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ABSTRACT

The impact of cloud radiative heating on transport time scales from the tropical upper troposphere to the

stratosphere is studied in two-dimensional numerical simulations. Clouds are idealized as sources of radiative

heating and are stochastically distributed in space and time. A spatial probability function constrains clouds to

occur in only part of the domain to depict heterogeneously distributed clouds in the atmosphere.

The transport time from the lower to upper boundaries (age of air) is evaluated with trajectories. The spectra

of age of air obtained in the simulations are bimodal, with the first mode composed of trajectories that remain in

the cloudy part of the domain during their passages from the lower to upper boundaries, and the second mode

composed of the remaining trajectories that visit the cloud-free regions. For the first group of trajectories only,

the mean age scales inversely with the time-mean radiative heating in cloudy air, and the one-dimensional

advection–diffusion equation provides an adequate model for transport.

However, the exchange between the cloudy and cloud-free regions renders the mean age over all trajectories

(including those that visit the cloud-free region) much longer than the time expected if all air parcels remain in

cloudy air. In addition, the overall mean age is not inversely proportional to the time-mean heating rate in

cloudy air. Sensitivity calculations further show that the sizes, durations, and amplitudes of the individual clouds

are also important to the transport time.

The results show that the frequently used decomposition of radiative heating into clear-sky and cloud radi-

ative heating may give incorrect interpretations regarding the time scale of transport into the stratosphere.

1. Introduction

Inhomogeneous heating is ubiquitous in the atmo-

sphere. It is the driving force of the Hadley (Held and

Hou 1980) and Walker (Walker and Bliss 1932) circu-

lations, the generation of Kelvin and Rossby waves by

convective systems (Gill 1980), and of gravity waves in

cloud processes (Bretherton and Smolarkiewicz 1989;

Durran et al. 2009; Dinh et al. 2010, 2012). In this work,

we study the problem of inhomogeneous heating in the

context of the transport and mixing associated with

cirrus clouds in the tropical upper troposphere.

The radiative heating in cirrus clouds in the tropical

upper troposphere, in the region between the outflow level

of deep convection and the tropopause, is typically pos-

itive and significantly larger than in clear sky (Comstock

et al. 2002; Corti et al. 2006; Haladay and Stephens 2009;

Fueglistaler et al. 2009; Yang et al. 2010). Here, we dis-

cuss the relation between time-/area-mean cloud radiative

heating rates and the effective transport time scales

evaluated from model calculations.

The problem of transport is complicated by the fact

that clouds are not distributed uniformly in the atmo-

sphere. For example, the frequency of cloud occurrence

in the western Pacific is higher than in other regions in

the tropical upper troposphere (Spang 2002; Mace et al.

2009; Virts et al. 2010; Virts and Wallace 2010). We ex-

pect the mean transport rate to be close to the average

radiative heating rate inside the cloudy region only when

all air parcels contributing to transport remain within the

cloudy region. If mixing between cloudy and clear air

occurs, the rate of transport is less than the time-mean

radiative heating rate in the cloudy region.

In addition to the asymmetry of the radiative heating

between cloudy and clear air (e.g., between the western

Pacific and other relatively cloud-free regions), meso-

scale processes associated with individual clouds are

another complication. Transport, say, from about 330K

(;10 km) to about 370K (;16 km), must occur in more
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than one cloud, because individual cirrus are typically only

1 or 2km thick (Thorsen et al. 2011) and last for less than

1 or 2 days (Luo and Rossow 2004). Given that transport

potentially occurs through a stochastic ensemble of many

clouds, the question arises whether it can be simplified by

the transport via the time average of the cloud ensemble.

We design and carry out numerical simulations with

idealized cloud distributions to address the above ques-

tions. In our simulations, both the large-scale circulation

associated with the whole cloud ensemble and the meso-

scale circulations associated with individual clouds in the

ensemble are resolved. The model used here is described

in section 2. In section 3, we compute the transport time

scale based on the spectrum of the age of air along

trajectories following the fluid motions developed in the

simulations. Sensitivity tests of the model results are

presented in section 4. Section 5 contains the conclusions.

2. Model descriptions

The transport time scale in a complex flow cannot be

approximated as a superposition of time scales from

idealized flows. As such, simplifications to the problem

may give only qualitative insights. Conversely, evaluation

of time scales with full general circulation models may be

specific to the particular model setup. Here, we address

the problem from the perspective of a highly idealized

model setup that takes, however, two important aspects

of the problem into account: (i) the cloud distribution is

a stochastic process in space and time, and (ii) there is an

imposed large-scale cloud probability distribution with

scales similar to those observed in the atmosphere.

a. Relevant physics

We restrict our analysis to determine whether the

transport time scale following air parcels is different from

the time scale indicated by the time average of the radi-

ative heating within cloudy air. As such, we do not con-

sider the transition from transport in deep convection to

the more gradual ascent in the tropical tropopause layer,

and the effects of shear, waves, and turbulence.

Our focus is solely cirrus radiative heating. Hence, we

may ignore microphysics and represent each cloud as a

heat source. Each cloud, or heat source, is idealized as

Q cos2
hp
a
(x2 xc)

i
cos2

hp
H

(z2 zc)
i
cos

hp
t
(t2 tc)

i
(1)

for xc 2 a/2 # x # xc 1 a/2, zc 2 H/2 # z # zc 1 H/2,

tc 2 t/2# t# tc 1 t/2, and 0 otherwise. Here, x, z, and

t are the horizontal, vertical, and time dimensions; the

subscript c refers to the center of the cloud; andQ, a,H,

and t represent the amplitude, width, thickness, and

duration of the heating. The values of these parameters

are chosen (specifically, a 5 500 km, H 5 1.2 km, t 5
24 h, and Q 5 6Kday21 in the simulations in section 3)

to match characteristics of observed cirrus. The clouds

in the ensemble, each idealized by Eq. (1), are distrib-

uted randomly uniformly in time but heterogeneously in

space (see details in section 3a).

