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Abstract. We present the time mean heat budgets of the trop-cooling due to parameterised turbulent mixing occur in the
ical upper troposphere (UT) and lower stratosphere (LS) awicinity of the tropical tropopause.

simulated by five reanalysis models: the Modern-Era Retro-

spective Analysis for Research and Applications (MERRA),

European Reanalysis (ERA-Interim), Climate Forecast Sysd Introduction

tem Reanalysis (CFSR), Japanese 25-yr Reanalysis and

Japan Meteorological Agency Climate Data Assimilation Meteorological analyses and reanalyses are best guesses of
System (JRA-25/JCDAS), and National Centers for Envi- the true state of the atmosphere. As such, they are of emi-
ronmental Prediction/National Center for Atmospheric Re-N€nt importance not only for initialisation of weather fore-
search (NCEP/NCAR) Reanalysis 1. The simulated diabaticast model runs, but for process analyses and detection and
heat budget in the tropical UTLS differs significantly from attribution of changes in the climate system. The (re)analysis
model to model, with substantial implications for represen-model state is optimised to observable quantities such as
tations of transport and mixing. Large differences are apparWinds, temperature, trace gas mixing ratios (particularly wa-
ent both in the net heat budget and in all comparable indi-ter vapour), and clouds; accordingly, the “analysis step” may
vidual components, including latent heating, heating due tonot strictly conserve the energy budget of the model state.
radiative transfer, and heating due to parameterised verticdror example, the moisture assimilation step may add or re-
mixing. We describe and discuss the most pronounced difmove water substance (and hence latent heat), while the tem-
ferences. Discrepancies in latent heating reflect continuing?@rature assimilation step may add or remove sensible heat.
difficulties in representing moist convection in models. Al- Despite this caveat, (re)analyses are still superior to free-
though these discrepancies may be expected, their magnitud&nning general circulation models for a wide range of ap-
is still disturbing. We pay particular attention to discrepan- plications because the latter only allow comparison with ob-
cies in radiative heating (which may be surprising given theServations in a statistical sense.

strength of observational constraints on temperature and tro- Here, we present an overview of the diabatic heat bud-
pospheric water vapour) and discrepancies in heating due tg€ts of the tropical upper troposphere and lower strato-
turbulent mixing (which have received comparatively little SPhere (UTLS) in five widely used reanalyses: the Modern-
attention). The largest differences in radiative heating in theEra Retrospective Analysis for Research and Applica-
tropical UTLS are attributable to differences in cloud radia- ions (MERRA; Rienecker et a].2011), the European Re-
tive heating, but important systematic differences are preser@nalysis (ERA-InterimPDee et al. 2011), the Climate Fore-

even in the absence of clouds. Local maxima in heating angast System Reanalysis (CFSBaha et al. 2010, the
Japanese 25-yr Reanalysis (JRA-25) and its continuation

