can be of the order of a few cms−1. Hence, in cases such as ours,
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the radiatively induced vertical motion are not strong enough to come out relative to
other motions present.

Finally, the set of simulations we have performed suggests that even if TTL cirrus
appear to last several days, as suggested by Taylor et al. (2011), this can rather cor-
respond to a succession of distinct clouds forming in a region of persistent favorable5

conditions. As for orographic clouds (e.g. lenticular) that can persist above mountains,
the cloudy air parcels in the TTL cirrus clouds in our region are different through the
cloud presence time. Cloud radiative heating seems not to play an important impact
on the dynamics in our specific case and it is probably not required to explain the
long-duration cloud.10

5.3 Cloud induced vertical redistribution of water vapour

One major issue associated with TTL cirrus is water vapour redistribution, which pro-
duces the irreversible dehydration (freeze-drying) experienced by air parcels that tran-
sit through the TTL before entering the stratosphere. Dinh et al. (2014) have used
idealised simulations to illustrate that different scenarios for water vapour redistribu-15

tion could arise depending on the cloud environment, with layers of dehydration and
rehydration. Similar estimates are not possible in our modelling configuration, because
we do not use periodic boundary conditions. In our limited area simulations, there are
air and water mass fluxes leaving and entering the domain through its boundaries. To
provide an estimate of the water redistribution due to the cloud field nevertheless, we20

have introduced a passive water tracer in the simulations. The water tracer is advected
and diffused using the same numerics as the moisture field (positive definite advection)
but it is not subject to any physical, or more precisely microphysical source nor sink.
We evaluate the integrated impact of those microphysical sources and sinks, i.e. the
vertical redistribution of water by the cloud, through the difference between the unaf-25

fected (advected only) water vapour field and the fully microphysically interactive water
vapour.
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Figure 10 shows the profile of the difference between microphysically passive and
active water. To avoid being affected by the boundary conditions, we have introduced
a second passive tracer for the “inner domain”, i.e. the part of the domain whose air
was inside the domain at the initial time. We have computed the difference only over
this area, which depends on the altitude range considered due to wind vertical shear.5

Hence, the passive water is affected by exchange with air coming from the bound-
aries only in a limited “diffusion” range. This is less true for the active water due to the
sheared vertical structure of our “inner domain” and the sedimentation. That is why we
can only provide a rough estimate of the vertical redistribution of water in the simula-
tion. Here, three colored curves are shown for three different simulations. The green10

curve corresponds to a “No sedimentation” test in which we artificially suppressed
sedimentation for temperatures below 220 K (the cirrus regime); the consistence of our
calculation is validated by the closeness of this curve to a 0 ppmm change in total water
above 14 km. The blue curve shows the evaluation of redistribution for the Thompson
scheme; with this scheme the cirrus dehydrates by about 0.5 ppmm above 15.5 km and15

rehydrates below this altitude (by about 0.5 ppmm). Finally, the red curve corresponds
to a “Maximum Dehydration” simulation in which the microphysics in the cirrus regime
has been replaced by a simple hypothesis of removal of all water above 100 % relative
humidity with respect to ice (there is no ice for this simulation). Comparison of the red
and blue curves illustrates the overestimation of dehydration and the missed rehydra-20

tion made with this hypothesis, which is close to what has been used for Lagrangian
trajectory modelling of stratospheric water vapour (e.g. Fueglistaler and Haynes, 2005).

We emphasize that the calculated redistributions are very dependent on the micro-
physical scheme and microphysical assumptions. Nevertheless, our simulations show
the importance of vertical redistribution of water associated with dehydration, which25

is known but may have been previously overlooked. Indeed, the dominant paradigm
in calculations on dehydration along Lagrangian trajectories (e.g., Liu et al., 2010) is
that the water vapour source is exclusively from below and that the last dehydration
(i.e. coldest point along the trajectory) determines the water vapour concentration of
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air entering the stratosphere. This neglects the possibility of rehydration by sediment-
ing cristals, which constitutes another source of water vapour. Moreover, because of
horizontal and vertical heterogeneities in the dehydration patterns, hydration by sedi-
menting ice crystals can modulate these patterns and the intensity of dehydration. In
particular, Fueglistaler et al. (2014) recently illustrated that the stratospheric water re-5

sponse to a temperature drop associated with an increase in tropical upwelling would
not follow the Clausius–Clapeyron scaling. By reducing the residence time of air in
the TTL and thus the probability of air parcels to experience the coldest TTL temper-
atures (bounded in some geographic regions), the vertical velocity increase mitigates
the temperature drop effect. If the TTL residence time indeed contributes to control de-10

hydration, it is probable that rehydration (from in situ cirrus or anvil ice) does not fully
cancel out. In any case, limited (by microphysical processes) dehydration or rehydra-
tion (by sedimenting ice crystals) certainly contribute to influence the amount of water
vapour and ice in the TTL.