In addition to the radiative heating associated with

clouds, we include Newtonian radiative cooling in the

following form:

QN 52
T2 ~T

g
52~P

u2 ~u

g
, (2)

where T and u are, respectively, potential and sensible

temperatures, ~T and ~u(z) are the base-state sensible and

potential temperatures, ~P5 ~T/~u is the Exner function of

the base state, and g is the radiative relaxation time

scale. In Eq. (2) we have made the approximation that

T5 ~Pu. We set g 5 20 days, which is within the esti-

mated range of radiative relaxation times for the real

atmosphere (Hartmann et al. 2001, their Fig. 1).

When the simulations are forced by the radiative

heating of a cloud ensemble, temperature increases

until, on the domain average, cloud radiative heating is

balanced by Newtonian radiative cooling. As the (pos-

itive) temperature perturbation propagates outward, its

horizontal gradient approaches zero (as shown later in

section 3b and Fig. 4). Thus, at steady state, Newtonian

radiative cooling is horizontally uniform. If the clouds in

the ensemble are distributed uniformly in the horizontal

direction, then the time average (over the lifetimes of all

clouds in the ensemble) of the resulting radiative heating

(the sum of cloud heating and Newtonian cooling) is zero

everywhere. On the other hand, if the clouds are dis-

tributed heterogeneously, there is net time-mean radia-

tive heating in regions that are densely populated with

clouds and net time-mean radiative cooling in regions

that are relatively cloud free. The situation in which

clouds are distributed heterogeneously is relevant to the

real atmosphere. In the simulations in section 3, the fre-

quency of cloud occurrence is specified to be maximum

at the center of the domain and decrease to zero away

from the center of the domain.

b. Model specifics

The dynamical core of the System of Atmospheric

Modeling (SAM) developed by Khairoutdinov and

Randall (2003) is used here. SAM solves the anelastic

equations of motion on a staggered grid.

All simulations are limited to two dimensions (2D)

to save computational time. The 2D simulations can

be interpreted as in either a zonal–vertical plane or a
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meridional–vertical plane. Coriolis effect is not ac-

counted for in 2D. Anyway, this effect is small in the

deep tropics. We also note that, for the same vertical

motions, the compensating horizontal motions are

stronger in 2D than in three dimensions (3D). How-

ever, it is reasonable to expect that a qualitative con-

clusion (whether there is a difference between the

actual transport time scale and the time scale com-

puted from the time-mean cloud radiative heating)

obtained from 2D simulations is applicable to 3D.

The horizontal domain is 12 000kmwide and is resolved

with 640 grid points (Dx 5 18.75km). Periodic boundary

conditions are applied at the lateral boundaries. The ver-

tical domain is from z 5 6 to 18km and is resolved with

120 grid points (Dz 5 100m). Nonreflective open bound-

ary conditions (Bougeault 1983; Klemp and Durran 1983)

are applied at the top and bottom of the domain. The time

step is Dt5 50 s. The simulations are T5 5000 days long.

The time scale of transport following fluid motions

developed in the simulations is calculated with trajec-

tories. A parcel is released at every grid point at the

initial time. Trajectories of air parcels are computed

using a Lagrangian parcel-tracking scheme written by

Yamaguchi andRandall (2012). The scheme predicts the

trajectories based on the iterative Euler–Heun method

with spatially interpolated resolved scale velocity. In our

simulations we use three iterations to compute the re-

solved scale velocity at half time steps and a third-order

Lagrange polynomial interpolation to interpolate grid-

point values to the parcels’ locations. The number of

trajectories is conserved during the simulations because

the lateral boundaries are periodic and vertical motions

in the vicinity of the lower and upper boundaries of the

domain are negligible (as shown later in Fig. 4).

The vertical structure of the model atmosphere un-

perturbed by clouds is based on a sounding obtained on

20 July 2007 over the island of Nauru (0.5218S, 166.9168E)
from the Atmospheric Radiation Measurement Program

(ARM). The temperature profile is smoothed, and modi-

fied in such a way to ensure that the Brunt–V€ais€al€a fre-

quency is at least 0.012 s21 everywhere. The temperature,

potential temperature, and Brunt–V€ais€al€a frequency of

the raw and modified soundings are shown in Fig. 1. The

modifications to the sounding ensure that the base state for

the model simulations is sufficiently stable to prevent the

development of small-scale convection. Small-scale con-

vection cannot be resolved with current computational

resources, given the large-scale domain required to real-

istically depict the scales of regions where clouds fre-

quently occur versus regions that are relatively cloud free.

We anticipate that convection would introduce more

temporal variations in the flow. Hence, if not for the

computational limitations, resolving small-scale convec-

tion would reinforce our point that time-/area-mean heat-

ing rates are a poor surrogate for the transport time scales.

3. Transport and mixing in the control case

In this section, for a particular cloud configuration that

we call the control case, we describe the initial conditions

of the simulations (section 3a) and the corresponding

dynamical response to the imposed radiative heating

(section 3b), and then analyze the resulting transport and

mixing processes (section 3c).

a. Initial conditions

The radiative forcings of individual clouds in the cloud

ensemble are idealized as inEq. (1). Thewidth, thickness,

lifetime, and amplitude of the individual clouds, referred

to as ‘‘microscale’’ properties, are set to be a 5 500km,

H5 1.2km, t5 24h, andQ5 6Kday21 (rate of change of

potential temperature). In the tropical upper troposphere,

FIG. 1. (a) Temperature, (b) potential temperature, and (c) Brunt–V€ais€al€a frequency of the raw and modified

soundings.
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a rate of change in potential temperature of 6Kday21

corresponds to a rate of change in sensible temperature of

about 3Kday21. The microscale parameters chosen here

are consistentwith characteristics of observed cirrus clouds

in the tropical upper troposphere (e.g.,Winker and Trepte

1998; Comstock et al. 2002; Luo and Rossow 2004;

Thorsen et al. 2011).

