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ABSTRACT: In the circulating atmosphere, diabatic heating influences the potential temperature content of air masses far

from where the heating occurs. Budgets that balance local diabatic sources with local heat divergence and storage do not

retain information about this remote influence, which requires airmass tracking. In this study, a process-based, passive-

tracer diagnostic, called heat tagging, is introduced. Heat tagging locally decomposes the potential temperature into con-

tributions from the distinctive diabatic processes that generate them, wherever they occur. The distribution, variability, and

transport of atmospheric heat tags are studied in the relatively simple setting of an idealized aquaplanet model. Heat tags

from latent heating are generated in the deep tropics and the midlatitude storm track and then transported throughout

the troposphere. By contrast, dry sensible heat tags are enhanced near the surface, and radiative tags are mainly confined to

the stratosphere. As a result, local heat transport, variability of potential temperature, and global poleward heat transport

are dominated by heat tags related to latent heating, with heat tags from sensible and radiative heating only making con-

tributions in the polar near-surface and the stratosphere, respectively. Heat tagging thus quantifies how water vapor and

latent heating link the structural characteristics of the atmosphere and illustrates the importance of the hydrological cycle in

poleward energy transport.

KEYWORDS: Atmospheric circulation; Energy transport; Mass fluxes/transport; Diabatic heating; Tracers; Global

transport modeling

1. Introduction

How dowe assess the remote effects of diabatic processes on

the atmosphere’s heat content and thermal structure? Diabatic

heating must be locally balanced by transport in the climato-

logical mean (Peixoto and Oort 1992), but this does not

provide information about remote diabatic heating. Those

air masses warmed by tropical convection and condensation

in the midlatitude storm tracks are ultimately cooled by

longwave emission, which is spread throughout the tropo-

sphere (Peixoto and Oort 1992; Ling and Zhang 2013; Zhang

et al. 2017). However, how these air masses are transported

from regions of heating to regions of cooling, and how each air

mass contributes to the thermal structure of the atmosphere

requires additional information, necessitating tracking which

processes warm air masses and the air masses’ history as they

are transported from their regions of generation.

An example of the type of problem that we are interested in

studying is how convection influences polar heat content.

Inspection of the diabatic heating rates shows that the majority

of convection is confined to the deep tropics (Ling and Zhang

2013); are convectively warmed air masses transported from

the tropics to the poles and then cool there, or do they cool

elsewhere? How does their evolution compare to those air

masses warmed through surface heat fluxes in the tropics?

Such questions cannot be addressed solely with knowledge

of heating rates since they are inextricably bound to the details

of long-range transport and the global circulation.

Tracking the transport of air masses generated by specific

diabatic processes is not possible by classical thermodynamic

analysis. For example, although comparing the potential tem-

perature and equivalent potential temperature can reveal as-

pects of the role of latent heat release (Pauluis et al. 2008, 2010;

Fajber et al. 2018), such a comparison cannot partition how

much heat content originally came from latent heating, be-

cause latent heating contributions are inseparable from other

diabatic heat sources.

Our goal in this study is to quantify the contributions from

different sources of diabatic heating on the thermal structure of

the atmosphere in the presence of long-range transport. We do

this by using a set of tracers, referred to as ‘‘heat tags,’’ that

serve to decompose the potential temperature field into sepa-

rate contributions from different sources of diabatic heating.

The heat tags are added whenever the atmosphere is heated,

removed whenever the atmosphere is cooled, and otherwise

transported with the potential temperature field. As a result,

heat tags encode local generation information and remote

connections involving material transport. The method is global

rather than local, Eulerian rather than parcel-based, and allows

for the potential temperature to be completely decomposed

into a sum of heat tags with associatedmixing ratios that sum to

unity. The heat tag equations are constructed to retain positive

and finite values, and thus are suitable for the examination of

heat content of extended climate simulations.

Several complementary methods exist that should be con-

sidered in the context of the goals of this study. Heat tagging

can be most closely compared to the construction of tracer

spatial source Green’s functions to study atmospheric transport
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from surface sources (e.g., Holzer 1999; Orbe et al. 2013, 2015),

or from the tropopause (Orbe et al. 2013;Waugh andHall 2002).

The Green’s function method can also be used to analyze the

time scale of the transport (Waugh and Hall 2002; Holzer and

Hall 2008; Orbe et al. 2016). Such boundary propagators

methods transport tracers, subject to boundary conditions,

typically with linear sources or sinks (e.g., the idealized loss

functions in Orbe et al. 2016). In work of direct relevance

to this study, Orbe et al. (2015) analyze the location of last

boundary layer contact of air parcels in theArctic troposphere.

Boundary propagator methods are useful for problems that

involve transport from a specified boundary surface and

conservative transport, excepting for a linear loss function,

through the bulk of the domain. Since the spatial complexity of

internal diabatic heating sources and sinks do not lend them-

selves easily to the simplified loss parameterizations typically

employed in boundary-impulse-response-based studies, and

because potential temperature reflects the admixture of airmasses

from a broad region of surface ‘‘sources,’’ propagator methods

would require the tracers and the age spectrum of the Green’s

functions to be stored, which poses a computational problem.

Heat tagging is inspired by previous tagged tracer methods,

including water tagging (Sodemann et al. 2009; Singh et al.

2016; Dyer et al. 2017), tracers of last saturation (Galewsky

et al. 2005), and tagging of carbon monoxide and ozone (Wang

et al. 2011; Fisher et al. 2017). It builds on these methods by

allowing for sources and sinks that are not sign definite without

linearizing any terms in the thermodynamic equation. These

are necessary changes to be able to track potential temperature

in the atmosphere. Martínez-Alvarado and Plant (2014) study

diabatic airmass generation and transport in an extratropical

cyclone with a system similar to the one presented here, but

with positive tags for heat sources and negative tags for heat

sinks. Although this is suitable for the multiple day weather

simulations they consider, the Martínez-Alvarado and Plant

(2014) tag system would not remain finite in a long-term cli-

mate simulation. Our method overcomes this limitation by

splitting the heating and cooling tendencies and treating

cooling as a sink acting proportionally to all heat tags present

(section 2), with the trade-off of having to include a sink term

that is nonlinear in the tags.

A final complementary approach to that presented here is

to use Lagrangian tracking of parcels undergoing heating and

cooling as they pass through atmospheric blocks (e.g., Pfahl

et al. 2015) or other circulation features. This requires tracking

of a given circulation feature and, typically, an offline tool to

be developed that uses frequent snapshots. The four heat

tags used here are integrated consistently with the numerical

methods used with other tracers like water vapor or chemical

constituents, and thus are relatively easy to add to an already

developed general circulation model (GCM). Additionally,

Lagrangian parcel tracking requires the specification of criteria

to decide which parcels to track, the pathlength to track the

parcel over, etc. The advantage of the Eulerian approach is that

it integrates over all possible forward paths, so it is free from

these additional algorithmic choices.

We use a relatively simple model to provide an initial dem-

onstration in a setting relevant to climate science. In particular,

we use the idealized aquaplanet model first developed by

Frierson et al. (2006), and later by O’Gorman and Schneider

(2008) and Vallis et al. (2018). The numerical methods and

physical parameterizations used by the model simplifies the

implementation of the heat tags for reasons that will be de-

tailed in section 2.

