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ABSTRACT

Vertical mixing may lead to significant momentum and heat fluxes in the tropical tropopause layer (TTL)

and these momentum and heat fluxes can force large climatological temperature and zonal wind changes in

the TTL. The climatology of vertical mixing and associated momentum and heat fluxes as parameterized in

the InterimECMWFRe-Analysis (ERA-Interim) and as parameterized by the mixing scheme currently used

in the ECMWF operational analyses are presented. Each scheme produces a very different climatology

showing that the momentum and heat fluxes arising from vertical mixing are highly dependent on the scheme

used. A dry GCM is then forced with momentum and heat fluxes similar to those seen in ERA-Interim to

assess the potential impact of such momentum and heat fluxes. A significant response in the TTL is found,

leading to a temperature perturbation of approximately 4K and a zonal wind perturbation of approximately

12m s21. These temperature and zonal wind perturbations are approximately zonally symmetric, are ap-

proximately linear perturbations to the unforced climatology, and are confined to the TTL between approxi-

mately 108N and 108S. There is also a smaller-amplitude tropospheric component to the response. The results

presented herein indicate that vertical mixing can have a large but uncertain effect on the TTL and that the choice

and impact of the vertical mixing scheme should be an important consideration when modeling the TTL.

1. Introduction

Vertical mixing in the free atmosphere has been ob-

served to occur in the tropical tropopause layer (TTL;

Fujiwara et al. 1998; Fujiwara and Takahashi 2001;

Fujiwara et al. 2003), with observations indicating

substantial exchanges between the troposphere and

stratosphere due to mixing. The TTL plays an important

role in the global climate system (Fueglistaler et al.

2009a), and as such it is fair to ask to what extent vertical

mixing could affect the TTL structure.

Fueglistaler et al. (2009b) and Flannaghan and

Fueglistaler (2011) find that vertical mixing in the

Interim European Centre for Medium Range Weather

Forecasting (ECMWF) Re-Analysis (ERA-Interim;

Simmons et al. 2007; Dee et al. 2011) leads to significant

diabatic terms in the TTL. Wright and Fueglistaler

(2013) showed that vertical mixing is also important for

the diabatic heat budget in other reanalysis datasets,

and noted that there are large discrepancies between

reanalyses. These studies focused on the heat budget,

and therefore temperature tendency, but as noted in

Flannaghan and Fueglistaler (2011), there is also a

significant momentum forcing due to mixing in ERA-

Interim, and so in this study we shall consider the ef-

fects of both temperature tendency and momentum

forcing.

We shall use two different mixing parameterization

schemes in this study; the scheme used in ERA-Interim

and a second scheme that is used in more recent

ECMWF models. These two schemes are fundamen-

tally quite different [as discussed in Flannaghan and

Fueglistaler (2011)] and give very different results,

showing that the forcing terms associated withmixing are

highly uncertain. Given the uncertain nature of the

forcing that vertical mixing exerts on the atmosphere, it is

important to understand the potential impact such terms

may have on the atmosphere.

We shall begin by presenting the climatology of the

forcing terms generated by each mixing scheme in sec-

tion 2 and then go on to present the impacts of these

forcing terms on the TTL climatological temperature

and wind in an idealized model in section 3, followed by

an analysis of the model results in section 4.
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2. Climatology of mixing

We use ERA-Interim 6-hourly data on a 18 grid on

pressure levels chosen to be close to the ERA-Interim

model levels. For the layer of interest here (the TTL),

these pressure levels are very close to, and from the

80-hPa level upward identical with, the original model

levels, such that interpolation errors are minimal.

We shall apply two different mixing schemes that are

used by ECMWF in the Integrated Forecast System

(IFS): the revisedLouis (rL) scheme (Louis 1979; Viterbo

et al. 1999) and the Monin–Obukhov (MO) scheme as

used in current operational analyses (both are defined in

Part IV of the IFS documentation.) The definitions of the

schemes used in this study are given in full in appendix A

and are also discussed in Flannaghan and Fueglistaler

(2011). Both schemes parameterize mixing as a diffusive

term, with the diffusivity K referred to here and in the

literature as the exchange coefficient. Both schemes al-

low K to vary as a function of Richardson number Ri

defined in terms of the model temperature and wind

fields as

Ri5
N2

j›u/›zj2
, (1)

where N2 is the static stability and u is the horizontal

wind (u, y).

The MO scheme (or similar variants) is commonly

used in global climate models and forecast models, and

has the key property that mixing only occurs when the

Richardson number Ri falls below approximately 0.25.

The rL scheme is used in the IFS models in the lower

troposphere, and prior to cycle 33r1 (introduced in 2008;

ERA-Interim is prior to cycle 33r1) used throughout

the free atmosphere, and unlike the MO scheme has a

long tail of nonzero K as Ri / ‘. Flannaghan and

Fueglistaler (2011) showed that the long tail of the rL

scheme leads to very different mixing than that pro-

duced by theMO scheme with a cutoff of mixing at Ri5
0.25. We shall not discuss which scheme gives a better

representation ofmixing in the TTL, and such a question

is nontrivial; the MO scheme seems most physical as it

features the observed Richardson number cutoff asso-

ciated with Kelvin–Helmholtz instability, but when

gravity waves are not resolved, and therefore not included

when computing the Richardson number, using such a cut-

off is problematic.Gravitywaves are expected to reduce the

Richardson number and, therefore, increase mixing.