In addition, we specify the spatial and temporal dis-

tributions of the cloud ensemble. The clouds in the en-

semble are distributed randomly in space and time by

letting xc and zc in Eq. (1) follow cosine probability

distributions and tc in Eq. (1) follow a uniform probability

distribution. The means and standard deviations of the

random distributions in x and z are x05 6000km (middle

of the domain), sx 5 1000km, z0 5 12km, and sz 5
1.5km. The number of clouds in the ensemble is n5 1.63
105 (overT5 5000 days).On average, we expect to seent/

T’ 30 clouds at any instant in time in the spatial domain.

However, some of these clouds may overlap one another.

The radiative forcing associated with our specified clouds

at an instance in time (470 days) is shown in Fig. 2a.

The large-scale structures of the whole cloud ensem-

ble, referred to as ‘‘macroscale’’ properties, are obtained

by averaging over all clouds over the duration of the

simulations. In particular, the macroscale radiative

forcing (i.e., the time average over the forcings of all

individual clouds) is shown in Fig. 2b, and its vertical

profile is shown in Fig. 3. For all figures including and

following Fig. 2, the boundaries of the ‘‘cloudy’’ region

are shown as the 0.01Kday21 contour of the macroscale

time-mean radiative forcing. As shown in Fig. 2b, the

cloudy region is surrounded by cloud-free regions of

similar horizontal extents. To compare the spatial scale

and the amplitude of the macroscale cloud ensemble in

Figs. 2b and 3 with observations, see Spang (2002), Mace

et al. (2009), and Yang et al. (2010). In particular, Fig. 3

is consistent with the annual-mean cloud radiative heat-

ing in the tropics (above 10kmonly) fromCloud–Aerosol

Lidar and Infrared Pathfinder Satellite Observations

(CALIPSO) as shown in Yang et al. (2010; their Fig. 10,

black line: net radiative forcing). Note that, to compare

with Yang et al. (2010), our radiative heating rate (rate of

change of potential temperature) should be multiplied

with the Exner function P (which is about 0.5 in the

tropical upper troposphere) to be converted to rate of

change of sensible temperature.

We compare the simulation forced by the stochastic

cloud ensemble with another simulation in which the

FIG. 2. (a) The imposed radiative heating rate (Kday21) of the stochastic cloud ensemble at

470 days, and (b) its average over the duration of the control simulations. The thick black curve

is the 0.01Kday21 contour of the time average of the imposed heating.

FIG. 3. The imposed radiative heating rate averaged over the

duration of the simulations (5000 days) and between x5 3000 and

9000 km in the control simulations.
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imposed heating is steady and equal to the time average

of the imposed heating in the first simulation. We refer

to these two simulations as the time-varying and steady

simulations. By construction, the time-mean Eulerian

rate of diabatic transport is the same in the two simu-

lations. Both simulations are initialized from rest.

b. Dynamics at steady state

In the steady simulation, the dynamical response to

the steady imposed radiative heating gradually ap-

proaches a steady state. The steady state is obtained

approximately after 100 days when the time dependence

of the solution becomes negligible. In later sections, all

discussions of transport and mixing are based on the

steady-state solution only. Accordingly, to be precise,

the transient solution in the first 100 days must be dis-

regarded. However, because 100 days is sufficiently

short compared with the duration of the simulations

(5000 days), excluding the solution in the first 100 days

does not change the results significantly. Hence, for

consistency throughout this paper, whenever we refer to

the time average of a variable in the model simulations,

we mean the average of that variable over the entire

duration of the simulations.

The potential temperature perturbations at steady

state in the steady simulation are shown in Fig. 4a.

Positive potential temperature perturbations are ini-

tially produced in the cloudy region, then spread later-

ally outward until, at steady state, the layer containing

the cloud ensemble is warmed uniformly in the hori-

zontal direction. Newtonian radiative cooling is also

horizontally uniform at steady state, because it is pro-

portional to the potential temperature perturbations

[see Eq. (2)].

The net radiative heating (i.e., the sum of the imposed

radiative heating and Newtonian radiative cooling) at

steady state in the steady simulation is shown in Fig. 4b.

The net radiative heating is everywhere smaller than

FIG. 4. (a) Potential temperature perturbation, (b) radiative heating in units of rate of change

of potential temperature, (c) vertical velocities, and (d) horizontal velocities at steady state in

the steady simulation of the control case. The thick black curve is the outer boundary of the

cloudy region. Vectors follow the radiatively induced velocities.
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the imposed radiative heating and is negative in regions

where the imposed heating is weaker than Newtonian

cooling. As shown in Fig. 4b, the cloudy and cloud-free

regions approximately correspond to radiatively heated

and radiatively cooled regions. We also note that, at

steady state, the domain-average heating rate is zero,

which is a result of the conservation of mass in a domain

with a horizontally uniform Brunt–V€ais€al€a frequency

profile.

Let Qf, QN, and Q denote, respectively, the imposed

radiative heating (the forcing), Newtonian radiative

cooling, and the resulting radiative heating. To distin-

guish between these, we note that, by definition,

Q5Qf 1QN , where the overbars denote time averages.

Suppose that one would like to compute Q averaged

over the cloudy region, which occupies a fraction g of

the horizontal domain. Let the operators [. . .], [. . .]cld,

and [. . .]clr respectively denote the horizontal averages

over the whole domain, over the cloudy region, and over

clear air. The cloudy region is defined such that

[Qf ]5 [Qf ]cld, [Qf ]clr 5 0. (3)

Based on the result thatQN is horizontally uniform, it is

straightforward to derive the following relation:

[Q]cld 5 (12 g)[Qf ] . (4)

Equation (4) states that [Q]cld, the time-mean heating

rate averaged over the cloudy region, is proportional to

[Qf ], the time-mean forcing averaged over the domain.