with the Japan Meteorological Agency (JMA) Climate Data
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Assimilation System@nogi et al, 2007, and the National 2 Data and methodology
Centers for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) ReanalysiKdlifay 2.1 Reanalysis data
et al, 1996. Fueglistaler et ali2009h have previously pro-
vided a comparison of the ERA-Interim diabatic heat budgetThe Modern Era Retrospective Analysis for Research and
with that of the older ERA-40, anting and Zhang2013 Applications (MERRA) has been produced by NASAS
have examined the diabatic heat budgets of MERRA, CFSRGlobal Modeling and Assimilation OfficeRjenecker et a).
and ERA-Interim at lower levels in the troposphere. 2011). MERRA was conceived as a reanalysis of the satellite
We focus on the tropical UTLS between 300 hPa andera (1979—present), with the primary objective of improving
50 hPa. This region encompasses the important transitiothe representation of the water cycle relative to previous re-
in regime from a balance between latent heating and raanalyses. Diabatic heating is reported on2b1x 1.25° grid
diative cooling in the troposphere to a balance betweerand includes components of heating due to long-wave radi-
tropical radiative heating and extratropical radiative cooling ation, short-wave radiation, moist physics, turbulent vertical
in the stratosphere. Furthermore, transport into the stratomixing, gravity wave drag, and friction.
spheric overworld (terminology followkloskins 1991) oc- ERA-Interim (ERAI) is, like MERRA, a reanalysis of the
curs predominantly in the tropics, and conditions in the satellite era (1979—present). ERAI has been produced by the
tropical tropopause layer (TTL;150-70hPa) control the European Centre for Medium-Range Weather Forecasts, and
stratospheric abundance of a range of radiatively and chemihas been described in detail Bee et al.(2011). We have
cally important trace gases (see reviewHueglistaler et aJ.  interpolated the heating rates onto @x1° horizontal grid
20093. Uncertainties in model diabatic heat budgets in thiswith 60 isobaric levels that correspond to the nominal pres-
layer therefore also affect confidence in model predictions ofsure of the eta levels used in the forecast model (relative to
future stratospheric composition and its radiative impact ona surface pressure of 1000 hPa). Individual components of
climate. diabatic heating due to long-wave and short-wave radiative
The diabatic heat budget of the TTL (and consequentlyheating are provided; however, heating due to moist physics
transport pathways and mechanisms within the TTL) remaings not reported separately and must be inferred as a resid-
a subject of debate (see discussion Fyeglistaler et al.  ual (sed~ueglistaler et al20091.
20093. In particular, the radiative effects of clouds and the The Climate Forecast System Reanalysis (CFSR) was de-
impact of convection that overshoots its level of neutral buoy-veloped by the National Centers for Environmental Predic-
ancy are not well quantified. Both of these processes poston (NCEP) as the first coupled atmosphere—ocean—land
challenges to global-scale numerical models due to the smaBurface—sea ice reanalysB&aha et a).2010. CFSR techni-
scales involved. Additional processes, such as mixing re-<cally only covers the period 1979-2009, but continuing out-
lated to shear-flow instability, have received comparativelyput from the current (effectively identical) version of the Cli-
less attention, but should also be discussed as they are highlypate Forecast System model extends the CFSR data record to
parameterised and often serve as a “tuning parameter” thahe present. Heating rates are provided ofalf horizontal
compensates for errors in other aspects of the model (see algyid with 37 isobaric levels. In addition to total diabatic heat-
discussion byrFlannaghan and Fueglistal@017). ing rates, CFSR provides heating rates due to long-wave ra-
One may expect the radiative components of reanalysediation, short-wave radiation, deep convection, shallow con-
to be comparatively more accurate because temperature angction, large-scale condensation, and vertical diffusion.
tropospheric water vapour are well constrained by observa- The Japanese 25-yr Reanalysis (JRA) was initially com-
tions. However, ozone concentrations are also radiatively immissioned to cover the period 1979-200@nfgi et al,
portant in this region and are often not constrained by obser2007), but has since been extended to the present using the
vations (in several cases, a prescribed climatology is used)Japan Meteorological Agency (JMA) Climate Data Assimi-
Furthermore, cloud radiative effects may differ substantially lation System. The diabatic heating rates used in this study
between models. are reported on a 2%2.5° horizontal grid with 23 isobaric
Section2 provides a description of the reanalysis modelslevels, and include components due to long-wave radiation,
and data. SectioBpresents key aspects of the climatological short-wave radiation, convection, large-scale condensation,
mean diabatic heat budget in the tropical UTLS and describesnd vertical diffusion.
the large differences in estimates of this budget according The NCEP/NCAR Reanalysis 1 (NCEP) covers the period
to different reanalyses. Sectidndiscusses the sources and from 1948 to the presenK@lnay et al, 1996. NCEP was
implications of some of the most pronounced differencesamong the first reanalyses to be produced and remains one of
among the reanalyses. Sectprovides a summary of the the most widely used for scientific research. The NCEP dia-
current outlook. batic heating data are provided as monthly means on the orig-
inal T62 model grid with 28 sigma levels. We have interpo-
lated these data to fixed pressure levels that match the nom-
inal pressure of the sigma levels used in the forecast model
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(again relative to a surface pressure of 1000 hPa). The comregarding the distribution of ozone differ substantially among
ponents of diabatic heating are identical to those reported byeanalyses. NCEP and ERAI use zonal and monthly mean
CFSR. climatologies, JRA uses daily profiles generated offline by
Table 1 provides an overview of the reanalysis forecasta chemical transport model, and MERRA and CFSR use
model frameworks, as well as key attributes of the radiationozone concentrations simulated during the forecast step (see
parameterisations. All of the diabatic heating rates used heralso Tablel). For context, Figlc also shows climatologi-
are based exclusively on 6-h model forecasts except for theal mean ozone profiles observed at 13 Southern Hemisphere
ERAI heating rates, which are based on 12-h model fore-Additional Ozonesonde (SHADOZ) stations in the tropics
casts. The only observational constraint on reanalysis diabetween 1998 and 200%lfompson et al2003 Fueglistaler
batic heating is the effect of the data assimilation on the fore-and Fy 2006, as well as the ozone forecast produced by