The results of our analysis are discussed in section 3. The

distribution of diabatic heating and cooling and the connec-

tion to the idealized physical parameterizations used in the

model are discussed in section 3a. In section 3b, we calculate

the globally integrated tag fractions to compare the lifetime

of moisture in the atmosphere with the heat tags created from

the condensation of moisture. The distribution of the tags and

the tag fractions in the atmosphere are considered in section 3c,

which demonstrates the role of long-range transport in main-

taining the heat content of the atmosphere. Heat tagging is

used to decompose the variability of the potential temperature

into contributions from different diabatic heating sources in

section 3d. The results show that the majority of the variabil-

ity in the troposphere can be connected to the variability in

tropical, convectively heated, air masses, but that these air

masses coexist with cooler extratropical air masses. This is

complemented by an airmass analysis in section 3e, which shows

distinctive tropical and extratropical surface air masses. Finally,

in section 3f, we decompose the vertically integrated poleward

heat transport using the heat tags, which, because the transport

is dominated by latent-heat related tags, illustrates the important

role of the hydrological cycle.

This study covers heat tagging methodology and highlights

selected scientific insights provided by this initial exploration.

Our hope is that this study will serve as the basis for future

exploration using this new method. In section 4, we discuss the

implications and potential applications for future study.

2. Methods

a. Tracer tagging

For a hydrostatic atmosphere in pressure coordinates, the

conservation equation for a tracer c is

›c

›t
52= � (vc)1D

H
(c)1�

NS

i51

S
i
, (1)

where v5 (u, y, v) is the nondivergent fluid pressure-coordinate

velocity satisfying = � v5 0 and Si 5 fS1, . . . , SNS
g represents a

set of Ns source and sinks of c. The term DH(c) represents

horizontal diffusive flux of c. This represents a linear operation

on c; in this work it is considered to reflect numerical con-

straints and is not a focus for physical analysis. Tracer tagging

decomposes the tracer c into a system of Ns tags, fc1, . . . , cNS
g

satisfying conservation of total field c at each point in space

and time by locally constraining the tendency to conserve the

total ›c/›t

�
NS

i

›c
i

›t
5

›c

›t
(2)

and by identifying a time t0 for which �NS

i51ci(t0)5 c at each

spatial point.
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We wish to constrain ci to be positive semidefinite:

c
i
$ 0, i5 1, . . . ,N

S
. (3)

This constraint will be violated by the simple decomposition of (1)

›c
i

›t
52= � (vc

i
)1D

H
(c

i
)1S

i
, i5 1, . . . ,N

S
(4)

in which each tag ci has a corresponding source or sink Si, and

for which sink processes will tend to generate negative ci while

conserving the total c5�NS

i51ci. Martínez-Alvarado and Plant

(2014) used such a system to track sources and sinks of po-

tential temperature in short-term weather forecasts. In the

context of climate analysis, however, such a system leads to

nonstationary behavior in the tags. For example, if S5 S0 1 S1
where S0 is positive everywhere and S1 is negative everywhere

[e.g., if c represents potential temperature, S0 could represent la-

tent heating and S1 longwave cooling, analogously to Martínez-
Alvarado and Plant (2014)], c0 and c1 would diverge to positive

and negative infinite values even while conserving the total c.

To guarantee (3), we first decompose Si at each spatial and

temporal point into positive sources and negative sinks:

S
i
5 S1

i 1S2
i , (5)

where

S1
i 5 I(S

i
)S

i
(6)

and

S2
i 5 I(2S

i
)S

i
, (7)

for i 5 1, . . . , NS. In (6) and (7), I is the Heaviside function,

which is 1 for a positive argument and 0 otherwise. Thus, S1
i

represents the positive source of Si and S2
i represents the

negative sink of Si.

If we wish to track different sources of c in the atmosphere,

then it makes sense to have each tag ci correspond to each S1
i ,

which we will use as a source for that tag. To create the sink for

the tag we will assume that the tags in any given air parcel are

well mixed, and that the total tracer sink,

S2 5�
NS

i51

S2
i , (8)

does not act to preferentially remove any given tracer tag.

Under these assumptions, the sink term for ci can be written as

S2
i :5

c
i

c
S2 5x

i
S2, where x

i
:5

c
i

c
(9)

is a tag fraction for tag i. In otherwords, the sink removes different

tags proportionally to their amount inside the parcel. Putting to-

gether these considerations gives the system of tracer tags

›c
i

›t
52= � (vc

i
)1D

H
(c

i
)1S1

i 1 x
i
S2, i5 1, . . . ,N

S
, (10)

where the S1
i are defined by (5) and (6) and where we have used

(9). The ci are initialized at t0 to have a positive value and satisfy

c(t
0
)5�

NS

i51

c
i
(t
0
) . (11)

It is easily shown that (10) guarantees that tag tendencies ›ci/›t

sum to the total tendency, ›c/›t, so (2) is satisfied.

The tag fractions {xi} defined in (9) sum to unity

�
NS

i51

x
i
5 1: (12)

Their evolution equations canbeobtainedby first recognizing that

›(�)
›t

1= � (v�)1D
H
(�)

is a linear differential operator on its argument (for non-

divergent pressure-coordinate v). Taking c21 3 (10) and sub-

tracting xic
21 3 (1) then yields

›x
i

›t
52= � (vx

i
)1D

H
(x

i
)1 (12x

i
)
S1
i

c
2x

i�
j 6¼ i

S1
j

c
. (13)

Note that the sink terms S2
i do not explicitly appear in this

equation, which demonstrates the tradeoffs between the rela-

tive fraction of the tags: although S2
i do not decrease xi, sources

of other tags, (fS1
j gj 6¼ i

), will act to decrease xi to guarantee

(12). This observation will prove useful in understanding the

distribution of heat tag fractions in section 3.

Equation (13) demonstrates that if the tracer field c is pos-

itive, the tag fractions ci are also positive because (12xi)(S
1
i /c)

will not increase xi above 1, and 2xi�j 6¼ i(S
1
j /c) will not de-

crease xi below 0, so 0# xi # 1. Since ci 5 xic, then 0# xi # 1.

Since the {ci} are positive and, via (2) and (11), sum to c for all

time, they remain bounded by the greatest value of c. This ensures

that the system will not diverge even under long time integration,

making this formulation useful for equilibrium climate integrations.

Last, we comment on initializing the system. Perhaps the

most generic way to initialize the system is to introduce an

‘‘initialization tag’’ cNS11, which evolves according to

›c
NS11

›t
52= � vc

NS11

� �
1D

H
c
NS11

� �
1x

NS11
S2 ,

[with all of the other tags evolving normally according to

Eq. (10)], and then set cNS11(t0)5 c(t0), and set all the other

tags to 0. The new system of tags still satisfies (2); however, the

initialization tag will decay toward 0 while the other tags ap-

proach their equilibrium values, and the concentration of cNS11

measures how much of the initial tracer field has not decayed.

This is essentially what is done for the initial water vapor field

in weather applications (Sodemann et al. 2009).

While using an initialization tag gives some additional in-

formation, the decay time scale can be very long for some

cases. In this case, it is advantageous to set the tag which takes

the longest time to be produced to be c(t0), and the other tags to

be 0. This can significantly reduce the amount of time for the

model to spin up to an equilibrium time. The specifics of the

initialization for heat tags is discussed at the end of this section,

where we utilize this second approach to reduce the amount of

spinup time needed.
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b. A conceptual example

A conceptual example motivates this method: consider trans-

port, generation, and loss in one (meridional) dimension for a

tracer c 5 c1 1 c2 partitioned into two tags with source/sink

terms S 5 S1 1 S2:

›c

›t
1
›(yc)

›y
5 S ,

›c
i

›t
1

›(yc
i
)

›y
5S1

i 1 x
i
S2, where x

i
5
c
i

c
, i5 1, 2.