The vertical and horizontalmotions at steady state in the

steady simulation are shown in Figs. 4c and 4d. Rising

motions are centered in the cloudy region, and surrounded

and balanced by downwelling. At steady state, the vertical

motions are approximately proportionate to the radiative

heating (cf. Figs. 4b and 4c). This relationship between the

heating and vertical motions at steady state can be derived

from the thermodynamic equation by setting any term

involving the partial derivative with respect to time in that

equation to zero [see details in Durran et al. (2009)].

Consistent with the conservation of mass, the vertical

motions (Fig. 4c) are accompanied by horizontal inflow

below 12km and horizontal outflow above 12km (Fig. 4d).

There are variations in both the vertical and horizontal

motions of vertical scales between 0.5 and 1.0km. These

are caused partly because themacroscale radiative heating

of the cloud ensemble is not perfectly smooth and partly

because of the variations in the vertical direction of the

Brunt–V€ais€al€a frequency. In particular, the localminimum

in the horizontal outflow just below 15km corresponds to

a local maximum in the Brunt–V€ais€al€a frequency there

(Fig. 1c).

In the time-varying simulation, the time average of the

dynamical response to the imposed radiative heating is

almost identical to the steady-state solution in the steady

simulation. However, the solution at any given time is

different from the macroscale response associated with

the whole cloud ensemble. This difference is associated

with the microscale dynamics induced by the radiative

heating of individual clouds. Each cloud induces a mi-

croscale circulation similar in characteristics (except in

scale) as the macroscale circulation shown in Fig. 4. For

detailed theoretical and numerical descriptions of the

dynamics induced by a mesoscale heat source, see

Durran et al. (2009) and Dinh et al. (2010, 2012).

c. Age of air, transport, and mixing

In Fig. 5, we plot the streamlines of the fluid flow in the

steady simulation (gray) and highlight a representative

trajectory in the steady simulation (blue) and also two

representative trajectories in the time-varying simulation

FIG. 5. Representative trajectories in the steady simulation (blue) and in the time-varying

simulation (red and green) of the control case. Gray curves are the streamlines in the steady

simulation. The cloudy region is shaded in yellow.
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(red and green). The (gray) streamlines are consistent

with the fluid motions shown in Fig. 4. These streamlines

are trajectories of air parcels in the steady simulation

because the flow is steady in this simulation (except the

transient 100 days at the beginning of the simulation,

which we can neglect). In the time-varying simulation, in

the long time scale (on the order of 100 days ormore), the

trajectories follow the same macroscale motions as in the

steady simulation. However, in the short time scale (on

the order of individual cloud lifetime), they deviate from

the steady streamlines in the steady simulation. Such

deviations in the short time scale are caused by the

temporal fluctuations of the flow from the steady

streamlines in the steady simulation due to the presence

of the microscale circulations of individual clouds.

In the time-varying simulation, radiatively heated and

radiatively cooled air may be mixed via pathways

shorter than closed macroscale circulations following

the steady streamlines shown in Fig. 5. This is demon-

strated following the green trajectory shown in Figs. 5 and

6. During the passage from ub 5 330K to ut 5 370K

(potential temperature levels respectively near the base

and top of the cloudy region), the green trajectory travels

in both cloudy (radiatively heated) and cloud-free (radi-

atively cooled) regions, whereas the red and blue trajec-

tories are contained within the cloudy region. Mixing

between radiatively heated and radiatively cooled air

occurs in the layer containing the cloud ensemble fol-

lowing trajectories similar to the green trajectory.

We estimate the transport time scale based on the

mean age of the age spectrum of the trajectories in the

simulations. For a review of atmospheric transport and

the concept of the age spectrum and its relation to the

transport time scale, see Waugh and Hall (2002). Here,

age of air is defined to be zero below ub 5 330K and

subsequently increases following the trajectories after

they cross ub. Mean age of air is computed by dividing

the domain into rectangular boxes of equal width (100km)

and thickness (1-K potential temperature), and then

computing the average over the age spectrum of tra-

jectories arriving in each box.

In the steady simulation, there are two large heart-

shaped areas in which age of air is undefined because

the streamlines in these areas never intersect the ub level

(Fig. 7a). In contrast, in the time-varying simulation

(Fig. 7b), age of air is defined everywhere in the domain

as some trajectories originating from below ub are later

mixed into these heart-shaped regions (e.g., the green

trajectory in Figs. 5 and 6). Air in the heart-shaped re-

gions (which includes some radiatively cooled air) par-

ticipates in transport from ub5 330K to ut5 370K in the

time-varying simulation, but it does not do so in the

steady simulation.

Let Gstdy and Gtvar denote the mean ages of air (which

give us the estimated transport time scales), respec-

tively, in the steady and time-varying simulations. Of

particular interest is the profile of mean age along

a vertical line through the center of the cloudy region

(Fig. 8). It is clear from Fig. 8 that Gstdy is much shorter

than Gtvar. In particular, at ut 5 370K, Gstdy 5 79 days

whereas Gtvar 5 478 days. The value of Gstdy is consistent

with the transport time that would have been obtained

from the radiative heating rate near the center of the

cloudy region in the steady simulation. Specifically, the

time-mean heating rate around x0 5 6000 km averaged

between ub 5 330K and ut 5 370K is 0.509Kday21. For

a distance of ut2 ub5 40K, this gives a traveling time of

40K/0.509Kday21 5 79 days. The difference between

Gstdy and Gtvar demonstrates that the time scale indicated

by the time-mean radiative heating rate within cloudy

air (an Eulerian perspective) substantially underesti-

mates the mean age of air of the more realistic time-

varying simulation.

The spectrum of age of air for trajectories arriving at

the center top of the cloudy region (within a box cen-

tered at x 5 6000 km and u 5 370K, and 100 km wide

and 1-K potential temperature thick) is shown in Fig. 9.