cast initial conditions. ERAI (which is not used in the radiative calculations). Cloud
_ water content (Figld) is a product of the forecast model and
2.2 Physical context is not affected by data assimilation. We will refer back to

) ) . this figure where appropriate in the following discussion of
Diabatic heating is a fundamental component of the temperyiserences in diabatic heating.

ature budget, which may be expressed by the thermodynamic The residual heating term can likewise be separated into
energy equation (terminology follows Equ. (3.58)R¥ixoto .0 main individual components:
and Oorf 1992: '

Ores _ % + Omix

oT T 0T ,
—+4+V-VT —w e =g. (1) Cp cp cp
at p ap Cp

where Q|4 is latent heating due to moist physics a@ghix
is heating due to turbulent mixing. The mixing term is one
or more orders of magnitude smaller than the latent heating
Yerm in the time-mean zonal-mean perspective presented be-
low, but local variations in this term can be as large as varia-
Rions in the radiative or latent heating ternfdgnnaghan and
Fueglistaler2017)
O Orad  Ores The separation of diabatic terms described in this section
P + : provides a convenient mapping between diagnostics of dia-
batic heating and parameterisations of atmospheric physics,
Here, we refer to the non-radiative componéhts as the  which can then be used for process evaluation in global mod-
“residual” component of diabatic heating. els; however, not all terms are available for all reanalyses.
The radiative term can in turn be broken down in two Table?2 lists the terms in the diabatic heat budget provided

ways, either as long-wave (LW) and short-wave (SW) radia-py each of the reanalyses examined in this study.
tive heating:

The terms on the left-hand side of Ed.) (represent the
change in temperature with time, horizontal advection of
temperature, and vertical advection of temperature, respe
tively (see alsdrueglistaler et al.20090. The term on the
right-hand side represents diabatic heating, which can be se
arated into radiative and non-radiative components:

Cp Cp Cp

Orad _ Quw " Osw 3 Climatological diabatic heat budgets

’

Cp Cp Cp

o ) The total diabatic heat budget and its major components are
or as clear-sky and cloud radiative heating shown for each of the five reanalyses in Figist. All quan-
tities in these figures are averaged over the decade January
2001-January 2010. FiguPesshows zonal mean distributions
of total, radiative, and residual diabatic heating. Residual
Clear-sky and cloud radiative heating can also be separatediabatic heating includes temperature tendencies due to all
into LW and SW components. The distribution and mag- non-radiative physical processes, and is dominated by latent
nitude of radiative heating depend on a number of otherheating in the troposphere. FiguBeshows the longitudinal
variables, including temperature, the concentrations of radiadistribution of total diabatic heating averaged over the inner
tively active trace gases (such as ozone and water vapourjtopics (3 S to 5 N). The patterns are qualitatively similar
and clouds. Figuré shows profiles of several of these vari- (though more muted) when diabatic heating is averaged over
ables averaged over the inner tropics($6-10 N). Forthe  15°S to 15 N or 30° S to 30 N. Figure4 shows the zonal
purposes of understanding radiative heating it is necessargnean distributions of the long-wave (LW) and short-wave
to consider both the temperatures generated by the forecaé8W) components of radiative heating. Differences among
model (averaged over the forecast step prior to data assinthese five data sets are substantial throughout the UTLS, and
ilation; Fig. 1a) and the reanalysis temperatures (which in-are not limited to any one component of the diabatic heat
clude the effects of data assimilation; Fidp). Assumptions  budget. These differences show that the representations of