6 Conclusions15

We have performed a case-study of large-scale cirrus clouds in the Eastern Pacific us-
ing a mesoscale model, the Weather Research and Forecast model (Skamarock et al.,
2008). These simulations complement the previous study of the same case by Taylor
et al. (2011), which was based on observations, and test the ability of the WRF model
to reproduce cirrus clouds in the tropical tropopause layer. The simulations compare20

well with CALIPSO observations, suggesting that the dynamical processes leading to
the cirrus formation are well captured by the model. They confirm that the cirrus forms
in-situ due to large-scale uplift associated with the response to a mid-latitude potential
vorticity intrusion. At the equator, this PV intrusion excites an equatorial wave response,
mainly Yanai and equatorial Rossby modes, that are modulated by faster inertio-gravity25

waves. The vertical displacements associated with this atmospheric flow are of the
order of 1000 m in 30 h and generate an increase in the relative humidity which is re-
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sponsible for the formation of the cirrus clouds. Although the cloud forms in regions of
relatively weak winds and has a large horizontal extent (several hundreds to more than
a thousand of kilometers), trajectory calculations show that air parcels transit through
the cirrus on timescales of about half a day.

This study highlights the importance of dynamical forcing on TTL cirrus formation:5

large-scale uplift associated with low-frequency perturbations provide the necessary
drop in temperature for the cloud to form. The presence of the cirrus is robust between
the two reanalyses systems tested (the ECMWF ERA interim reanalysis and oper-
ational analysis), because they both resolve the PV intrusion which is a large-scale
feature. The simulated clouds are sensitive to the dynamics, but also to the micro-10

physical scheme and to the distribution of water vapour, in different ways: differences
in the dynamics affect the location, amplitude and structure of a cloud field, while the
microphysics and water vapour mainly influence the intensity of the cloud and its verti-
cal position and extent. The strong dependence to the dynamics, i.e. to the initial and
boundary conditions provided by analyses, implies a serious difficulty for real-case sim-15

ulations, because analyses notoriously have deficiencies in the description of winds in
the TTL (Podglajen et al., 2014). In contrast to the sensitivity to dynamics and micro-
physics, the simulated cloud showed little sensitivity to radiative effects: in particular,
the simulations showed no sensitivity of the cirrus field to radiation. More precisely,
the simulations showed no evidence of a circulation on the scale of the cloud driven20

by radiative effects, likely reasons being that the cloud residence times are short (half
a day) and that the radiatively induced heating rates are rather weak.

Finally, the simulations illustrate the importance of dehydration and its associated
rehydration in the TTL. This is important to understand the entry of stratospheric water
vapour, but also the water budget of the TTL itself. We emphasize that the latter is also25

of importance and has non negligible impacts for the TOA fluxes (Riese et al., 2012).
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Table 1. List of parametrisations and simulations used in this paper.

Simulation name microphysics radiation initial and boundary
conditions

Thompson Thompson RRTMG ECMWF op. an.
Thompson-ERAi Thompson RRTMG ERA interim
Morrison Morrison RRTMG ECMWF op. an.
Morrison-ERAi Morrison RRTMG ERA interim
WSM5 WSM5 RRTMG ECMWF op. an.
No heat Thompson RRTMG-no cloud ECMWF op. an.

radiative heating

ECMWF op. an. stands for the European Center for Medium-Range Weather Forecast
operational analysis, ERAi stands for the ECMWF interim reanalysis.
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Table 2. Differences in amplitude and in vertical and horizontal centroid location, between the
simulated and observed ATB (a proxy for cloud position), along CALIOP track on 28 Jan 2009,
10:00 UTC.

Simulation name Amplitude Longitude along Altitude (m)
CALIOP track (degrees)

Thompson −0.32 −2.71 −293.
Thompson-ERAi −1.08 −7.4 80.
H2O + 20 % 0.83 −2.9 −820.
Morrison −0.94 −4.8 401.
Morrison-ERAi −0.56 −7.1 257.
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Table 3. Correlation and SAL (see text for details) for the Ice Water Path in WRF simulations
compared to the reference simulation at 12:00 UTC on 28 Jan 2009. The “cloud threshold” for
SAL was chosen to be a fourth of the maximum ice water path (see Wernli et al., 2008).