The spectrum is the histogram of the ages of about

15 000 trajectories counted over the duration of the

simulations (5000 days). The spectrum shown in Fig. 9

is clearly bimodal, and we find empirically that a simple

separation of transport pathways gives a separation

that recovers this bimodality. Although the net radia-

tive heating (Fig. 4b) is not a step function that is dis-

continuous at the lateral boundaries between the

cloudy and cloud-free regions, a binary classification of

FIG. 6. Potential temperature as a function of time following

representative trajectories in the steady simulation (blue) and

time-varying simulation (red and green) of the control case. The

three trajectories in this figure are the same as those shown in Fig. 5.

Time in this figure is defined to be zero when the trajectories cross

the 330-K level. The time for each trajectory to travel from 330 to

370K is indicated in the legend.
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trajectories into those that never leave the cloudy re-

gion during their passages from the lower to the upper

boundaries, and the remainder (i.e., all those trajectories

that visit at least once the macroscale cloud-free regions),

gives the red- and green-shaded distributions in Fig. 9.

This result provides motivation to discuss the model re-

sults in terms of the ‘‘always in cloudy region’’ and

‘‘other’’ groups of trajectories. The first group, identified

by C (for cloudy), is defined as those trajectories that

remain between x5 4000 and 8000km (the approximate

lateral boundaries of the macroscale cloudy region), and

the remainder are identified by O (for other).

By definition, mean ages of air in the steady and time-

varying simulations satisfy

Gstdy5 fstdy-CGstdy-C1 fstdy-OGstdy-O,

fstdy-C 1 fstdy-O 5 1 and (5)

Gtvar5 ftvar-CGtvar-C 1 ftvar-OGtvar-O,

ftvar-C1 ftvar-O 5 1, (6)

where Gstdy-C, Gstdy-O, Gtvar-C, and Gtvar-O are the mean

ages of air for the C andO groups in the steady and time-

varying simulations, and fstdy-C, fstdy-O, ftvar-C, and ftvar-O
are the fractions over the total count of the number of

trajectories in each of the two groups in the two simu-

lations. In the steady simulation, all trajectories belong

to the C group; that is, fstdy-C 5 1 and fstdy-O 5 0. In the

FIG. 7. Mean age of air since below 330K (a) in the steady simulation and (b) in the time-

varying simulation of the control case. Age of air is undefined in the white regions where air

from below 330K never arrived.

FIG. 8. The profiles of mean age of air at the center of the cloudy

region (x5 6000 km) in the steady and time-varying simulations of

the control case.
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time-varying simulation, about one-third of trajectories

belong to the C group ( ftvar-C 5 0.33) and two thirds of

trajectories belong to the O group ( ftvar-O 5 0.67).

Representative trajectories of the C and O groups in the

time-varying simulation are respectively the red and

green trajectories shown previously in Figs. 5 and 6.

As shown in Fig. 9, the age spectrum in the steady

simulation is very narrow and hence can be characterized

as a pulse (at 79 days). This pulse coincides with the mode

of the age spectrum in the time-varying simulation of theC

group of trajectories (i.e., those travelingwithin the cloudy

region only). In the time-varying simulation, the width of

the age spectrum of the C group is much narrower than

that of the O group. Also, the mean age of the C group is

much shorter than that of the O group (Gtvar-C 5 86 days

compared with Gtvar-O 5 672 days) because trajectories in

the O group experience both radiative heating (in cloudy

regions) and radiative cooling (in cloud-free regions).

We find that both the age spectra of the C and O

groups of trajectories in the time-varying simulation can

be fitted well with the solution to the one-dimensional

(1D) advection–diffusion problem. For this problem, the

age spectrum is [seeHall and Plumb (1994), their Eq. (21)

or Waugh and Hall (2002), their Eq. (9)]

G(t)5
1

D
ffiffiffiffiffiffiffiffi
pt̂ 3

p exp

2
6664
2G2(t̂2 1)2

4D2 t̂

3
7775 , (7)

where G(t) is the function describing the age spectrum

with respect to age (or time) t,G5 (ut 2 ub)/ _u is themean

age of the spectrum, D5 [k(ut 2 ub)/ _u
3
]1/2 is the spectral

width of the spectrum, _u is the radiative heating rate

(rate of change of potential temperature), k is the dif-

fusion coefficient, and t̂5 t/G. For a fixed transport dis-

tance, the mean age G of the 1D advection–diffusion

spectrum depends only on the heating rate and is in-

dependent of the diffusion coefficient:

G5
ut 2 ub

_u
. (8)

With Gtvar-C 5 85 days and Gtvar-O 5 661 days, using

a least squares algorithm to fit Eq. (7) to the age spectra

of the C andO groups of trajectories, we obtainDtvar-C5
17 days and Dtvar-O 5 383 days. As shown in Fig. 9, the

corresponding 1D advection–diffusion solutions (red

and green curves) agree quite well with the numerical

age spectra.

The fact that the solution of the 1D advection–diffusion

problem provides a good fit for the age spectrum of the

C group of trajectories may be not too surprising. Further,

we show in section 4a that the relation between the mean

age and the heating rate [Eq. (8)] inherent to this solution

holds for theC group as the heating varies. Conversely, this

relation [Eq. (8)] does not hold for the O group as the

heating varies. Therefore, the process description it is

based on is not adequate for the problem considered here.

The age spectrum obtained for this idealized model

setup may be compared to the results of Tzella and

Legras (2011), who simulated trajectories driven by

FIG. 9. Histogram of age of air for trajectories arriving at the center top of the cloudy region

(x 5 6000km, u 5 370K) in the control case. In the time-varying simulation, the histogram is

plotted separately for two groups of trajectories. The red group includes trajectories that are

contained exclusively between x 5 4000 and 8000km during their passages from 330 to 370K.