This mixing is missed when a cutoff at Ri 5 0.25 is used

where Ri is computed without including gravity waves.

Both mixing schemes are applied offline to ERA-

Interim data. Flannaghan and Fueglistaler (2011) find that

applying the ERA-Interim mixing scheme offline

matches the diabatic residual output given by ERA-

Interim in regions with little convection (where the

contribution of mixing is well separated from other di-

abatic terms in the residual) and so we have confidence

in computing mixing offline. See appendix B for more

details and validation of the offline calculation method.

We were not able to validate the zonal acceleration

forcing exerted on the atmosphere by mixing (due to

lack of information on the momentum terms), but we

assume that the zonal acceleration forcing can also be

computed offline, as the calculations performed are very

similar to that for the heating due to the mixing scheme.

a. Zonal-mean forcing terms

Figure 1 shows the climatological (1989–2009) annual-

and seasonal [December–February (DJF) and June–

August (JJA)]-average zonal-mean zonal acceleration

X (where the overbar denotes the zonal mean) and

temperature tendencyQ averaged over the inner tropics

(108N–108S), calculated offline from ERA-Interim tem-

perature and wind using the rL and MO schemes.

Using the rL scheme, both the zonal-mean zonal ac-

celeration and the zonal-mean temperature tendency

have a strong dipole structure in both DJF and JJA,

centered at approximately 110 hPa. Zonal-mean zonal

acceleration is largest in JJA, where the dipole has an

amplitude of approximately 0.2ms21 day21 when aver-

aged over the inner tropics. InDJF, the dipole structure of

the zonal-mean zonal acceleration has the opposite sign,

and a lower amplitude of approximately 0.1m s21 day21.

As a consequence of the change in sign fromDJF to JJA,

X averaged over the whole period is small everywhere.

FIG. 1. Climatological-mean profiles (1989–2009) averaged over

108N–108S of (a) zonal-mean zonal acceleration X and (b) zonal-

mean temperature tendency Q for DJF (green), JJA (blue), and

the annual average (black). Diabatic terms are computed using the

rL scheme (solid) and the MO scheme (dashed).
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The zonal-mean temperature tendency computed using

the rL scheme has a similar structure in both DJF and

JJA, with a maximum amplitude of 0.08Kday21 at

approximately 90 hPa. The result forQ averaged over the

whole period has a strong dipole structure. Using theMO

scheme, the zonal-mean zonal acceleration and zonal-

mean temperature tendency are both small everywhere,

except for the case of zonal-mean zonal acceleration in

DJF, where we see a dipole structure similar to that when

the rL scheme is used.

Figure 2 shows the zonal-mean latitudinal structure of

the forcing terms due to mixing using the rL scheme.

Except for zonal acceleration during DJF, the vertical

dipole structures shown in Fig. 1 are clearly visible in

Fig. 2, and are confined to the inner tropics (108N–108S)
with a very symmetric meridional structure about the

equator. Note that the dipole produced by the MO

scheme in zonal acceleration in DJF also reveals a sim-

ilar latitudinal structure (not shown).

Wright and Fueglistaler (2013) show similar dipole

structures to those presented in Fig. 2 in the average (over

all months) zonal-mean diabatic heating term in the

National Centers for Environmental Prediction–National

Center for Atmospheric Research (NCEP–NCAR) re-

analysis, the Climate Forecast System (CFS) Reanalysis

(CFSR), and the Japanese 25-yr Reanalysis (JRA-25)

(see their Fig. 6), while the Modern-Era Retrospec-

tive Analysis for Research and Applications

(MERRA) diabatic heating from vertical mixing is

much smaller. The diabatic heating due to mixing in the

NCEP–NCAR dataset has a larger magnitude of ap-

proximately 0.1Kday21 compared to ERA-Interim

(approximately 0.05Kday21 over the inner tropics; see

black curve in Fig. 1b) and has a broader meridional

structure. Both CFSR and JRA-25 have dipole structures

confined to the inner tropics with typical magnitudes

of approximately 0.03Kday21 in the annual-mean value

(approximately half the value in ERA-Interim), and with

a similar form to that in ERA-Interim.

b. Zonal structure in the forcing terms

As shown by Flannaghan and Fueglistaler (2011),

both schemes have very zonally asymmetric distribu-

tions of exchange coefficients in the TTL. Here, we shall

give the full structure of the exchange coefficient for

heat KH and the resulting forcing terms X and Q. We

begin with the rL scheme before presenting results using

the MO scheme. Figure 3 shows DJF and JJA averages

of KH computed over 1989–2009 using ERA-Interim

data. The climatology for the momentum exchange co-

efficiernt KM is very similar and not shown here (the Ri

dependences of KH and KM are slightly different; see

appendix A). In DJF, mixing occurs primarily at around

104 hPa with the three main regions of mixing (see

Fig. 3) being over theMaritimeContinent (regionA), the

central Pacific (region B), and the eastern Pacific (region

C). In JJA, mixing occurs predominantly over the Indian

Ocean and is collocated with the easterlies associated

FIG. 2. Climatological zonal-mean (a) zonal acceleration and (b) temperature tendency for (left) DJF and (right) JJA

computed using the rL scheme applied to ERA-Interim data from 1989 to 2009.
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with the monsoon circulation. The mixing in JJA has a

deeper vertical structure, with the peak mixing occurring

in the layer centered at 122 hPa.