Orad _ chear+ choud'

Cp Cp Cp
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Table 1. Attributes of the reanalysis forecast models and radiation parameterisations.

MERRA ERAI CFSR JRA NCEP
Period 1979—present  1979-present 1979-2011 1979—present  1948-present
Model grid (2/3y x0.5° TL255 T382 T106 T62
Model top 0.01 hPa 0.1hPa ~0.266 hPa  0.4hPa ~3hPa
Model levels 72 60 64 40 28
UTLS AZ2 ~1.1 km ~1.1km ~0.88 km ~1.3km ~1.8 km
Heating from  6-h forecast 12-h forecast  6-h forecast  6-h forecast 6-h forecast
Long-wavé’ CLIRAD-LW RRTM RRTMG JMA GSM GFDL-IR
Short-wavé CLIRAD-SW  6-channel RRTMG CCM2 GFDL-SW
Cloud overlap max/random max/random  max/random max/random  random
CO, observed fixed+trend observed fixed fixed
Ozond prognostic climatology prognostic offine CTM  climatology
Aerosols climatology climatology climatology  fixed -
Trace gases climatology fixed+trend climatology - -

2 Average vertical resolution betweer200 hPa and-50—60 hPaRuijiwara et al, 20128.

b CLIRAD-LW has been described yhou et al(2001), RRTM by Mlawer et al.(1997), RRTMG byClough et al(2005, IMA

GSM by Sugi et al(1990, and GFDL-IR byFels and Schwarzkoi§l 975 andSchwarzkopf and Feld997).

€ CLIRAD-SW has been described Bhou and Suaref1999, the ERAI short-wave parameterisationByuquart and Bonnel

(1980, RRTMG byClough et al(2005, CCM2 byBriegleb(1992, and GFDL-IR bylLacis and Hanse(1L974).

d The MERRA and CFSR radiation schemes use ozone concentrations calculated by the forecast model. ERAI and NCEP use
zonal and monthly mean climatologies (based~ortuin and LangemaiA994), andFels et al(1980, respectively). The ozone
concentrations used in JRA are produced daily as describ@byi et al.(2007). See also Figlc
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Fig. 1. Profiles of(a) forecast temperature (averaged over the forecast step prior to data assimi{@)iemalysis temperature (after data

assimilation),(c) ozone mixing ratios, an¢tl) cloud water mixing ratios (combined ice and liquid water) averaged over the inner tropics

(10° S—10 N). Thick coloured lines indicate terms used in the reanalysis radiative transfer calculations. The dashed bl(& Imdicates

ozone concentrations simulated by the ERAI forecast model (which are not used in radiative calculations). The thick blgckilkcates

the climatological mean ozone profile averaged from observations at 13 SHADOZ sites in the tropics between 1998 it

et al, 2003 Fueglistaler and Fi2006); thin grey lines indicate climatological mean profiles at individual SHADOZ sites.

physical processes in this region are remarkably differentsphere (where latent heating is important) and the tropical
between the reanalysis atmospheric models, and imply théropopause layer and lower stratosphere (where latent heat-
existence of substantial differences in tracer transport andng largely disappears and the diabatic heat budget is dom-
mixing. inated by radiative heating). The vertical boundary between

For convenience, we divide the diabatic heat budget intathese two domains is near 150 hPa for all of the considered
two vertical domains within the UTLS: the upper tropo-
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Fig. 2. Top row: zonal mean total diabatic heating averaged over the period 2001-2010 accordin@jMB&RA, (b) ERAI, (¢) CFSR,

(d) JRA, and(e) NCEP reanalysis data sets. The 340, 350, 380, and 450K isentropic surfaces from each reanalysis are shown as black
contours. Middle row: zonal mean radiative components of diabatic heating averaged over the period 2001-2010. Bottom row: zonal mean
residual components of diabatic heating averaged over the period 2001-2010. Residual diabatic heating includes all diabatic heating due tc

non-radiative physics (moist physics, turbulent mixing, etc.).