The green group includes all other trajectories—that is, those escaping to regions where x ,
4000 km or x . 8000 km. The red and green curves are the theoretical 1D advection–diffusion

age spectrum [Eq. (7)] fitted to the data of the two groups of trajectories.
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meteorological analyses that provide a reasonably re-

alistic representation of the circulation in the atmo-

sphere. The age spectra presented by Tzella and Legras

(2011, their Figs. 9 and 10) of transport across the

tropical tropopause layer are monomodal even though

cloud radiative heating rates are considered in the tra-

jectory calculations. A plausible explanation for their

monomodal spectrum (versus our bimodal spectrum) is

that, in the atmosphere, temporal and spatial variations

in the large scales of cloud ensembles cause the dis-

tinction between cloudy versus cloud-free regions much

less well defined than in our setup (where the large-scale

cloudy region is stationary).

4. Sensitivity to cloud configuration

In this section, we test the sensitivity of the trans-

port time scale to (i) the macroscale time-mean radiative

heating of the cloud ensemble and (ii) the microscale

characteristics (i.e., the details of clouds in the ensemble).

a. Variations in macroscale heating

Variations in the macroscale amplitude of cloud

heating, while specific cloud microscale properties are

retained, may be achieved through variations in the

number of clouds n in the cloud ensemble. In the fol-

lowing we examine the variations in the transport time

scale with the macroscale amplitude of cloud heating in

the five cases: 0.50n, 0.75n, control (1.00n), 1.50n, and

2.00n. As in the control case, for each of the other cases,

we perform two simulations: the time-varying simulation,

inwhich the radiative forcing is time-dependent following

the stochastic occurrences of the clouds in the ensemble,

and the steady simulation, forced by the time average of

the forcing in the first simulation.

Let us first examine the three cases 0.5n, control

(1.00n), and 2.0n. In Table 1 we show [Q]cld, the time-

mean radiative heating rate horizontally averaged

between 4000 and 8000 km and vertically averaged be-

tween ub 5 330K and ut 5 370K. As n is doubled, [Qf ]

the time-mean radiative forcing averaged over the do-

main doubles and, by Eq. (4), [Q]cld also doubles. For

both the steady and time-varying simulations, Table 1

shows the mean ages of air over all trajectories, and also

mean ages of air separately for the two groups of tra-

jectories: those that are contained within the cloudy

region (C group) and those that are not (O group). In the

steady simulations, all trajectories belong to the C

group; that is, fstdy-C 5 1 and Gstdy 5 Gstdy-C. In the time-

varying simulations, for the C group of trajectories, we

note the following:

d Gtvar-C is only slightly longer than Gstdy. This indicates

that diffusion within the cloudy region does not affect

the transport time scale significantly.
d Gtvar-C decreases by the same factor by which [Q]cld
increases. Specifically, as [Q]cld is doubled, Gtvar-C is

halved. These variations in Gtvar-C with [Q]cld are

consistent with the 1D advection–diffusion solution

[see Eqs. (7) and (8)], which predicts that mean age of

air varies inversely with mean heating rate.
d The 1D advection–diffusion solution can fit the age

spectrum of the C group of trajectories in all the cases

with varying [Q]cld.

The above behaviors of Gtvar-C suggest that transport

within the cloudy region can be modeled as a 1D diffu-

sion process on top of a mean advection proportional to

[Q]cld.

For the O group of trajectories, we note the following:

d Gtvar-O and henceGtvar are considerably longer thanGstdy

and Gtvar-C. This indicates that mixing between cloudy

and clear air increases the transport time considerably.
d Gtvar-O does not decrease by the same factor by which

[Q]cld increases. Specifically, as [Q]cld is doubled,

Gtvar-O decreases by only 20%–30%. In other words,

Gtvar-O does not varies inversely with [Q]cld. Such

behavior is inconsistent with Eq. (8). Hence, although

Eq. (7) can fit the spectrum of age of air of theO group

of trajectories, transport followingO trajectories is not

equivalent to 1D advection–diffusion.
d As [Q]cld increases the ratios Gtvar-O/Gtvar-C and

Gtvar-O/Gstdy increase. This indicates that mixing be-

tween cloudy and clear air increases.

TABLE 1. The time-mean radiative heating rate horizontally

averaged between 4000 and 8000 km and vertically averaged be-

tween 330 and 370K for the three cases 0.5n, control (1.0n), and

2.0n. Also shown are the mean ages at the center top of the cloudy

region (x 5 6000 km, u 5 370K) in the steady and time-varying

simulations for the three cases. Mean ages are shown for all tra-

jectories (Gstdy and Gtvar), and also separately for trajectories that,

while traveling from 330 to 370K, are contained within the cloudy

region (Gstdy-C and Gtvar-C) and those that are not (Gstdy-O and Gtvar-O).

The fractions over the total count of the number of trajectories in

the two groups (fstdy-C, ftvar-C and fstdy-O, ftvar-O) are also shown.

Case 0.5n Control 2.0n

[Q]cld (Kday21) 0.173 0.345 0.690

Gstdy (days) 156 79 40

Gstdy-C (days) 156 79 40

Gstdy-O (days) NaN NaN NaN

fstdy-C 1.00 1.00 1.00

fstdy-O 0 0 0

Gtvar (days) 685 478 366

Gtvar-C (days) 168 86 43

Gtvar-O (days) 970 672 492

ftvar-C 0.36 0.33 0.28

ftvar-O 0.64 0.67 0.72
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Given that in the time-varying simulations the net

transport (averaged over both C and O trajectories), as

well as transport following O trajectories, cannot be de-

scribed as a 1D advection–diffusion process, we ask

whether it is possible tomake certain predictions for Gtvar

based on the empirical results. In Fig. 10 mean ages of air

in the steady and time-varying simulations at the center

top of the cloudy region (x5 6000km and u5 370K) are

shown against [Q]cld. As shown in Fig. 10, it is clear that

Gtvar is significantly longer thanGstdy. However, since both

Gtvar and Gstdy decrease monotonically with [Q]cld one

could try to derive the empirical relation between Gtvar

and [Q]cld based on how Gstdy varies with [Q]cld.