Figure 4 shows the resulting Q and X averaged over

the same region and time period as in Fig. 3. In DJF, Q

and X are dominated by dipole structures centered at

95 hPa over the Maritime Continent (region A) and the

eastern Pacific (region C). In addition, Q has a peak

magnitude of approximately 0.3Kday21, andX has a peak

magnitude of approximately 1ms21 day21. In the zonal

mean, there is a high degree of cancellation in X as the

dipole structures over the Maritime Continent (region A)

and the eastern Pacific (region C) have opposite signs, due

to the opposite sign in the background wind shear. Con-

versely, the dipoles inQ have the same sign and therefore

reinforce each other, explaining the difference in structure

between Figs. 2a(i) and 2a(ii). There is no significant

temperature tendency or zonal acceleration in the cen-

tral Pacific (region B) due to low background shear and

low backgroundN2 here. In JJA,X andQ are largest over

FIG. 3. Climatological-average exchange coefficient KH according to the rL scheme for (a) DJF and (b) JJA

averaged over 108S–108N using ERA-Interim data from 1989 to 2009. Black contours show the zonal wind, with

a contour spacing of 5m s21; positive values are solid and negative values are dashed. The labeled regions (A, B, C) of

mixing in (a) are referred to in the text.

FIG. 4. (a) Temperature tendency Q and (b) zonal acceleration X due to the forcing terms arising from the rL

scheme for (left) DJF and (right) JJA averaged over 108S–108N using ERA-Interim data from 1989 to 2009. Black

contours and regions A, B, and C are as in Fig. 3.
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the Indian Ocean region, with a single large dipole struc-

ture centered at 708E and 113 hPa in both Q and X.

Application of the MO scheme to ERA-Interim data

gives a very different climatology. Figure 5 shows the

climatology of KH computed using the MO scheme.

When using the MO scheme, mixing predominantly

occurs in the central Pacific (region B) in DJF, with a

maximumexchange coefficient of approximately 10m2 s21.

This KH is much higher than that under the rL scheme

(due to difference in nominal mixing lengths between

the schemes; see appendix A), and in this case does re-

sult in a small localized zonal acceleration term in this

region. Mixing in this region is often very sporadic and

is often associated with near-zero or negative N2. The

substantial X term in Fig. 1a is due to the mixing over

the central Pacific (region B) and also the weaker mixing

over the eastern Pacific (region C). These two regions of

mixing have the same sign and, therefore, reinforce in

the zonal mean, giving rise to a substantial zonal mean

despite the local X being smaller in magnitude than

those when using the rL scheme. In JJA, we see mixing

at 122 hPa over theMaritime Continent (around 1208E).
This region has a very low background wind shear, and

so the mixing in this region does not result in a large

zonal acceleration.

3. Modeling the response to forcing terms

Wehave shown that substantial forcing termsQ andX

can arise from vertical mixing, but that these terms are

dependent on and very sensitive to the mixing scheme.

Therefore, it is important to understand the order of

magnitude of the response to these forcing terms as

a measure of the level of uncertainty associated with

the representation of vertical mixing in a model. In this

section, we shall model the response to idealized forc-

ings with similar structures to the observed climatology

of forcing terms arising from the revised Louis scheme

shown in Fig. 4.

a. Model

We use the Geophysical Fluid Dynamics Laboratory

(GFDL) Flexible Modeling System (FMS) spectral dy-

namical core running at T42 resolution (i.e., approxi-

mately 2.88 3 2.88). Newtonian cooling and Rayleigh

damping are applied as specified in Held and Suarez

(1994, hereafter HS94). The equilibrium temperature

profile is also that specified in HS94. The Newtonian

cooling time scale in the upper troposphere and lower

stratosphere is 40 days.

We use 60 vertical levels with approximately 800-m

resolution in the TTL and lower stratosphere. The ver-

tical levels are distributed as follows:

si 5 exp

(
5:5

"
i

n
1

�
i

n

�3
#)

,

where si is the ith level in s coordinates, (i.e.,

the pressure on level i is given by pi 5 psurfsi, where

psurf is the instantaneous surface pressure) and n is

the total number of levels. Here, n 5 60. The model

top is at 11 scale heights with a sponge layer above

1 hPa.

b. Imposed diabatic forcings

We shall impose idealized forcings (both tempera-

ture tendency and zonal acceleration) with similar

structures to those observed in section 2, focusing on

the dipole structure observed in the zonal-mean forcing

due to mixing (Fig. 1), and on the dipole structure

observed in the Indian Ocean region (shown in Fig. 4).

We use an idealized zonally symmetric forcing of the

form

FIG. 5. As in Fig. 3, but using the MO scheme. Region B is marked in the same location as in Fig. 3a. Note that the

color scale has been chosen to saturate before the maximumKH in the DJF Pacific (approximately 10m2 s21; regions

above 3m2 s21 are shown in white) to highlight the structure of KH elsewhere in the domain.