Table 2. Availability of diabatic heating components for each re-
analysis.

of constant potential temperature roughly coincide with sur-
faces of constant pressure in the tropical UTLS, particularly
in the inner tropics, so that regions of diabatic heating gen-

MERRA ERAI CFSR JRA NCEP erally indicate regions of climatological mean ascent in pres-
Orad v v v v v sure coordinatgs as well. In the conte>_<t of the Hadlgy circu.la—
tion, latent heating in the UT (predominantly associated with
Qv v v v v v deep convection) is balanced by radiative cooling. Deep con-
Qsw v v v v v vection preferentially occurs in the inner tropics, leading (in
gc'ea’ j j ~ ~ B a time-mean zonal-mean sense) to diabatic ascent over the
cloud inner tropics and diabatic descent over the subtropics.
Ores v v v v v Two peaks in tropical heating (located nedS5and be-
tween 5 and 10N) are identifiable in both the total and
Olat v - v v v . . . S
_ _ residual diabatic heating fields. These peaks correspond to
Omix v v v v

reanalyses but NCEP, for which the boundary is approxi-
mately 100 hPa.

3.1 The upper troposphere

The upper part of the overturning Hadley circulation is read-

seasonal shifts in the zonal mean location of the ascending
branch of the Hadley cell, or intertropical convergence zone
(ITCZ). The locations of these maxima are consistent among
the reanalyses; however, the horizontal extent, vertical depth,
and magnitude of zonal mean heating differ considerably, es-
pecially with respect to net diabatic heating. For example,
MERRA indicates that the maximum in net diabatic heating
in the inner tropics is relatively broad in horizontal extent but
shallow in vertical extent, whereas ERAI indicates that it is

ily apparent between 300 and 150 hPa in the zonal mean digeaker and narrower. The vertical extent of total heating as-
abatic heat budget (Fig). Diabatic heating indicates an up-  gqciated with the ascending branch of the Hadley cell is also

ward mass flux in potential temperature coordinates, while,
diabatic cooling indicates a downward mass flux. Surfaces

www.atmos-chem-phys.net/13/9565/2013/

relatively shallow in ERAI, with a local minimum in heating
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Net diabatic cooling prevails throughout the zonal mean
tropics in MERRA and CFSR betweer200hPa and
~150hPa. The extratropics do not provide a net diabatic
heat source at these pressure levels either (sed.ieggand
Zhang 2013 their Fig. 5). Although diabatic heating rates
need not balance upon global averaging (as cross-isentropic
mass fluxes must do), the presence of pressure surfaces with
net negative heating rates everywhere indicates a deficit in
the model’s diabatic heat budget. This type of deficit may be
corrected during the assimilation increment (the incremental
adjustment of forecast temperatures during the data assimila-
tion step; see, e.grueglistaler et al2009h; however, simu-
lations of atmospheric transport driven by these heating rates
will encounter a vertical “transport barrier”. This layer of
zonal mean diabatic cooling persists year-round in MERRA
monthly means (not shown). Seasonally-varying regions of
diabatic ascent connect the tropical UT to the tropical LS in
each of the other four reanalyses, including CFSR.