In the steady simulations the transport time scale from

ub to ut is

T stdy5astdy

ut 2 ub
[Q]cld

. (9)

The factor astdy is a constant factor less than 1 [astdy 5
0.674 based on a least squares fit of Eq. (9) to the data of

Gstdy]. This factor arises because in the small box (100 km

wide and 1-K potential temperature thick) at the center

top of the cloudy region, the sample of trajectories

consists mostly of almost vertical streamlines concen-

trated around the center of the cloudy region (see Fig. 5)

where the time-mean heating rate is strongest. Equation

(9) comes from the simple relation that the traveling

time is equal to the distance divided by the velocity. As

shown in Fig. 10 the numerical values Gstdy align almost

perfectly with Eq. (9).

For the transport time scale in the time-varying sim-

ulations, we may expect a functional dependence anal-

ogous to Eq. (9), except with a different factor atvar:

T tvar 5atvar

ut 2 ub
[Q]cld

. (10)

If atvar is assumed constant, a least squares fit of Eq. (10)

to the data of Gtvar is clearly not satisfactory (see Fig. 10).

In fact, atvar must be a function of [Q]cld because, ac-

cording to the numerical results, when [Q]cld doubles

Gtvar decreases by a factor less than 2. If atvar were a con-

stant, then Eq. (10) would predict that T tvar decreases by

the same factor by which [Q]cld increases. The function

atvar([Q]cld) may be speculated based on the following

reasonable expectations:

d atvar . astdy because T tvar . T stdy based on the

numerical results that Gtvar . Gstdy.
d atvar increases monotonically with [Q]cld because of

the coupling between vertical transport and horizontal

FIG. 10. Mean age of air in the steady and time-varying simulations at the center top of the

cloudy region (x5 6000 km, u5 370K) against [Q]cld, the time-mean heating rate horizontally

averaged between 4000 and 8000km and vertically averaged between 330 and 370K. The large

filled circles show the data points for the five cases 0.50n, 0.75n, control (1.00n), 1.75n, and

2.00n. The small open circles show the data points for all the remaining cases (see Table 2 for

the full list of cases of different cloud configurations). The blue curve is Eq. (9) with constant

astdy 5 0.674. The dashed green curve is Eq. (10) with constant atvar 5 3.55. The solid green

curve is Eq. (10) with atvar as in Eq. (11), whereA5 5761K21 day, B5 948, C5 250K21 day,

and D 5 610.
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mixing. According to the conservation of mass, every

step of transport in the vertical direction (either in zor u)

is intrinsically accompanied by horizontal inflow or

outflow (see also the descriptions of the radiatively

induced dynamics in section 3b). Hence a0
tvar . 0, where

a0
tvar is the (total) derivative of atvar with respect to

[Q]cld.
d Based on the numerical results that Gtvar decreases

with increasing [Q]cld, we expect that T tvar decreases

monotonically with [Q]cld. The condition that the

(total) derivative with respect to [Q]cld of Eq. (10) is

negative gives a0
tvar[Q]cld ,atvar.

d As [Q]cld/0, T tvar / ‘.
d As [Q]cld/‘, T tvar / 0. This condition implies that

the maximum order of an equivalent polynomial

approximation for atvar must be zero. If atvar were

a linear function of [Q]cld, then as in Eq. (10), T tvar

would approach a nonzero constant for [Q]cld/‘.

A functional form for atvar that may satisfy the above

expectations is

atvar 5
A[Q]cld 1B

C[Q]cld 1D
. (11)

Using a least squares algorithm to fit Eq. (11) to the data

in Fig. 10 we obtain A 5 5761K21 day, B 5 948, C 5
250K21 day, andD5 610. It is straightforward to check

that Eq. (11) with these specific values of A, B, C, and

D satisfies the above expectations for atvar. It also

agrees well with the numerical values Gtvar in Fig. 10.

However, we emphasize that such an agreement is

empirically limited to the data in our simulations. We

wish not to associate any significance to Eq. (11) and

the specific values of A, B, C, and D until/unless

a theory quantifying the effect of mixing is worked out

at a later stage.

b. Variations in microscale characteristics of clouds

In this section, in addition to varying n in the ensemble,

we vary a, H, t, and Q of the clouds. The different cases

are labeled according to their differences in the configu-

rations of the clouds compared with the control case. For

example, in the 1.00n-0.5a case, the width of the clouds in

the ensemble is half of that in the control case. In some of

the cases we change n simultaneously with a parameter

in the set a, H, t, and Q. For example, in the 2.00n-0.5a

case, the number of clouds and the width of each cloud

are respectively twice and half of those in the control

case. As for the control case, we perform for each cloud

configuration a steady simulation and a time-varying

simulation.

All the cases with the different cloud configurations

that we have simulated are shown in Table 2. The cases

with different macroscale [Q]cld but the same micro-

scale characteristics are shown in the same rows. For

example, the five cases 0.50n, 0.75n, 1.00n, 1.50n, and

2.00n examined previously in section 4a are shown in

the third row. The cases with the same macroscale

[Q]cld but different microscale characteristics are shown

in the same columns. We refer to the five groups of cases

in the five columns in Table 2 as 0:50[Q]cld, 0:75[Q]cld,

1:00[Q]cld, 1:75[Q]cld, and 2:00[Q]cld.

For the steady simulations, within each group of the

same macroscale [Q]cld, Gstdy is the same (within nu-

merical errors) among the cases of different microscale

cloud configurations. In Fig. 10 the (blue) data points for

Gstdy within each group are almost identical. This result

is obvious because transport in the steady simulations is

forced bymacroscale, steady forcings that do not change

with the microscale characteristics of the clouds.