Mass and tracer conservation require hyi 5 0 and hSi 5 0,

where h�i indicates the time and meridional mean over the

domain y 2 [0, L].

Assuming the tags are well mixed (and thus that covariance

between c1, c2, and y are unimportant), we can estimate

hx
i
i’ hx

i
imixed 5 hS1

i i/jhS2ij

(see section 3a). However, to obtain more information about

how each tag contributes locally to the structure of c requires

explicit calculation.

As an example of such a calculation, we restrict the sources

of c, S1
i , to only be allowed to have positive values in the

equatorial half of the domain y 2 [0, L/2]. Thus, tags can only

be produced in this region, whereas they can be transported

and destroyed over the whole domain. Now consider a situa-

tion in which S1 is sourced only for poleward flow and S2 is

sourced only for equatorward flow. That is, S1
1 . 0 for y. 0 and

S1
2 . 0 for y , 0, again for y 2 [0, L/2]. Then c in the polar half

of the domain would consist solely of c1, i.e., x1 5 1, x2 5 0 for

y 2 [L/2, L], and the entire poleward flux of c at y5 L/2 would

be from c1. Although this example seems somewhat con-

trived, the fictional c1 is not that far from the convective tag, as

shown in section 3.

From this example it can be seen that the tags provide a

way to attribute the tracer distribution to processes far from

the source regions. In our simplified system it might seem

that the tags are not necessary; however, this is because the

circulation is greatly simplified. For more realistic three-

dimensional circulations the mass transport can be highly

complicated, and so the connection between tracer content in

remote regions and their sources is difficult to determine

without the tracer tags.

c. Numerical implementation in an idealized moist general
circulation model

We use the implementation of the class of idealized moist

general circulation model developed in Frierson et al. (2006),

Frierson (2007), and O’Gorman and Schneider (2008) that is

found in the Isca framework (Vallis et al. 2018). This model,

coded with the NOAA GFDL Flexible Modeling System,

solves themoist hydrostatic primitive equations on the sphere

using a pseudospectral method. The Isca framework provides

a set of standard physical parameterizations, including up-

dated radiative transfer schemes. The horizontal resolution of

the spectral core is T85 and in the vertical there are 30 levels

evenly spaced in the model’s sigma coordinate. A fourth-order

hyperviscosity with a base coefficient of 0.1 day21 that is ap-

plied to the highest resolved wavenumber is used. The atmo-

sphere is situated above a global slab ocean with a depth of

100m. The model is run with annual average insolation and

without a diurnal cycle. The boundary conditions and bound-

ary forcing are zonally homogeneous and hemispherically

symmetric about the equator. The long-term statistics are ex-

pected to respect these related symmetries such as hemispheric

symmetry and no stationary waves.

Potential temperature and tracers, including water vapor, are

advected using the model’s standard spectral advection scheme.

For water vapor solely, a hole-filling scheme is used to preserve

nonnegativity. Although a spectral advection scheme does not

guarantee nonnegativity (Rasch andWilliamson 1990), negative

values were mitigated by reducing the time step of the model to

150 s for both the dynamics and physical parameterizations.

Of the various combinations of sub-grid-scale physical pa-

rameterizations and radiative transfer available within the Isca

framework, we select the following:

1) A two-stream, two-plus-one band, gray radiation scheme,

described in section 4.2 of Vallis et al. (2018). The scheme

parameterizes the optical depth in terms of a nominal CO2

concentration value and of the water vapor field in the

model. It includes a shortwave window, a longwave band

that treats the infrared window region of the spectrum, and

another longwave band that treats the rest of the spectrum.

The radiative scheme used in our version of the model has a

nominal CO2 value of 360 ppm [documented in section 4.2

in Vallis et al. (2018)]. In section 4.6, this value is doubled to

explore the response to climate change.

2) A vertical diffusion that parameterizes turbulent boundary

layer fluxes using simplified Monin–Obukhov similarity

theory (Frierson et al. 2006). The effect of this parameter-

ization is to spread the surface fluxes of enthalpy, moisture,

and momentum over the model planetary boundary layer.

The surface fluxes appear in the atmospheric tendencies

through this parameterization.

3) A large-scale condensation scheme that removes water

vapor and adds latent heat to a grid cell if the grid cell

reaches saturation. The water vapor is assumed to be im-

mediately removed from the atmosphere without allowing

for reevaporation. This is different from Frierson et al.

(2006), but is the same formulation that was used in

O’Gorman and Schneider (2008).

4) A subgrid-scale convection scheme that is the ‘‘shallower’’

option documented in Frierson (2007). The convection

scheme checks if there is convective available potential

energy in a column and, if there is, relaxes the column

toward a moist adiabatic profile in a manner that conserves

total column enthalpy.

The tracer tagged here is potential temperature u, which

evolves according to

›u

›t
52= � (vu)1D

H
(u)1PQ , (14)

where theExner functionP5 (p0/p)
k andQ represents the sumof

the model’s parameterized heating rates. The development of the
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heat tags follows by applying the generic tracer taggingmethods in

section 2a to Eq. (14). Table 1 summarizes this correspondence,

and the rest of the section develops the idea in full.

We use Eq. (10) as follows: we identify u with c, set NS 5 4

tags, and following the correspondence in Table 1,

u5�
NS

i51

u
i
5 u

conv
1 u

cond
1 u

diff
1 u

radi
, (15)

and split the heating terms into u sources and sinks,

PQ5PQ1 1PQ2 , (16)

with

PQ1 5PQ1
conv 1PQ1

cond 1PQ1
diff 1PQ1

radi (17)

and

PQ2 5PQ2
conv 1PQ2

diff 1PQ2
radi . (18)

Here, the subscripts conv, cond, diff, radi indicate, respectively,

heating from the subgrid-scale convection scheme, the large-

scale condensation, the vertical diffusion in the boundary layer

parameterization, and the shortwave and longwave radiative

transfer schemes. This is summarized in Table 2. Note the

absence of Q2
cond in (18). This is zero by design, because the

model precipitation scheme has no reevaporation of falling

water vapor (cooling and hence a u sink). Applying Eq. (10) to

u yields a set of tracers that evolve according to

›u
conv

›t
52= � (vu

conv
)1D

H
(u

conv
)1P

�
Q1

conv 1
u
conv

u
Q2

�
,

(19a)

›u
cond

›t
52= � (vu

cond
)1D

H
(u

cond
)1P

�
Q1

cond 1
u
cond

u
Q2

�
,

(19b)

›u
diff

›t
52= � (vu

diff
)1D

H
(u

diff
)1P

�
Q1

diff 1
u
diff

u
Q2

�
,

(19c)

›u
radi

›t
52= � (vu

radi
)1D

H
(u

radi
)1P

�
Q1

radi 1
u
radi

u
Q2

�
.

(19d)

The sources and sinks are separated at every grid point and

time step in the model. For instance, in a convectively unstable

column the convection scheme heats higher model levels,

contributing locally to Q1
conv, and cools lower model levels,

contributing locally toQ2
conv and hence toQ2 [in Eqs. (18) and

(19a)]. Apart from small numerical errors discussed in the next

subsection, the tag sum should satisfy (15) at every time step

and grid point.