MAY 2014 F LANNAGHAN AND FUEGL I S TALER 1613

D
ow

nloaded from
 http://journals.am

etsoc.org/jas/article-pdf/71/5/1609/3648010/jas-d-13-0321_1.pdf by PR
IN

C
ETO

N
 U

N
IVER

SITY LIBR
AR

Y user on 23 July 2020



Fsym5

8><
>:

A cos

�
py

2Ly

�
sin

p(z02 z)

Lz

" #
where jyj,Ly, jzj,Lz,

0 otherwise,

(2)

to represent the dipole structure in the zonal mean,

where Ly and Lz are the half-widths in the meridional

and vertical directions. The quantity z is the log-pressure

height and z0 is the log-pressure height where the forcing

is located. We choose these parameters such that the

forcing resembles the dipole structure observed in the

zonal mean (Fig. 1), with Ly 5 108 latitude ’ 1100 km,

Lz 5 0.5 scale heights ’ 3.5 km, and z0 5 2.2 scale

heights ’ 15.5 km ’ 110 hPa. The amplitude of the

forcing is A, which will be specified later.

We use an idealized forcing of the form

F5

8<
:

p2a

2Lx

cos

�
px

2Lx

�
Fsym where jxj,Lx ,

0 otherwise,

(3)

to represent the localized dipole structure in the JJA

Indian Ocean, where Lx is the half-width in the zonal

direction and a is the radius of Earth. We choose Lx 5
308 longitude’ 3300 km, with the remaining parameters

specified as in Eq. (2). The zonal structure of Eq. (3) is

such that Fsym 5F.

We define a local temperature tendency forcing FQ

that has the structure given in Eq. (3) and a zonal-mean

amplitude A 5 0.1Kday21 (chosen to give a similar

108N–108S average zonal-mean amplitude of approxi-

mately 0.06K day21 as that in ERA-Interim in JJA

shown in Fig. 1). We also define a local zonal acceler-

ation forcing FX with the same structure and with A 5
0.3m s21 day21 (again, chosen to give a similar amplitude

of approximately 0.2Kday21 to that in ERA-Interim in

JJA shown in Fig. 1). The zonally symmetric forcings are

defined as F
sym
Q and F

sym
X .

We compute an 8000-day control run with no imposed

forcing (i.e., with just the HS94 Newtonian cooling and

Rayleigh friction). For each forcing, a forced run is then

initialized from the end of the control run, and is again

integrated for 8000 days.We define the control climate to

be the average of the last 4000 days of the control run, and

the forced climate to be the average of the last 4000 days

of the forced run. We denote the climatological average

over the last 4000 days of each run with angle brackets. The

last 4000 days of the unforced control run will be denoted

by (T0, u0, y0, w0) and the last 4000 days of each forced

run will be denoted by (T1, u1, y1, w1). The climate

perturbation d to the unforced climate is then defined as

dx5 hx1i2 hx0i , (4)

where x is somemodel variable or derived quantity, such

as temperature.

c. Zonal-mean response to the imposed forcings

We shall first present the zonal-mean response to the

zonally symmetric forcings F
sym
X and F

sym
Q , and to the

localized forcings FX and FQ. Figure 6 shows the zonal-

mean temperature response, dT, and the zonal wind re-

sponse, du, averaged over 108N–108S latitude (referred to

here as the inner-tropical zonal-mean response) to F
sym
X ,

F
sym
Q , and both F

sym
X and F

sym
Q together. We see that the

inner-tropical zonal-mean temperature response has

a dipole structure similar to the dipole forcing structure

for all forcings. Figure 6 also shows the inner-tropical

zonal-mean response to the equivalent localized forcings

FX, FQ, and both FX and FQ together. We see that the

zonal-mean inner-tropical responses to the localized

forcings are very similar to the equivalent responses to the

zonally symmetric forcings, which demonstrates that the

localized solutions are fairly linear. The exceptions to this

similarity are the inner-tropical zonal-mean wind re-

sponses to FQ and F
sym
Q , which show substantial differ-

ences above the 100-hPa level, which will be discussed in

more detail below.

We define the magnitude of the inner-tropical zonal-

mean response as the maximum of the absolute value of

the inner-tropical zonal-mean response over levels be-

tween 130 and 60 hPa. Table 1 summarizes the magni-

tudes of the responses shown in Fig. 6. Again, we note

that the zonally symmetric forcing gives a very similar

magnitude response to the zonally localized forcings.

We also see that the temperature response to both

forcings is similar to the sum of the responses to each

forcing. Again, this indicates that the responses are

fairly linear. Both the temperature and wind responses

are dominated by the response to FX, which is respon-

sible for approximately 65% of the temperature response

to both forcings and for almost all of the zonal wind

response. The combined forcings yield a response of

approximately 3.5K, which is highly significant within

the context of tropical tropopause temperatures and

stratospheric water vapor.

Figure 7 shows dT and du for all of the forcings above.

As above, the responses to the symmetric forcing and

the equivalent localized forcing are very similar, and the

1614 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 71

D
ow

nloaded from
 http://journals.am

etsoc.org/jas/article-pdf/71/5/1609/3648010/jas-d-13-0321_1.pdf by PR
IN

C
ETO

N
 U

N
IVER

SITY LIBR
AR

Y user on 23 July 2020



response to FX is larger than the response to FQ, with the

response to both forcings dominated by the response to

FX. We see that the responses to FX and F
sym
X are largest

in the inner tropics (108N–108S, where the forcing is

largest), but we also see a wider response in the lower

stratosphere, with the cold anomaly at 70 hPa extending

to approximately 208 latitude. The dipole structure in

the response is at a slightly higher altitude than the

forcing, and the cold anomaly extends above the forced

region. There is also a response in the upper troposphere

that is strongest at 308 latitude. This tropospheric re-

sponse is very similar to that shown in Garfinkel and

Hartmann (2011).