For the time-varying simulations, we observe the

following behaviors:

d Gtvar varies among data points within each group of the

same [Q]cld but different microscale parameters a, H,

TABLE 2 . The cases carried out for the sensitivity study. Themacroscale time-mean heating rate in cloudy air [Q]cld for the 0.50n, 0.75n,

control (1.00n), 1.75n, and 2.00n cases is shown at the top of the table. The cases with the same macroscale [Q]cld but different microscale

characteristics are shown in the same columns. The cases with different macroscale [Q]cld but the same microscale characteristics are

shown in the same rows.

Group 0:50[Q]cld 0:75[Q]cld 1:00[Q]cld 1:50[Q]cld 2:00[Q]cld

[Q]cld (Kday21) 0.173 0.259 0.345 0.518 0.690

Cases 0.50n 0.75n Control 1.75n 2.00n

1.00n-0.5a 1.50n-0.5a 2.00n-0.5a

1.00n-0.5H 1.50n-0.5H 2.00n-0.5H

1.00n-0.5t 1.50n-0.5t 2.00n-0.5t

1.00n-0.5Q 1.50n-0.5Q 2.00n-0.5Q
0.50n-2.0a 0.75n-2.0a 1.00n-2.0a

0.50n-2.0H 0.75n-2.0H 1.00n-2.0H

0.50n-2.0t 0.75n-2.0t 1.00n-2.0t

0.50n-2.0Q 0.75n-2.0Q 1.00n-2.0Q
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t, and Q. Variations in Gtvar among data points within

each of the five groups 0:50[Q]cld, . . . , 2:00[Q]cld are

comparable to variations in Gtvar across those different

groups. Hence, the role of the microscale structures of

the clouds cannot be ignored compared with the

macroscale heating rate [Q]cld.
d Variations in Gtvar within each of the five groups

0:50[Q]cld, . . . , 2:00[Q]cld are apparently inconsistent

with Eq. (10). This means that the transport time scale

cannot be described by a function of only the macro-

scale quantity [Q]cld. This result is expected because

mixing between cloudy and clear air depends not only

on [Q]cld (increasing with [Q]cld as discussed in section

4a) but also on the microscale circulations associated

with the clouds in the ensemble. The term [Q]cld does

not contain any microscale information because time

averaging over all clouds erases the details of the

clouds in the ensemble.
d Variations in Gtvar due to varying microscale charac-

teristics are difficult to categorize; Gtvar does not

increase or decrease monotonically with the micro-

scale parameters (a,H, t, andQ). For example, Gtvar5
460 and 478 days, respectively, in the 2.00n-0.5H and

control (1.00n-1.0H) cases; that is, for these cases Gtvar

is larger for largerH.On the contrary, Gtvar 5 366 and

342 days, respectively, in the 2.00n-1.0H and 1.00nc-

2.0H cases; that is, for these cases Gtvar is smaller for

larger H.

In summary, as the microscale characteristics of the

clouds, including the width, thickness, lifetime, and

amplitude, are doubled or reduced by half compared

with the control case, there are significant changes in the

transport time. These variations among the different

cloud configurations represent typical ranges of the

characteristics of cirrus clouds in the tropical upper

troposphere. The sensitivity of the transport time to the

microscale characteristics is expected because mixing

between cloudy and clear air in the time-varying simu-

lations is essentially caused by the temporal fluctuations

of the flow from the time-mean, steady streamlines in

the steady simulations. Such temporal fluctuations de-

pend on the microscale circulations associated with the

clouds in the stochastic cloud ensemble. The variations

of the transport time to the microscale parameters

(a,H, t, andQ) are notmonotonic and hence difficult to

categorize.

5. Conclusions

We have performed idealized 2D simulations to study

the impact of cloud radiative heating on transport time

in the tropical upper troposphere and tropical tropopause

layer. Cloud radiative heating is imposed as a stochastic

(time varying) process that follows a well-defined spatial

structure, separating the domain into a region where

clouds occur, and the surrounding cloud-free air.

The model simulations produce a bimodal spectrum

of transport time (or age of air) from the lower to the

upper boundaries. The first mode of the age spectrum is

composed of trajectories that remain in the cloudy part

of the domain during their passages from the lower to

the upper boundaries. The second mode includes the

remaining trajectories that visit the cloud-free regions.

For the first group of trajectories only, the mean age

scales inversely with the time-mean heating rate in the

cloudy region, and the 1D advection–diffusion model

provides an adequate description of transport. However,

transport following trajectories that experience mixing

between cloudy and clear air, as well as the overall

transport (averaged over all trajectories) is intrinsically

different (from 1D advection–diffusion).

Overall, the exchange between cloudy and cloud-free

air renders the transport time considerably longer than

the time expected if all air parcels remain in cloudy air.

Further, the overall transport time is not inversely pro-

portional to the time-mean heating rate in the cloudy

region. Specifically, if the time-mean radiative heating

rate in the cloudy region doubles, the transport time

scale is reduced by a factor less than 2. Stronger advec-

tive tendency represented by the time-mean radiative

heating in the cloudy region is intrinsically coupled with

stronger mixing between cloudy and clear air.

In addition to themagnitude of the time-mean heating

in cloudy air, the numerical simulations show that the

transport time is also sensitive to the characteristics of

individual clouds. Variations in the size, lifetime, and

amplitude of the clouds within a range typical for cirrus

in the tropical upper troposphere correspond to signifi-

cant variations in the transport time. Such variations of

the transport time with the details of the clouds are not

monotonic and hence are difficult to categorize.

The idealizations, including only 2D consideration

and the isolation of cloud radiative heating from other

processes that drive transport in the troposphere and

stratosphere, prevent direct quantitative application of

our results to the real atmosphere. However, the nu-

merical results demonstrate that the frequently employed

separation of radiative heating rates into clear sky and

cloud radiative heating rates may not be adequate to

discuss transport. Exchange between cloudy and clear air

is inherent to the transport associated with the radiative

heating of clouds, which occur stochastically and het-

erogeneously in the atmosphere. Such exchange renders

the transport time much longer than the time deduced

from mean cloud heating rate.
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