For heat tag fractions

x
i
5

u
i

u
, i5 1, . . . 4, (20)

the corresponding evolution [see Eq. (13)] is

›x
i

›t
52= � (vx

i
)1D

H
(x

i
)1 (12 x

i
)
PQ1

i

u
2x

i�
j 6¼ i

PQ1
j

u
. (21)

The model tagging procedure generates physical tendencies at

every time step, separates them into their positive and negative

parts, generates the tracer tendencies above, and then passes

these to the tracer advection scheme. This numerical proce-

dure is simplified for the idealized moist model, since it only

has a single time step for both the physics and dynamics.

Initialization and equilibration of the tag tracers are repre-

sented in Fig. 1. Experimentation (not shown) reveals that the

radiative tag radi, which we will find to be sourced and largely

confined to the stratosphere (section 3), takes several years to

equilibrate, which is an order of magnitude longer than found

for the other tags, owing to the relatively long lifetime of

stratospheric air masses (Hall and Plumb, 1994). In the ex-

periments reported here, the heat tag is initialized by setting

uradi to u and all other tags to zero, which satisfies total tag

conservation (15) by construction, and which is designed to

bring the full set more quickly into equilibrium. Figure 1 shows

the time evolution of the globally averaged tracer tag fractions

{xi}, which reveals the relatively fast equilibration of xconv,

xcond, and xdiff compared with xradi.

After approximate statistical equilibrium is reached (e.g.,

after day 2000 for the simulation in Fig. 1), the following

2500 days of simulation is used as an analysis period. We de-

note by an overbar the zonal mean and time mean (for this

TABLE 1. Tagged tracer symbols for the generic tracer introduced in section 2a and for the heat tags introduced in section 2c.

Variable name Generic symbol Heat tag specific symbol Defining equations

Total tracer c u (1), (14)

Tag from process i ci ui (4), (19a)–(19d)

Tag fraction from process i xi 5 ci/c xi 5 ui/u (20), (21)

Nonconservative tendency i Si PQi (5), (16)

Tag source for process i S1
i PQ1

i (6), (17)

Total cooling S2 PQ2 (7), (18)

Tag sink for process i xiS
2 xiPQ2 (9), (19a)–(19d)

TABLE 2. Heat tag names used throughout the paper.

No. Long name Symbol

1 Convection tag uconv
2 Condensation tag ucond
3 Diffusion tag udiff
4 Radiation tag uradi
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analysis period). The error associated with total tag conser-

vation is measured by

R5

�
1

T

ðT
0

(12S
i
x
i
)2 dt

�1/2
. (22)

The error is less than 1% throughout most of the troposphere,

and less than 2% everywhere below 200 hPa (Fig. 2).

3. Results

a. Distribution of tracer sources and sinks

The climatological distribution of tag sources for ui, fPQ1
i g,

is shown in Figs. 3a–d and the climatological distribution of tag

sinks for ui, fPQ2
i g, is shown in Figs. 3e–h. The distribution of

convection and condensation sources (PQ1
conv and PQ1

cond,

Figs. 3a,b) shows the partitioning between large-scale and

subgrid-scale latent heating. In the tropical midtroposphere,

most of the latent heating happens through the subgrid-scale

convective parameterization. There is a strong isolated maxi-

mum in condensation source in the tropical upper troposphere

that is approximately half the maximum of the convection

source. This reflects saturation of air that is explicitly resolved

by the model, which occurs at the top of the Hadley cell’s re-

gion of strong vertical ascent. A small amount of shallow

convection heat tag source also extends into the subtropics and

midlatitudes. In the midlatitudes, condensation becomes the

dominant tag source of latent heating (Fig. 3b). In this region,

regions of vertical ascent associated with baroclinic eddies

create conditions for large-scale saturation. Cooling in the

convective parameterization (PQ2
conv) only occurs weakly in a

location near the tropical surface (Fig. 3e), reflecting the rare

occasions when the convective parameterization acts to cool

the lower troposphere. By definition, (PQ2
cond [ 0). Overall,

latent heating is the greatest source of heating in the model,

and plays a very minor role in cooling.

The diffusive heat tag source, PQ1
diff (Fig. 3c), is greatest

near the surface, and its distribution reflects the height of the

planetary boundary layer in the model atmosphere (Frierson

et al. 2006). There is also strong diffusive heating near the

tropical surface, where the hot surface provides large sensible

heat fluxes into the atmosphere. There is cooling present

throughout the lower and midtroposphere from the diffusive

parameterization (PQ2
diff , Fig. 3g). This cooling is due to

boundary layer mixing that occurs when the boundary layer

extends relatively deeper into the troposphere. This pattern of

diffusive heating below the boundary layer and diffusive

cooling above the boundary layer is also seen in the storm

tracks (Ling and Zhang, 2013).

Radiative heating is the only tag source term in the strato-

sphere, visible in these plots only toward the equator. This

heating reflects the parameterized shortwave absorption by

ozone. As expected, the cooling from the radiative scheme

(Fig. 3h) extends throughout the atmosphere. The greatest

cooling rates are in the tropical upper troposphere, where the

thin optical depth above allows for the upwelling radiation to

leave the atmosphere.

b. Globally integrated tag fractions

Wedenote by angle brackets the climatological global mean,

and by an asterisk the deviation from the global mean. The

evolution equation for the heat tags [Eq. (14)], globally and

time averaged, yields

hx
i
i5 hPQ1

i i
jhPQ2ij1

h(x
i
)*(PQ2)*i
jhPQ2ij . (23)

The term h(xi)*(PQ2)*i represents the effect of the spatial

distribution of ui on the global mean of hxii. If the atmosphere

were well mixed, then xi
*5 0, so we can define a well-mixed

estimate

hxmixed
i i5 hPQ1

i i
jhPQ2ij , (24)

which is the value the tag would have if it were well mixed.

FIG. 1. Time evolution of the globally averaged tracer tag fractions

xi during the tag spinup.

FIG. 2. The root-mean-squared residual between u and the sum

of the tagged tracers, given byEq. (22). The gray lines show uwith a

contour interval of 30K.
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The well-mixed values for the four heat tags, shown in

Table 3, suggests that in this model just under one-third of the

u content of the atmosphere should be generated by each of

subgrid-scale convection, large-scale convection, and vertical

diffusion. The remaining small fraction of heat tag arises from

shortwave radiation in the stratosphere. The differences be-

tween the well-mixed estimates and the actual values reflect

the extent to which tags are prevented from being well mixed

(visible in Fig. 4). The well-mixed estimate of hxconvi, hxcondi,
and hxdiffi are within 20% of their actual values, suggesting that

these heat tags, especially the convective tag, are indeed rap-

idly mixed throughout the atmosphere. The hxcondi and hxconvi
are somewhat lower than their well-mixed estimates, suggest-

ing that diabatic cooling acts more efficiently on these tracers,

i.e., h(xi)*(PQ2)*i, 0. The radiative tag fraction is a factor of 4

greater than its well-mixed estimate, suggesting strong isolation

and relatively little loss from radiation, i.e., h(xi)*(PQ2)*i . 0.

The contribution of each heat tag to total atmospheric heat

content (both moist and dry contributions to the moist static

energy) is quantified through partitioning of equivalent po-

tential temperature ue:

15

�
u
e

u
e

�
’�

4

i51

�
u
i

u
e

�
1hLy

C
p

q

u
e

i , (25)

where q is specific humidity (see the third column of Table 3),

and we have used the approximate relationship (similar to

Shaw and Pauluis 2012), ue ’ u 1 Lyq/Cp.