Simulation name Correlation Amplitude Structure Location

Thompson-ERAi 0.54 0.26 −0.58 0.14
H2O+20 % 0.93 0.34 0.34 0.02
No heat 0.97 0.04 0.29 0.02
WSM5 0.89 0.54 0.14 0.12
Morrison 0.85 0.54 0.46 0.10
Morrison-ERAi 0.62 0.87 1.04 0.08
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Figure 1. (Top two panels) Decimal logarithm of Total Attenuated Backscatter (ATB) at 532 nm,
from (left) CALIOP observations and (right) WRF reference simulation, using default Thompson
microphysics, and assuming spherical ice crystals. Total Attenuated Backscatter in the simu-
lation assuming non spherical crystals is also shown (bottom right). (Bottom left panel): total
ice water path above 14 km in the reference simulation, at the time of CALIOP passage. The
satellite track is highlighted by the black line.
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Figure 2. Successive maps of temperature at the potential temperature level θ = 360K for
the reference simulation. The black contours correspond to contours of ice water content of
1×10−8, 5×10−8, 1×10−7 and 5×10−7 kgkg−1, respectively. They delimit the cirrus. The color
points represent air parcels. They follow air parcels trajectory and they enlight the air displace-
ment in the region of the simulation. The vectors represent the horizontal winds.
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Figure 3. Fields from the reference simulation with Thompson microphysics, on the 360 K isen-
trope, showing: (Left) Temperature (colors) and ice water content (1×10−8, 5×10−8, 1×10−7

and 5×10−7 kgkg−1, black contours). (Right) Potential vorticity and ice water content. Wind
vectors are also displayed.
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Figure 4. (Left) Lagrangian vertical displacement between the start of the simulation (27 Jan-
uary 2009, 00:00 UTC) and 28 January 2009, 12:00 UTC, after 36 h of simulation, displayed
at the location of air parcels on 28 January, 12:00 UTC (altitude of 15.5 km). (Right) difference
between the initial and “current” relative humidity ∆RH = RHnow −RHini along a Lagrangian tra-
jectory.
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Figure 5. Hovmoeller diagrams of (left) symmetric and (right) antisymmetric temperature
anomalies in the ERA interim reanalysis. The averages are computed between 15◦ North and
South and antisymmetric stands for antisymmetric relative to the equator. On the right panel,
the black contours correspond to positive (continuous) and negative (dashed) meridional wind
anomalies. On the left panel, they correspond to zonal wind anomalies.
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Figure 6. Hovmoeller diagram of symmetric meridional wind (contours, dashed for negative
values) and antisymmetric temperature anomalies (color) in the ERA interim reanalysis, before
and during the period of the simulation. The averages are computed between 15◦ North and
South and the antisymmetric stands for antisymmetric relative to the equator.
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Figure 7. Maps of the Ice Water Path above 14.5 km (vertically integrated ice water content)
on 28 January 2009, at 12:00 UTC, for different simulations (see Table 1 for details): (top left)
Thompson, (top right) Morrison, (middle left) Thompson-ERAi, (middle right) Morrison-ERAi
and (bottom left) No heat.
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Figure 8. Profiles of radiative heating rates on 28 January 2009, 12:00 UTC, in the WRF do-
main, for the simulations with (black) and without (blue) cloud heating included. For compari-
son, the three-hours averaged clear sky and all sky radiative heating rates in the ERA interim
reanalysis are shown in red.
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Figure 9. Distribution of in-cloud residence time for air parcels, estimated from Lagrangian
trajectories launched on 28 January 2009, 12:00 UTC in the reference simulation and calculated
forward and backward. Parcels were considered in cloud if the ice water content was bigger than
1×10−10 kgkg−1.
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Figure 10. (left) Change in water vapour between the start of the simulation (27 January 2009,
00:00 UTC) and 28 January 2009, 20:00 UTC, i.e. after 44 h of simulation, for three simulations:
“Thompson” in blue (Thompson microphysics scheme), “Max Dehy” or “Maximum Dehydra-
tion” in red (removal of water vapour above 100 % relative humidity), and “No Sedim” or “no
sedimentation” in green (sedimentation turned off for temperatures below 220 K). See text for
details of the methodology of evaluation of the redistribution. (Right) Mean water vapour profile
in the simulations.
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