Just as the zonal mean distribution of diabatic heating in
the tropical UTLS is strongly tied to the Hadley circulation,
the longitudinal distribution is strongly tied to the equato-
rial Walker circulation (Fig3). Regions of net diabatic heat-
ing are located in the well-known equatorial convective re-
gions over South America (near @), western and cen-

H tral Africa (near 20E), and the maritime continent (cen-
Longitu% e[ E] tered near 120E). Cc_mver_se_ly, the absence of convection
} } : over the eastern Pacific withirt 5-5 N leads to strong net
-2 -08 -04 00 0.4 0.8 1.2 subsidence. These geographical distinctions in the net dia-
Heating Rate [K d*] batic heating field extend upward to approximately 150 hPa
Fig. 3. Longitude-pressure distributions of diabatic heating aver-in ERAI, CFSR, and JRA and up to approximately 100 hPa
aged over 5S to 5 N for the period 2001-2010. in NCEP; however, the regions of UT heating are capped by
strong net diabatic cooling at 200 hPa in MERRA. In fact,
the meridional distribution of net diabatic heating at 200 hPa
in MERRA is qualitatively opposite to that in ERAI, CFSR,
near 250 hPa rather than 200 hPa (as in MERRA, CFSR, andRA, or NCEP: tropical deep convective regions represent lo-
JRA) or 100 hPa (as in NCEP). It is remarkable that the cli-cal minima in 200 hPa diabatic heating in MERRA but max-
matological mean heating in this region is weakest in ERAlima in the other four reanalyses, while tropical subsidence
given that the residual heating (dominated by latent heat rezones represent local maxima in MERRA (although net heat-
lease) is stronger in ERAI than MERRA or CFSR (F&). ing is still negative) but minima in the other four reanalyses.
bottom panels). This situation arises because radiative cool- The time-mean transport barrier in MERRA appears to
ing is also much stronger in ERAI (Fi@, middle panels), arise from a combination of two factors. First, the vertical
potentially due to differences in ozone concentrations in theextent of latent heating associated with moist convection ap-
upper troposphere (see Fil: and discussion in Seat). pears to be considerably shallower in MERRA than in the

The CFSR and JRA zonal mean diabatic heat budgets arether four reanalyses (see, e.g. the residual heating distri-
qualitatively similar below 200 hPa: net heating in the inner bution shown in Fig2k relative to those shown in Fi@l—
tropics is narrower than MERRA but broader than ERAI, 0). Second, there is a pronounced local maximum in UT ra-
while radiative cooling is stronger than MERRA but weaker diative cooling at 200 hPa. This maximum is centered over
than ERAI. Quantitative differences between these two re-the Equator, directly above the peak latent heating associ-
analyses are difficult to evaluate given differences in the spaated with the ascending branch of the Hadley circulation,
tial resolution of the data used to produce these figures (1and is consistent with the maxima located over the ascending
for CFSR compared to 2250r JRA).The radiative heat bud- branches of the meridional Walker circulation. This distribu-
get of NCEP is similar to that of the other reanalyses in thetion of radiative heating is unique to MERRA among the five
upper troposphere, but the residual diabatic heating is muclheanalyses, and appears to be related primarily to LW radia-
larger and extends higher (up to about 100 hPa) than in anyive transfer (Fig4a). We will return to this topic in Sec4.
other reanalysis.

Pressure [hPa]

Pressure [hPa]

Pressure [hPa]

Pressure [hPa]

Pressure [hPa]
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Fig. 4. Zonal mear(a)<e) long-wave andf)—(j) short-wave components of radiative diabatic heating averaged over the period 2001-2010.

The distributions of SW radiative heating in the UT both subtropics near 70 hPa. This v-shaped structure is much
(Fig. 4f—j) are consistent with the hypothesis that these dis-less apparent in the other reanalyses, which simulate only
tributions arise from SW cloud radiative heating, which in weak local maxima in the subtropics near 70 hPa. These dif-
this region is dominated by radiative heating associated withferences in the distribution of diabatic heating imply differ-
clouds of convective origin. This relationship can be deducedences in the strength of upwelling in the inner tropics relative
from the similarity between the zonal mean patterns of SWto upwelling in the subtropics, which in turn imply differ-
radiative heating and residual heating (Fa—o0), the lat-  ences in the distribution of wave drag and the stratospheric
ter of which is dominated by deep convective latent heating.overturning circulation (see, e.®lumb and Eluszkiewicz
This suggests that differences in the distribution of SW ra-1999.
diative heating in this region are largely attributable to differ-  Figure4 shows that many of the differences in the structure
ences in model simulations of deep convection and the ass®f the net diabatic heat budget in the TTL and LS arise from

ciated clouds, which are disturbingly large (Figl). differences in long-wave radiative heating, which is strongest
(most positive) in ERAI and weakest in JRA and NCEP.