Table 1 shows that the heat tags associated with latent

heating (conv and cond) contribute almost 40 times as much

heat content as the direct contribution of moisture (Lyq/cp).

This can be viewed as a consequence of the relatively rapid

cycling of water vapor in the hydrological cycle compared

to the relatively slow cycling of heat content. This assertion

is supported by, first, approximating the time mean budget

for hqi as

0’ hEi2 hqi
t
q

,

where E is the evaporation, and precipitation has been repre-

sented by a relaxation to 0 with lifetime tq; and second, by

approximating the budget for the heat content associated with

latent heating by

0’

*
L

y
C

c
p

+
2
hu

C
i

t
C

,

where C is the condensation (including subgrid-scale and re-

solved condensation, so that uC 5 uconv 1 ucond), and cooling

has been represented as a relaxation to 0 with time scale tC.

Noting that hEi ’ 2 hCi,
hL

y
q/c

p
i

hu
C
i ’

t
q

t
C

. (26)

FIG. 3. (a) Zonal mean climatological positive u tendency fromQconv (contour interval: 1 K day21). (b)–(d) As in (a), but forQcond,Qdiff,

and Qradi. (e)–(h) As in (a)–(d), but for the negative u tendency. Extra contours are marked in white.

TABLE 3. Well-mixed estimate, globally averaged tag fractions

with respect to u, hxii, and the globally averaged tag fractions with

respect to ue, hui/uei.

i Heat tag/tracer hxmixed
i i hxii

�
ui
ue

�

1 conv 0.337 0.325 0.320

2 cond 0.299 0.264 0.259

3 diff 0.299 0.274 0.269

4 radi 0.051 0.139 0.139

— Ly

Cp

q
— — 0.015
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The partitioning of heat content in the third column of Table 3

can be interpreted as reflecting the long lifetime of the heat

tags related to latent heating (dissipated by radiative cooling to

space over several weeks) compared to the short lifetime of

water vapor (which is rapidly removed by precipitation over a

few days). This ratio may be model dependent, and could

change with different model parameterizations or climatolog-

ical regimes.

c. Zonal mean tag distribution

We begin the discussion of the global distribution of tags by

showing the climatological distribution of ue (Fig. 4a) and its

decomposition into dry and moist components using ue ’ u 1
(Ly/Cp)q (Figs. 4b,c). The moist stratification is unstable in the

tropics, near neutral in themidlatitudes, and stable at the poles.

The moisture content in the atmosphere is primarily confined

to the tropical surface, which explains the unstable stratifica-

tion in the tropics. The potential temperature can be further

subdivided using the heat tags, so that Fig. 4b is the sum of

Figs. 4d–g.

The climatological distribution of the heat tags is shown in

Figs. 4d–g. The distribution of the heat tags reflects their cre-

ation and loss by diabatic heating and cooling (Fig. 3) as well as

atmospheric transport. For instance, udiff is produced only be-

low about 700 hPa, but because there is insufficient cooling

near the surface to balance the tag source, udiff is distributed

through a larger region of the atmosphere.

The convective heat tag uconv (Fig. 4d) has a maximum in the

deep tropics where the greatest source is located (Fig. 3a). The

large transfer of energy from the surface to the atmosphere in

the deep tropics generates convection, which creates large

amounts of uconv, and drives the Hadley circulation, which

transports uconv from the lower troposphere to the upper tro-

posphere. These effects combined create a large amount of

uconv in the deep tropics with a strong vertical gradient from the

surface to the upper troposphere. Thus, the tropical upper-

tropospheric gradient of u (Fig. 4b) is attributable to this

convective process. Between 158 and 308 the vertical gradient is
considerably reduced. This region is in the downwelling branch

of the Hadley cell, which transports uconv from the upper tro-

posphere to the lower troposphere.

Outside the tropics, uconv has a large meridional extent, with

values as high as 60–90K over the poles. In the extratropics

uconv is greatest in the upper troposphere.

The condensation tracer tag ucond has a maximum in the

midlatitudes, near 458. Since this is a region of descent in the

climatological zonal mean, the vertical uplift required to bring

the parcels to saturation comes from regions of ascent inside

midlatitude eddies (Schemm et al. 2013; Pfahl et al. 2015). The

maximum of ucond is above and poleward of the midlatitude

maximum ofPQ1
cond, indicative of the transport away from the

source. Thus the baroclinic eddies act not just to generate la-

tent heating in the midlatitudes, but also to transport ucond
away from its source region.

The diffusive heat tag udiff is greatest near the surface. The

strong vertical near-surface gradient in the tropics and mid-

latitudes reflects the near-surface diffusive heat source and the

diffusive cooling sink immediately above. In the tropics, there

is an intrusion of high-udiff air that extends into the midtropo-

sphere and that compensates for the reduced contribution of

uconv in this region. This leads to weak meridional gradients

of u in this region (Fig. 4b), and suggests a dynamical

FIG. 4. (a) Zonal mean climatological equivalent potential temperature ue (contour interval: 20 K). (b) As in (a), but for the potential

temperature u. (c) As in (a), but for the humidity normalized to temperature units (Ly/Cp)q (contour interval: 10 K). (d) Zonal mean

climatologies of uconv (contour interval: 20 K). (e)–(g) As in (a), but for ucond, udiff, and uradi. The dashed white line in (g) is the estimate of

the dynamical tropopause, defined as the 1.5 potential vorticity unit surface calculated using climatological mean quantities. Extra

contours are marked in white.

2168 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 78

Brought to you by U.S Department of Energy, Office of Science | Unauthenticated | Downloaded 08/15/22 07:09 PM UTC



compensation between diffusive and convective processes in the

deep tropics that will be further discussed below. In the midlat-

itudes, there is a strong vertical gradient over the regions where

Q1
diff is nonzero. Poleward of this, the vertical gradient is reduced,

suggesting vertical mixing of udiff as air masses are advected

poleward. There is a tongue of relatively low-udiff air extending

from the midlatitude upper troposphere into the subtropics,

suggesting that this air mass has not recently been in contact with

the surface. This is similar to the results of (Galewsky et al. 2005),

who show that the air mass in the subtropics primarily comes

from the isentropic descent from the upper troposphere.

Because there is little shortwave heating in the troposphere,

uradi is primarily found in the stratosphere and dominates the

other heat tags there. The strong gradients of uradi effectively

trace out the dynamical tropopause in the extratropics (dashed

white line in Fig. 4g). In this model, stratospheric air intrusions

into the troposphere are too infrequent and/or weak to main-

tain large values of uradi in the presence of radiative cooling

(uradi sink) in the troposphere.

The spatial distribution of the tag fractions (Figs. 5a–d) give

complementary information to the zonal means of the heat

tags. While the ui express a balance between the sources Q1
i

and sinks Q2 [Eqs. (19a)–(19d)], the xi express tradeoffs be-

tween the different sourcesQ1
i [Eq. (13)]. We thus expect xi to

be largest in regions where Q1
i is large compared to the other

Q1
j 6¼ i. Thus xconv is dominant in the upper troposphere where

there is strong convective heating and xradi (Fig. 4h) is reduced

in the troposphere where other tag sources dominate.

The convective tag fraction xconv (Fig. 5a) peaks in the tropics

and accounts for just under half the total u content in that region.