The responses to FQ and F
sym
Q shown in Figs. 7b and 7e

have a wider latitudinal structure than the responses to

FX and F
sym
X , extending to approximately 158. The zonal

wind responses to FQ and F
sym
Q are quite different, with

an order 4m s21 zonal wind response to FQ, but little

response to F
sym
Q .

d. Zonally asymmetric response to localized forcings

Figure 8 shows the zonally asymmetric response to local

forcings FX, FQ, and both FX and FQ in the inner tropics

(108N–108S). We see that both responses are quite zonally

symmetric, and as such we do not emphasize the zonally

asymmetric structure of the response to localized forc-

ings in this paper, and will only describe the structure

briefly.

The response to FX is particularly zonally symmetric,

with strong winds of up to 12m s21 at around 100 hPa.

Winds are strongest in the forced region. The thermal

wind temperature response has more asymmetry (due to

changing latitudinal structures; not shown here). The

response to FQ is less symmetric, and resembles a sta-

tionary Kelvin wave. Given appropriate easterly zonal

winds in the TTL, the imposed forcing can excite a sta-

tionary Kelvin wave (one that propagates at the same

speed as the background wind, and so is stationary when

Doppler shifted) if the vertical structure of the forcing is

close to the stationary Kelvin wave vertical structure.

This stationary wave propagates vertically from the

forced region into the stratosphere, and decelerates the

stratosphere at around 50 hPa in Fig. 8b. The stationary

wave accelerates the forced region and is, therefore, also

responsible for the westerly wind response to FX from

100 to 50 hPa in Figs. 6 and 7e. The response to both FX

and FQ shown in Fig. 8c is close to the linear superpo-

sition of the two solutions. Most of the zonal asymmetry

comes from the response to FQ, leading to the strongest

wind responses away from the forced region.

4. Interpretation of results

In the following, we will focus on the zonally sym-

metric cases F
sym
Q and F

sym
X since the asymmetric forcings

give similar responses in the zonal mean (see section 3)

and give very similar results in the analysis presented

below (not shown). To investigate the responses to the

zonally symmetric forcings, we analyze the time-mean

zonal-mean momentum and buoyancy equations.

a. Response to imposed heating

The imposed heating,F
sym
Q , forces the time-mean zonal-

mean buoyancy equation (Andrews et al. 1987, p. 124):

›u

›t
1 a21y

›u

›f
1w

›u

›z
52t21(u2 ueq)1 ekz/HF

sym
Q

2
1

a cosf

›(u0y0 cosf)
›f

2
1

r0

›(r0u
0w0)

›z
, (5)

TABLE 1. The magnitude of the inner-tropical zonal-mean re-

sponse to zonally symmetric forcing and zonally localized forcing.

The magnitude of the inner-tropical zonal-mean response is de-

fined as the maximum of the absolute value of the inner-tropical

zonal-mean response over levels between 130 and 60 hPa.

Symmetric forcing Localized forcing

Forcing

type

Temp

(K)

Wind

(m s21)

Temp

(K)

Wind

(m s21)

FX 2.8 11.9 2.5 12.1

FQ 1.4 1.3 1.3 3.2

FX and FQ 3.3 11.9 3.7 12.7

FIG. 6. Zonal-average response to zonally symmetric forcings

F
sym
X (blue solid), F

sym
Q (red solid), and both F

sym
X and F

sym
Q (black

solid) of (a) temperature and (b) zonal wind, averaged over 108N–

108S, with the HS94 background state. Similarly, the responses to

the local forcings FX (blue dashed), FQ (red dashed), and both FX

and FQ (black dashed) are shown.
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where k5 R/cp, f is latitude, t is the Newtonian cooling

time scale (40 days in this study), u is the potential

temperature, r0 is the log-pressure density, and a is the

earth’s radius. The ›u/›t term disappears when we take

the climatological mean. The climatological means of

the remaining terms (computed offline) averaged over

6108 latitude are shown in Fig. 9a. The budget is not

perfectly closed due to the offline nature of the calcu-

lation, but the errors are small. We see that the vertical

advection term and the Newtonian cooling term are the

dominant balance.

Figure 9b shows the difference between the unforced

and forced runs in these terms. We see that

d

�
w
›u

›z

�
1 t21du’ ekz/HF

sym
Q , (6)

with both of these terms of a similar order of magnitude.

All of the remaining terms do not significantly change

FIG. 7. Zonal-mean temperature response dT (colors) and zonal-mean wind response du [black contours; contour spacing 2m s21 with

negative dashed, except for 1m s21 in (b),(e)] for forcings (a) F
sym
X , (b) F

sym
Q , (c) both F

sym
X and F

sym
Q , (d) FX, (e) FQ, and (f) both FX and FQ,

with the HS94 background state. The temperature color scale for (b),(e) is half that of the color bar. White contours show the structure of

the forcing (normalized by amplitude).

FIG. 8. Inner-tropical (108N–108S) average temperature response dT (colors) and zonal wind response du [black contours; contour

spacing 2m s21, except for 1m s21 in (b)] for localized forcings (a) FX, (b) FQ, and (c) both FX and FQ, with the HS94 background state.

The temperature color scale for (b) is half that of the color bar. White contours show the structures of FX and FQ.
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from the unforced run to the forced run and so do not

contribute to the response.