3.2 The tropical tropopause layer and lower Long-wave radiative heating in this layer is strongly affected
stratosphere by temperature (with lower temperatures likely resulting in

stronger radiative heating and vice versa; see discussion by
The non-radiative diabatic heating terms are small above aprueglistaler et a).20090 and ozone. The differences in ra-
proximately 150 hPa in all reanalyses, with the notable ex-diative heating are consistent with known temperature biases
ception of NCEP (where residual diabatic heating is largein ERAI (which is somewhat cold-biased; sEaeglistaler
up to about 100 hPa). As expected, this shift in the dominankt al, 2013 and NCEP (which is somewhat warm-biased,
component of net diabatic heating roughly coincides with theparticularly over the maritime continent; s@awson and
level of zero net radiative heating (LZRH) in each reanalysisFiorino, 1998. The magnitudes of these temperature biases
(see Fig4). The vertical location of the LZRH in pressure is may change over time as the set of data assimilated during the
largely consistent among the reanalyses (again with the exanalysis step changes; however, their relative signs are con-
ception of NCEP), but its zonal structure varies considerablysistent when averaged over the 2001-2010 analysis period
The LZRH is higher in the inner tropics than in the subtrop- (Fig. 1a and b). Biases in tropical mean analysis tempera-
ics in MERRA and NCEP, whereas it is lower in the inner tures are largest near 100 hPa, where NCEP is approximately
tropics than in the subtropics in ERAI and roughly isobaric 1.5 K warmer than ERAI and approximately 1 K warmer than
in CFSR and JRA. MERRA, CFSR and JRA during this period.

The meridional structure of the inner-tropical total diabatic  For ozone the situation is more complex: both ERAI and
heat budget in the TTL/LS is qualitatively similar among NCEP use zonal-mean monthly-mean climatologies, while
the reanalyses (Fig3); however, the zonal mean structure MERRA and CFSR use prognostic ozone simulated by the
(Fig. 2) reveals differences that are important in the con-underlying forecast model and JRA uses daily offline cal-
text of the forcing of tropical upwelling. In particular, ERAI  culations. None of these estimates adequately resolves the
shows a pronounced v-shaped structure of maximum heatingharp gradients in ozone concentration in this layer (K.
rates, with maxima in the inner tropics below 100 hPa and in
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The climatologies used by NCEP and ERAI are in bet- (@) LW+SW CLR 5o(b) LW+SW CLD
: — ‘

ter agreement with SHADOZ observations in the tropical — MERRA \

mean, but are by definition incapable of representing the ge- = 100* 5 1 1o0r

ographic differences evident in the range of climatological £ 150 1 150l

mean profiles observed at individual SHADOZ sites. The <

model estimates of tropical mean ozone concentrations used  § 2% 1200 ~

by MERRA, CFSR, and JRA are all significantly larger than * 250} 1 250t 1

those observed during the SHADOZ campaign throughout 300 ‘ 300 ‘ \

the tropical UTLS. -2 -1 0 1 -1.0 -0.5 0.0 05 1.0
Net diabatic heating rates in JRA are negative through- 50{c  LWCLR < sold LWCLD

out much of the tropics between about 60 and 40 hPa (up-

per level not visible in Figs2—4), primarily due to a lack 1oor 1

of LW heating in this layer relative to the other reanaly- 150¢ 1 1s0f

ses (Fig.4d). This layer of time-mean net diabatic cooling
is again physically unrealistic. Moreover, it contradicts the
generally accepted view of the stratospheric residual circu-
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200f