The xconv tag fraction extends into the polar upper troposphere,

where it remains as much as 30% of the total, consistent with its

well-mixed estimate. This complements the analysis of Orbe

et al. (2015), who show that a large amount of tropical air mass

sourced at the tropical surface and undergoing conservative

advection is then transported to the tropical upper troposphere

and then to the Arctic upper troposphere. Similarly xconv, which

is sourced in the tropics, extends throughout the upper tropo-

sphere, which demonstrates a transport pathway between the

tropical and polar upper troposphere. Additionally, for the heat

tags as formulated here, the identity of convective tag is robust

even in the presence of diabatic cooling from radiation.

The condensation tag fraction xcond is greatest in the extra-

tropics, and accounts for about 30% of the u content of

midlatitude free troposphere and polar tropospheric air (Fig. 5b),

which is, again, consistent with its well-mixed estimate. The

maximum ucond in the Arctic is located in the midtroposphere,

below the upper-tropospheric maximum of Arctic uconv. These

characteristics resemble air sourced at the midlatitude surface

and undergoing conservative advection (Orbe et al. 2015). The

large contribution to u in the polar column could also be antici-

pated from Fajber et al. (2018), who showed that the poleward

transport of warm air was associated with latent heating in the

midlatitudes. It should be noted that xcond 1xconv amounts to

more than 60% throughout most of the polar troposphere, de-

spite the lack of latent heating in the polar atmosphere.

The diffusive tag makes up at least 40% of the potential

temperature in the boundary layer, and this fraction in-

creases from the equator to the pole (Fig. 5c). This follows

the change in the ratio of the surface sensible to surface

moisture fluxes, which also increases from the equator to the

pole. As the boundary layer air gets colder it also becomes

drier at a faster rate. This increases the fraction of the dif-

fusive tracer tag near the polar and midlatitude boundary

layer. Low amounts of xdiff are seen in the subtropical upper

troposphere. This is similar to the results of Galewsky et al.

(2005), who show that air in the subtropics is transported

there from the upper troposphere, where the air mass has

relatively little udiff.

The distribution of xradi (Fig. 5d) is similar to the distribution

of uradi. Since the tropospheric radiative heating is small com-

pared with the other sources of tropospheric heating, xradi is

small compared to the other tag fractions there.

d. Dynamic variability of the heat tags

The distributions of the individual heat tags fuig (Figs. 4d–g)
feature more spatial structure than their sum (u, Fig. 4b),

suggesting that the distributions are not independent. Such

relationships are also evident in snapshots like Fig. 6, which

shows, at a typical time in the simulation, the vertical mean of

x0
conv, x

0
cond, x

0
diff , and x0

radi, where the prime indicate the devi-

ation from the time and zonal mean. In the tropics and mid-

latitudes, there are regions with coincident opposite-signed

anomalies of xcond and xconv. Anomalies of xcond and xradi are

relatively weak in the tropics and strong in the extratropics,

and also feature coincident opposite signed anomalies.

Thus motivated to further explore these relationships, we

analyze a decomposition of the potential temperature variance:

FIG. 5. (a)–(d) As in Figs. 4d–g, but for the corresponding tag fractions xi (contour interval: 0.05). Extra contours are marked in white.
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var(u
i
)5�

NS

i51
�
NS

j51

cov(u
i
, u

j
)5�

NS

i51

�
var(u

i
)1�

j 6¼ i

cov(u
i
, u

j
)

�
, (27)

where cov(ui, uj)[ u0iu
0
j and var(ui) [ cov(ui,ui). The decom-

position formally involves 10 terms; representative results from

the decomposition are shown in Fig. 7.

The greatest variability in uconv is in the tropical lower

troposphere (Fig. 7a), reflecting variability in convection

near the surface and the mixing of high-uconv air masses

from the free troposphere into the boundary layer. There is

also strong variability that extends through the subtropics

and into the midlatitudes. This variability might be associ-

ated with variability near the source and variability in the

transport.

Variability in ucond (Fig. 7b) is much smaller than in uconv. It

is greatest at the subtropical edge of the Hadley cell, the

midlatitude upper troposphere, and the midlatitude near

surface. We note that the greatest variability in the subtropics

is not near regions of large Q1
cond (Fig. 3b), again highlighting

the role of transport and dynamics in creating variability in the

heat tags.

In contrast to uconv and ucond, udiff appears to be locally

controlled in the boundary layer; variability is greatest where

most of the tag is produced (Figs. 7c, 3c). This could be due to

the alternating pattern of Q1
diff and Q2

diff (Figs. 3c,f). As udiff
leaves the boundary layer it passes through a region of high

Q2
diff , which removes it from the atmosphere, and variability in

this process seems to be reflected in Fig. 7c.

In the troposphere, these individual tag variances are much

larger than, and have a spatial structure distinct from, the total

variance of u (Fig. 8a). This reflects compensation (large neg-

ative covariances) between the tags that is summarized by

showing the covariance of the most variable tropospheric tag,

uconv and the sum of the other tropospheric tags, ucond and udiff,

FIG. 6. (a) Representative snapshot of the vertically integrated x0
conv. (b)–(d) As in (a), for x0

cond, x
0
diff , and x0

radi.
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in Fig. 7d. The compensation is most obvious in the deep

tropics where the large variances from uconv and udiff are almost

perfectly cancelled by twice the covariance between the tro-

pospheric heat tags [the factor of 2 is introduced to compare

the variance terms to the covariance terms in the double sum

in Eq. (27)].

While the covariance is negative throughout the troposphere,

in the stratosphere there is positive covariance between all of the

tropospheric tags (as partially shown in Fig. 7d). The variance of

uradi is much greater than the variance of u in the stratosphere

(not shown), and has large negative covariability with the tro-

pospheric tags in this region, in contrast to the positive covari-

ability of the tropospheric tags in this region. We therefore

interpret the positive covariability of the tropospheric tags in the

stratosphere as being indicative of intrusions of tropospheric air

into the stratosphere, carrying into the stratosphere air that is

enriched with a mixture of tropospheric tags.

A complementary perspective on the variance analysis of

(27) is provided by

var(u)5�
NS

i51

cov(u
i
, u), (28)

for which each cov(ui, u) (Fig. 8) indicates how tag i con-

tributes to total u variance (Fig. 8a). In this analysis, the

dominance of the contribution of uconv (Fig. 8b) in the tro-

posphere is evident. This reflects how variability in tropical

convective heating is communicated, via transport, into the

midlatitudes, and dominates variability there. This contri-

bution accounts for the main tropospheric structure of var (u)

equatorward of 508 (Fig. 8a); contributions from the other

tags are of mixed sign and comparatively weak in the tropo-

sphere. This shows that, for this model, high-uconv tropical air

masses are responsible for the variability of temperature in

the midlatitudes.

Poleward of 658, cov(uconv, u) is important in the upper

troposphere, but cov(udiff, u) is the dominant contribution to

var(u) (Fig. 8c) in the lower troposphere. Near the surface the

air is isolated from the rest of the atmosphere (Orbe et al.

2015), while above the planetary boundary layer in the polar

region the variability of u is still dominated by cov(uconv, u).

This suggests that although local dynamics are important for

the variability of the surface temperature, the variability of the

mid- and upper troposphere in polar regions is controlled by

remote contributions (Fajber et al. 2018).