As noted in section 3, the responses to F
sym
X and F

sym
Q

are approximately linear. Therefore, we write the

change in vertical advection in terms of the base clima-

tology and the change in the climatology as

d

�
w
›u

›z

�
5 hw0i

›du

›z
1 dw

›hu0i
›z

1 dw
›du

›z
.

The first of these linear terms is dominant (except below

140 hPa, where the second term is of a similar order of

magnitude to the first term), so

�
hw0i

›

›z
1 t21

�
du’ ekz/HF

sym
Q . (7)

Therefore, as a parcel rises due to the climatological

upwelling hw0i, it is warmed by the positive region of

F
sym
Q , cools radiatively, then is further cooled by the

negative region of F
sym
Q before returning to the unforced

solution above the forcing region by radiative heating.

This explains the phase lag in the vertical between the

forcing structure and the temperature response that can

be seen in Fig. 9b. Equation (7) shows that either in-

creasing the climatological upwelling hw0i or reducing
the Newtonian cooling time scale t would lead to a

reduction in the temperature amplitude of the response

to F
sym
Q .

The zonal wind response to F
sym
Q is in the thermal wind

balance with the temperature response, so, using the

thermal wind equation near the equator (given by

Andrews et al. 1987, p. 318),

›du

›z
’2

R

Hba2
›2dT

›f2
. (8)

b. Response to imposed zonal acceleration

We use a similar analysis here as was used above for

the response to the imposed heating, but here analyzing

the zonal-mean zonal momentum equation (Andrews

et al. 1987, p. 124):

›u

›t
1 y

�
1

a cosf

›(u cosf)

›f
2 f

�
1w

›u

›z

5F
sym
X 2

1

a cos2f
3

›(u0y0 cos2f)
›f

2
1

r0

›(r0u
0w0)

›z
. (9)

Again, the ›u/›t term disappears when we compute the

climatological mean of this equation, and we show the

climatological means of the remaining terms in Fig. 10a.

The zonal momentum budget is less straightforward

than the heat budget above, as all the terms have similar

FIG. 9. (a) Profiles of the terms in Eq. (5) (the time-mean zonal-mean buoyancy equation) averaged over6108 for
the run forced with F

sym
Q : the meridional advection term (blue solid), the vertical advection term (green solid), the

meridional eddy heat flux term (blue dashed), the vertical eddy heat flux term (green dashed), the Newtonian cooling

term (red), and the imposed heating F
sym
Q (black solid). The signs of all terms except F

sym
Q are chosen so as to put them

on the lhs of Eq. (5). The black dotted line shows the sum of all terms that balance the forcing term. (b) Profiles of the

difference between the forced and unforced runs for each quantity shown in (a).
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orders of magnitude. However, when we compute the

difference between the forced and unforced runs (Fig.

10b), we see that the only term to significantly change is

the vertical advection term, so

d

�
w
›u

›z

�
’F

sym
X .

Shaw and Boos (2012) force a dry GCMwith a localized

zonal acceleration forcing in the upper troposphere

and also find that the vertical advection term is impor-

tant (they discuss the equivalent term in the vorticity

equation).

As above, we can write the change in vertical advec-

tion in terms of the base climatology and the change in

the climatology as

d

�
w
›u

›z

�
5 hw0i

›du

›z
1 dw

›hu0i
›z

1 dw
›du

›z
.

The first of these linear terms is dominant, so

hw0i
›du

›z
’F

sym
X . (10)

The zonal wind response to F
sym
X can therefore be ex-

plained by considering a parcel of air rising due to the

climatological upwelling hw0i that is first accelerated by

the positive region of F
sym
X and is then decelerated by the

negative region of F
sym
X . This explains the single-signed

form of the zonal wind response to the dipole forcing.

From Eq. (10), we see that an increase in climatological

vertical wind hw0i would reduce the amplitude of the

response du to F
sym
X , with du; hw0i21.

5. Conclusions

We have calculated the diabatic heating and zonal

acceleration due to mixing based on two parameteriza-

tions of shear-flow mixing. We find a substantial heating

and acceleration in the TTL. These forcing terms take

a dipole structure confined to the inner tropics, and are

strongest in boreal summer over the Indian Ocean. The

climatological heating and acceleration terms in ERA-

Interim are largest in boreal summer over the Indian

Ocean, with amplitudes of 0.5Kday21 and 2ms21 day21,

respectively. In the zonal mean averaged over the inner

tropics, the magnitudes of the heating and acceleration

terms are 0.08Kday21 and 0.2m s21 day21, respectively.

We have used a dry dynamical core to calculate the re-

sponse to forcings similar to those found in the clima-

tology of ERA-Interim, and find remarkably large

responses in temperature and zonal wind. Forcings of

a similar magnitude to those found in ERA-Interim

FIG. 10. (a) Profiles of the terms in Eq. (9) (the time-mean zonal-mean zonal momentum equation) averaged over

6108 for the run forced with F
sym
X : the sum of the meridional advection and Coriolis terms (blue solid), the vertical

advection term (green solid), the meridional eddy momentum flux term (blue dashed), the vertical eddy momentum

flux term (green dashed), and the imposed zonal acceleration F
sym
X (black solid). The black dotted line shows the sum

of all terms that balance the forcing term. The signs of all terms except F
sym
X are chosen so as to put them on the lhs of

Eq. (9). (b) Profiles of the difference between the forced and unforced runs for each quantity shown in (a).
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during JJA produce a 4-K temperature response and

a 12m s21 zonal wind response in the TTL. Such a tem-

perature response would have a large effect on water

vapor entering the stratosphere, changing TTL water

vapor concentration by approximately 2 ppmv [roughly

75% of the current mixing ratio for air entering the

lower stratosphere; Fueglistaler and Haynes (2005)].