In the stratosphere, the dominant contribution to strato-

spheric u variance is uradi (not shown). This is suggested by

Fig. 6 and consistent with the results and analysis of Fig. 7

discussed above.

e. Airmass analysis

While the covariance analysis of the previous subsection is

useful for describing how the variability of the tags relates to

the variability of u, it is hard to compare between different

regions, since u and var(u) varies greatly with latitude and

pressure. However, 0 , xi , 1, and so xi can be compared

between different regions more easily. In this subsection we

therefore use the joint probability distribution function (pdf) of

xi to characterize the variation between the tags and show that

they can be used to characterize different air masses in the

atmosphere.

Airmass characteristics can be inferred from the mass-

weighted joint pdfs of the tag fractions. Figure 9 shows the

joint pdf of xcond and xconv for the tropical midtroposphere

(Fig. 9a), the extratropical midtroposphere (Fig. 9b), the

tropical lower troposphere (Fig. 9c), and the extratropical

lower troposphere (Fig. 9d). Notice that almost the entire

troposphere occupies the range 0.20 , xconv , 0.50 and 0.2 ,
xcond, 0.40, which bracket the well-mixed estimates (Table 3).

For over 95% of the mass of the regions considered here,

xradi , 0.05 (not shown). In these regions, then, the diffusive

tag is constrained by the two other tags via [Eq. (12)]:

x
diff

’ 12 x
conv

2x
cond

. (29)

To aid in our analysis, we will analyze two populations, rep-

resented by the lines

x1
cond 5x1

conv 1 0:100 x1
diff ’ 0:902 2x1

conv

(shown in Fig. 9a) and

x2
cond 52

2

3
x2
conv 1 0:560 x2

diff ’ 0:442
1

3
x2
conv

(shown in Fig. 9d). The relationships between xconv and the

other two tropospheric heat tag fractions for these populations

FIG. 7. (a) Zonal mean, climatological mean variance of uconv (contour interval: 20 K
2). (b)–(c) As in (a), but for ucond and udiff. (d) Two

times the covariance between uconv and uconv and udiff. Extra contours are in white.
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are sketched in Fig. 9f. We note that these relationships are for

illustrative purposes and do not represent a rigorous separation

of the data into distinct populations.

The first population is found mainly in the tropics. It is

characterized by a long tail of high xconv values being replaced

by xcond and, in a ratio of 2:1, by xdiff. This air features high

values of xconv in the upper and mid–tropical troposphere, and

is then mixed with air of lower xconv. Integrating the pdfs over

the region xconv . 0.30, an approximate boundary for this

population, we find that this population contains about 33% of

the mass of the atmosphere.

The second population is mainly found near the surface.

Integrating the pdfs over the region xconv # 0.26 we find that

this population makes up about 41% of the atmosphere. It is

characterized by high xdiff values compared to the first pop-

ulation. The contributions of xconv and xcond increase at the

same rate, although xcond is higher. This population lies near or

in the planetary boundary layer.

Between the populations, in the region 0.25 , xconv , 0.30

the air has xcond ’ 0.36. We interpret the air in this region as

resulting from themixing of the two different populations. This

mixed population is found primarily in the extratropical mid-

troposphere (Fig. 9b), where there are no diabatic sources in

the atmosphere. In this region the fractionation between xconv
and xcond is set by the mixing of air masses created in different

environments. The mixed population also exists in the tropical

mid- and lower troposphere. This is the signature of air mixing

from either the surface or polar latitudes into the tropics.

Integrating the pdfs over the region 0.25, xcond, 0.30 we find

that this mixed population makes up about 26% of the mass of

the atmosphere.

Taken together, this diagnostic suggests thinking of the

troposphere as composed of an air mass with high xconv values

(intermediate xdiff and low xcond values), residing in the tropics,

and an air mass with low xconv values (intermediate xcond and

high xdiff values), residing near the surface. The air mass in the

lower tropical troposphere and extratropical midtroposphere

come from the mixing of these two air masses.

f. Vertically integrated transport

The vertically integrated total, mean, and eddy, transport

of a given tag are given by

HT
i 5 2pa cosf

ð
yu

i

dp

g
,

HM
i 5 2pa cosf

ð
y u

i

dp

g
,

HE
i 5 2pa cosf

ð
y0u0i

dp

g
,

respectively. Since the expressions are linear in u, the transport

of u is the sum of the tag transports: HT
u 5�

i

HT
i . Similar ex-

pressions hold forHM
u andHE

u . We also define the transports of

Lyq, denoted HQ, which can be added to Hu to find the trans-

port of ue: Hue 5HQ 1Hu

Total u transport (Fig. 10f shows the tropospheric contri-

bution to HT
u ; H

T
radi is small but composed of large cancella-

tions, as discussed below) is dominated by a poleward flux of

magnitude 6 PW from HT
conv (solid curve in Fig. 10a) from the

tropics into the midlatitudes. In the tropics, this is dominated

by the Hadley circulation term HM
conv (dotted line in Fig. 10a)

which is then taken over by eddy transportHE
conv (dashed line in

Fig. 10b) in the extratropics. Air tagged as convectively gen-

erated is transported out of the deep tropics through the

Hadley cell, which is then transported further poleward by the

midlatitude eddies, explicitly demonstrating the relation im-

plied by Trenberth and Stepaniak (2003).

The remaining heat tags are responsible for relatively less

u transport. The ucond transport HT
cond is dominated by HE

cond,

which is negative equatorward of 458 and positive poleward of

458 (Fig. 10b). This suggests that the eddies transport ucond
away from the region where it is produced (Fig. 3b). HM

cond is

relatively weak in comparison. The relatively weak transport of

the diffusive tag by the mean circulation, HM
diff (Fig. 10c), is

opposite in sign to that of HM
conv, simply because uconv is am-

plified in the upper troposphere and udiff is amplified at the

surface (Figs. 4a,d). Similar toHE
cond,H

E
diff diffuses energy away

from the maximum of the source of udiff, which is around 608.
Even though the tag with a tropical source uconv plays the

largest role globally, in the high latitudes, the tags with mid-

latitude sources ucond and udiff become more important. At 508
(HT

cond 1HT
diff)/H

T
u ’ 0:4, but as latitude increases to poleward

of 658, (HT
cond 1HT

diff)/H
T
u ’ 0:65. Thus, heat transport from

ucond1 udiff is important for maintaining the heat content of the

FIG. 8. (a) Zonal mean, climatological mean variance of u (contour interval: 5 K2). (b) The zonal mean, climatological mean covariance

between uconv and u (contour interval: 5 K2). (b)–(d) As in (a), but for ucond and udiff. Extra contours are in white.
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FIG. 9. (a) Double tag pdfs for 08–308 latitude and 400–700 hPa, or the tropical midtroposphere. (b) As in (a), but

for the extratropical midtroposphere. (c) As in (a), but for the tropical lower troposphere. (d) As in (a), but for the

extratropical lower troposphere. The solid gray lines in (a) and (d) describe two different populations of points, as

defined and discussed in the text. (e) The values of xconv, xcond, and xdiff [implied by Eq. (29)] for the gray lines

shown in (a) and (b).
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polar atmosphere, even though it is relatively small in other

regions. While these numbers no doubt depend on the model

parameterizations used here, the broader point is that there is a

connection between midlatitude diabatic processes and heat

transport to the polar regions, despite the dominance of the

tropical diabatic processes in global heat transport.

The total transport of the radiative tag, HT
radi (Fig. 10d),

is a small residual between the sum of large equatorward

HM
radi transport and a large and poleward HE

radi (comparing

the dashed and dotted lines in Figs. 10a–c). This causes a

large cancellation between HM
u and HE

u in the midlatitudes,

which does not occur in HT
u . Indeed HT

u 2HT
radi (Fig. 10f)

does not show the same cancellation between mean and

eddy components.