Further, we find that the amplitude of the response is

dependent on the mean upwelling hw0i and that the

amplitude of the response to heating (a comparatively

small proportion of the response to both heating and

forcing; see section 2) is also dependent on the radiative

time scale t. We therefore compare hw0i and t between

the background climatology of the dry GCM and ERA-

Interim to assess whether the response is likely to be

similar for a realistic base state.

Figure 11 shows the climatology ofw in ERA-Interim,

along with the upwelling hw0i from the background

model run. We see that below the 100-hPa level, the

model upwelling is approximately 2–3 times smaller

than the annual-mean upwelling in ERA-Interim, but

above the 100-hPa level, model upwelling is similar to

the annual-mean upwelling in ERA-Interim. Dee et al.

(2011) note that the mean vertical transport velocity in

ERA-Interim is greater than the water vapor observa-

tions suggest (Schoeberl et al. 2008) in the lower

stratosphere, so the model upwelling hw0imay be larger

than in reality above the 100-hPa level. We can there-

fore conclude that the response to the forcing with

a more realistic basic state is likely to be smaller below

the 100-hPa level, but similar or possibly larger above

the 100-hPa level.

Upwelling in ERA-Interim has a clear annual cycle,

with a minimum in upwelling at 100 hPa in September,

and amaximum upwelling at 100 hPa in boreal winter, in

agreement with Randel et al. (2007). The minimum

upwelling in ERA-Interim in JJA coincides with the

largest forcing from the mixing scheme (both locally

over the Indian Ocean and also in the zonal mean; see

Figs. 1 and 2), potentially amplifying the response to

mixing in the summer, and suppressing the response to

mixing in the winter, leading to a large annual cycle in

the response to mixing. This relationship would be in-

teresting to investigate in a future study.

The t used in the model here (as specified in HS94) is

40 days. We have used the Fu and Liou (1992) radiation

scheme with perturbations of a similar vertical scale to

the responses shown in section 3, and find that t varies

with height, is approximately 15 days at 100 hPa, and

decreases with height into the stratosphere (not shown).

This indicates that the t used in themodel in this study is

too long, and that the true response to the forcing should

be smaller. In section 4 we showed that t only affects the

amplitude of the response to the imposed heating, and

this is the smaller component of the response to both

forcings. Therefore, we expect that changing t would

have only a small effect on the overall response.

Taking the corrections mentioned above into account,

we would expect that the response to vertical mixing in

ERA-Interim and similar models to be of order 2–4K,

and of order 6–12m s21 in the boreal summer. This is

a substantial response within the context of TTL tem-

peratures and winds.

Themodeling study presented here uses a steady-state

forcing that has a similar average structure to the forcing

in ERA-Interim during JJA. In reality, the forcing

strongly varies with time and is very intermittent

(see Flannaghan and Fueglistaler 2011). However, the

model’s response to the forcing is quite linear. Conse-

quently, we do not expect that this simplification sub-

stantially alters the nature of the solution. Similarly, we

have not investigated the solution to a slowly varying

annual cycle in forcing. The time scales of the solution

are the advection time scale and the Newtonian cooling

time scale. The time scale for vertical advection in re-

ality is of order 2–3 months (Fueglistaler et al. 2009a).

As noted above, there is an annual cycle in w, and

therefore there is also some seasonal variation in the

advection time scale. The time scale of Newtonian

cooling t is set as t 5 40 days, whereas in reality a rea-

sonable estimate is t ’ 15 days. Clearly, the Newtonian

cooling time scale is shorter than the interseasonal var-

iability in the forcing terms and so would not be ex-

pected to be important for interseasonal variability.

The advection time scale however is sufficiently long to

suggest that interseasonal variability would significantly

affect the solution. To investigate the effect of inter-

seasonal variability further, a model with more reasonable

FIG. 11. Mean vertical velocityw averaged over 108N–108S (solid

lines) and at the equator (dashed lines) for the HS94 run with no

imposed forcing (black) and for ERA-Interim averaged over 1979–

2012 (blue lines; thick line is the average and thin lines are clima-

tological annual cycle monthly averages).
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upwelling velocities (and an annual cycle in upwelling)

would be needed, and so is beyond the scope of this

study. However, investigating the effect of interseasonal

variability of the background state is an important study

to perform as it could significantly alter the magnitude

and seasonality of the response.

Mixing schemes are a modeling detail that are not

often discussed with respect to studies of the TTL and

are, sometimes, used as tuning parameters. We have

shown that these mixing schemes have the potential to

produce significant impacts on the climate of the model,

highlighting the particular importance of mixing schemes

to TTLwinds and temperatures in climatemodels.Mixing

has been observed to occur in the TTL and can be very

intense (Fujiwara et al. 1998; Fujiwara and Takahashi

2001; Fujiwara et al. 2003), and so it is possible thatmixing

could have a significant effect the climate of the TTL in

reality.
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APPENDIX A

Mixing Scheme Definitions

Parameterization schemes typically approximate mix-

ing as a diffusive process, with the diabatic tendency due

to mixing given by

r

�
›f

›t

�
mix

5
›

›z

�
rKf

›f

›z

�
, (A1)

where f is the quantity being mixed (dry static energy

when computing heat fluxes and temperature tendency

or horizontal wind when computing momentum fluxes

and acceleration) and Kf is the exchange coefficient.