Because radiative tag is primarily produced in the strato-

sphere, its production and transport are strongly influenced by

the representation of the stratospheric circulation in this low-

top model. One issue of concern is that this version of the

model makes use of the default sponge layer formulation based

on Rayleigh drag applied to the zonal winds, which can readily

lead to spurious circulations in the stratosphere (Shepherd and

Shaw 2004). Since HT
radi is still required to be small by the di-

abatic tendencies in the stratosphere, a large compensatory

HE
radi is developed. Capturing heat tag processes within amodel

with a more realistic stratospheric representation merits fur-

ther investigation. This begin said, we note that diagnosing the

midlatitude compensation in HM
u and HE

u as a result of the

stratospheric transport was aided by having the heat tags. This

highlights the potential of the heat tags to aid understanding of

atmospheric heat transport and diagnosing unrealistic aspects

of simulated heat transport.

The large transport ofHM
u 2HM

u in the tropics is opposed by

HM
Q (dotted line in Fig. 10e). These transports are connected to

the two branches of the Hadley cell; the upper branch exports

u from the tropics into the extratropics, and the lower branch

transports moisture equatorward. The eddy moisture transport

HE
Q (dashed line in Fig. 10e) is poleward throughout the at-

mosphere, peaking in the tropics.

Noting thatHT
diff andHT

radi are small, we compareHT
ue
2HT

diff 2
HT

radi (Fig. 10g) and Hue (Fig. 10h). Since HT
ue
2HT

diff 2HT
radi 5

HT
Q 1HT

conv 1HT
cond, this transport is also the heat transport

related to moisture and latent heating. The difference in the

partitioning between mean and eddy transport in HT
ue

and

HT
ue
2HT

diff 2HT
radiis largely due to the compensations in HT

radi.

The total transport of ue is largely due toHT
ue
2HT

diff 2HT
radi; in

midlatitudes it is largely dominated by the eddy transport

while in the tropics the partitioning is almost evenly split

between the mean and eddy transport. The large contribution

of HT
ue
2HT

diff 2HT
radi to HT

ue
shows that moist processes dom-

inate the total heat transport of the atmosphere.

4. Discussion and conclusions

Airmass information using numerical transport of tracers

provides an effective manner to link diabatic processes across

separated regions of the atmosphere. The heat tagging method

introduced here is well suited to this purpose in climate simu-

lations because the tags are nonnegative, finite, and partition

the total dry heat content of the atmosphere by construction.

Remote linkages in the atmosphere through heat transport

can be inferred from Figs. 3 and 4: although the sources of

heat in the atmosphere are relatively well localized, the tags

corresponding to heating are spread throughout the atmo-

sphere. At least in the present model, in the polar column the

heat produced in tropical convection makes as large a con-

tribution to the total heat as the heat produced by surface

sensible heating, even though the tropics are over 6600 km

away. Although the result appears reasonable a posteriori it

FIG. 10. Vertically integrated transport for (a)–(d) the heat tags, (e) Lyq, (f) u 2 uradi (see text for details), (g) ue 2 uradi, and (h) ue. The

solid line is HT, the dotted line is HM, and the dashed line is HE. The units for all are PW.
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could not have been quantified, a priori, without using a

method such as heat tagging.

An important advance of using our method over solely using

local diabatic tendencies is that it allows us to diagnose the

remote effects of these tendencies. Local latent heating de-

termines the local balance between heating, cooling, and

transport (e.g., Trenberth and Stepaniak 2003), and modifies

local dynamics (e.g., Schneider et al. 2010). By combining the

distribution of latent heating with the mass transport of the

global circulation we can now quantitatively partition the heat

content of remote regions to latent heating and other diabatic

processes

The heat tags quantify the role of latent heating in main-

taining the heat content of the atmosphere, demonstrating the

importance of the hydrological cycle to atmospheric heat

content. The tags related to latent heating make up 60%–80%

of the heat content in the free troposphere, including in the

polar troposphere where there is negligible latent heating. This

is despite the fact that water vapor makes up less than 2% of

the total heat content in the atmosphere. The difference in time

scales between the condensation, which removes water vapor

from the atmosphere, and longwave cooling, which removes

the extra heat added by latent heating, explains this difference.

In other words, it is the cycling of water vapor through the

atmosphere, not the amount of water vapor in the atmosphere,

which controls the contribution of latent heating to the atmo-

spheric heat content. Future evaluation of how the hydrologic

cycle controls climate thus could be enriched by using heat tags

to analyze not only the local effects of water vapor or con-

densation, but also how this heat content is transported to and

affects remote regions.

Since convective heating is greatest in the tropics and radi-

ative heating is greatest in stratosphere, we have interpreted

these tags as containing regional information. However, there

is no guarantee that diabatic heating needs to be regionally

isolated as it is in our model, and indeed separate numerical

experiments (not shown) suggest that the regional structure

can be strongly influenced by choices in physical parameteri-

zations. In another approach, heat tags might be subdivided to

be sourced from different spatial regions similar to water tag-

ging (Singh et al. 2016; Dyer et al. 2017). This is challenging

with our current model set up, since these tags can have sharp

gradients which our spectral transport scheme has difficulty

resolving. However, there is nothing inherit in our method that

prevents further regional decomposition.

In any case, for the current model configuration, we have

learned that 1) only a small fraction of the standard deviation

of u is attributable to sensible heating, and this is mostly con-

fined to the polar near surface, and 2) in the midlatitudes the

majority of the variability arises from tropical latent heating.

To correctly capture the temperature variability in the mid-

latitudes our results suggest that it is important to accurately

capture the heat content of tropical air masses as well as dia-

batic heating in the midlatitudes. Furthermore, polar vari-

ability also appears to hinge on the long-range transport of the

atmosphere as well as accurately representing local processes.

We have presented only a limited picture of dynamical in-

sight that could be gained within this framework. For example,

through a time-lagged analysis we could study how con-

vectively warmed air masses exported out of the tropics might

influence midlatitude weather systems. Another interesting

class of dynamics yet to be explored is tropical wave phe-

nomenon, in which latent heating generates a wave which

triggers convection in another location in the tropics. Since the

heat content in one region is being generated through local

latent heating (triggered by remote latent heating), and not

advection of warm air mass, this will not be captured directly

using our approach. Partitioning diabatic process tags into

multiple tropical and midlatitude regions, and examining their

time-lagged covariance, might provide deeper insight into

these dynamical problems, particularly when combined with

atmospheric wave diagnostics.

This work would benefit by being systematically extended to

more complex models in the hierarchy, beyond this simplified

aquaplanet model which lacks a seasonal cycle, land, cloud–

radiative interactions, etc. In particular, the seasonal cycle

plays an important role in regulating transport from the mid-

latitudes to the Arctic, and introducing land and sea ice would

introduce stationary waves, which accomplish a large fraction

of the transport in the subtropics (Holzer 1999; Holzer and

Boer 2001). Since the convection parameterization of this

model does not simulate a mass flux, we cannot explicitly

capture the convectively triggered mass transport, which

plays an important role in transporting tracers from the

boundary layer to the upper troposphere in the deep tropics

(Erukhimova and Bowman 2006), and which would alter the

distribution of heat tags in the tropics. Applying heat tagging

to models with less idealized insolation and boundary condi-

tions will bring insights into these processes and the role that

long-range transport plays in climate variability and change.
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