The parameterization defines Kf in terms of the bulk

(grid scale) quantities and here is defined as

Kf 5 ‘2
����›u›z

����ff(Ri) . (A2)

Here, ‘ is the nominal mixing length and dimension-

alizes the equation.

a. Monin–Obukhov-motivated (MO) scheme

The ECMWF IFS has, since cycle 33 (IFS Cy33r1),

used a scheme that is inspired by the solution given by

Monin and Obukhov (1954) to the problem of boundary

layer turbulence, but is applied throughout the free at-

mosphere (Nieuwstadt 1984). This scheme is qualitatively

similar to the scheme used in the NCAR Community

Atmosphere Model, version 4 (CAM4; Bretherton and

Park 2009).

In statically stable conditions, where Ri . 0, the ex-

change coefficientsKM andKH for momentum and heat

are defined by Eq. (A2) with

fM(Ri)5 (11 5z)22 and (A3a)

fH(Ri)5
1

(11 5z)(11 4z)2
, (A3b)

where z is a nondimensional function of Ri, defined as

the solution to

Ri5
z(0:741 4:7z)

(11 4:7z)2
, (A4)

which is a fit to observational data given in Businger et al.

(1971). When Ri , 0 (statically unstable conditions),

fM(Ri)5 (12 16Ri)1/2 and (A5a)

fH(Ri)5 (12 16Ri)3/4 . (A5b)

The nominal mixing length ‘ is set at a constant value of

150m in the MO scheme. Figure A1 shows fM and fH as

a function of Richardson number Ri as defined in this

section.

Equations (A3) and (A5) are taken from the ECMWF

IFS Cy33r1 documentation, and Eq. (A3) is very similar

to the equivalent relation given by Businger et al. (1971),

FIG. A1. The quantities fM(Ri) (black) and fH(Ri) (blue) in theMO

scheme (solid) and rL scheme (dashed).
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although not exactly the same. In the ECMWF IFS

Cy33r1 documentation, the definition of z is not given,

and so the definition of z given by Eq. (A4) is taken from

Businger et al. (1971). We expect the equivalent relation

in the IFS parameterization to be similar.

b. Revised Louis (rL) scheme

The ECMWF IFS model prior to cycle 33, including

the version used in the ECMWF ERA-Interim project

(IFS Cy31r2; Dee et al. 2011), uses a different scheme,

which was originally devised to be numerically simple to

compute, but is used in IFS Cy31r2 because it increases

the amount of mixing in the lower troposphere, which

was absent when using the MO scheme. The scheme

used is a revised version of the Louis scheme (Louis

1979) and is given as

fM(Ri)5
1

11 10Ri(11Ri)21/2
and (A6a)

fH(Ri)5
1

11 10Ri(11Ri)1/2
, (A6b)

when Ri . 0. When Ri , 0, fM and fH are the same as

given above for the MO scheme in Eq. (A5).

The nominal mixing length ‘ is approximately 40m in

the rL scheme. Here, ‘ depends on height, but over the

TTL it is approximately constant, and for this study it is

sufficient to use a value of 40m.

Figure A1 shows fM and fH for both the MO and rL

schemes. We see that the rL scheme has a long tail, with

significant mixing occurring even at Ri; 1. The long tail

of the rL scheme contributes a lot of additional mixing

compared with the MO scheme. However, ‘ ’ 40m in

the TTL in the rL scheme but ‘ 5 150m in the MO

scheme, resulting in similar average exchange coefficients

for both schemes. Other mixing schemes, such as the

scheme used in NCAR CAM3, are qualitatively similar

to the rL scheme, with no cutoff in Richardson number

(Bretherton and Park 2009).

APPENDIX B

Validation of Offline Scheme

ERA-Interim provides a total diabatic heating output,

as well as a total radiative heating output (including the

radiative contribution from clouds). The difference of

these twofields, the residual diabatic temperature tendency,

gives the contribution from all nonradiative diabatic pro-

cesses, which are predominantly latent heating and mix-

ing, shown by Fueglistaler et al. (2009b). Unfortunately,

these are not available separately. To test the validity of

applying the mixing scheme offline, we compare the re-

sidual diabatic temperature tendency in ERA-Interim

with the temperature tendency predicted by the offline

mixing scheme.

Figure B1 shows the zonal-mean ECMWF residual

diabatic temperature tendency, the temperature ten-

dency predicted by the offline mixing scheme, and the

difference between these two quantities averaged over

1–20 January 2000 and averaged over 108N–108S. In all

results presented here, the mixing scheme is applied to

the data before any averaging takes place. This is es-

sential as the mixing schemes are highly nonlinear. We

see that below the 100-hPa level, there is a large positive

temperature tendency in the ERA-Interim residual that

is not captured by the mixing scheme. This is due to

convection and the associated latent heat release. Above

the 100-hPa level, the residual is slightly more negative

than that predicted by the mixing scheme; this is due to

convective cold tops. In regions of no convection, the

offline mixing calculation fits the residual term very well,

with errors of approximately 10% throughout the TTL

(Flannaghan and Fueglistaler 2011), and so we conclude

that the offline application of the mixing scheme can be

expected to give a fair representation of the model ver-

tical mixing throughout the TTL.
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