Pressure [hPa]

N
w
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lation, in which diabatic descent (cooling) over the extrat- 300G 5 300 5 =65 00 08 Lo
ropics is balanced by diabatic ascent (heating) at low lati- ©  SWCLR ©  SWCLD
tudes. The temperature profile produced by the JRA forecast 30 T g 50 T T
model has a large warm bias in the lower stratosphere rela- ~_ 1oq] / 1000

tive to the other reanalyses (Fita), consistent with stronger a

LW cooling. Positive LW heating in JRA is restricted to the oY 129

immediate vicinity of the 100 hPa level (where temperatures % 200f 1 200f

are comparable with those simulated by the other forecast a 250l 1 250l

models) but rapidly transitions to strong LW cooling above

(where tropical mean temperatures are more than 3 K warmer 307505 00 05 1.0 %10 -05 00 05 1.0
than those simulated by the other forecast models). These Heating Rate [K d ] Heating Rate [K d"*]

temperature biases may be related to known deficiencies i?_fig_ 5. Profiles of clear-sky (left column) and cloud (right col-

the JRA radiation schem®©(ogi et al, 2007. JIMA has re-  mn) radiative heating rates fga)-(b) long-wave plus short-wave,

cently developed a new 55'year. regnalysis system, which ?%c)—(d) long-wave, ande)~(f) short-wave radiation according to
scheduled for release at the beginning of October 2013. ThimERRA (black line) and ERAI (grey line). Cloud radiative heat-

new reanalysis system includes substantial improvements ting rates are calculated as all-sky minus clear-sky. Profile values
the radiation scheme that appear to largely eliminate earliehave been averaged overSto 5 N for the period 2001-2004.
cold biases in JRA-25 analysis temperatures in the lower
stratosphereHbita et al, 2011). These improvements may
also bring the stratospheric diabatic heat budget more in lingadiation (see Fig4). Figure5 shows profiles of clear-sky
with both expectations and other reanalyses. In the mearnradiative heating and the radiative effects of clouds averaged
time, users of stratospheric diabatic heating rates from JRAever the inner tropics (55-5 N) for MERRA and ERAI.
25/JCDAS should be aware of this difference between JRAClear-sky radiative heating is larger in MERRA than in ERAI
and other reanalyses. in the upper troposphere, particularly below 150 hPa, while
the opposite is true above 150 hPa. These differences resultin
a slight offset in the vertical location of the clear-sky level of
4 Discussion zero radiative heating, which could have important implica-
tions for simulations of transport within the TTL using these
The results presented in Se8tindicate that the differences reanalysesKueglistaler et al20093. Differences in the dis-
in the diabatic heating rates (and consequently the corretributions of ozone used for the radiative transfer calcula-
sponding circulations) among the reanalyses are large. Thed®ns may be at least partially responsible for the differences
differences arise in part due to differences in the models’in clear-sky radiative heating. The concentrations of ozone
representations of tropical deep convection, which is widelysimulated by the MERRA forecast model are considerably
recognised as a challenge for global-scale models. The subltigher than the climatology used by ERAI, particularly in
stantial differences in the radiative heating rates may be moré¢he upper troposphere (Fiic). Ozone has absorption bands
of a surprise, and warrant a more detailed analysis. in both the LW and SW parts of the spectrum, so that larger
Radiative heating rates in the 300 hPa to 100 hPa layer areoncentrations of ozone may enhance both LW and SW heat-
particularly different between MERRA and ERAI (see Fig.  ing in the troposphere. The difference in clear-sky radiative
middle panel). These differences exist in both LW and SWheating in the lower stratosphere is more complicated, with
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possible contributions from biases in temperature (tropical 502 CFSR 5ob) JRA 500 NCEP

mean temperatures at 100 hPa are 0.5-1K colder in ERAI N = ~

than in MERRA) or ozone (like carbon dioxide, larger con- _ 100} T 100

centrations of ozone in the lower stratosphere may enhance§ A /f’"\\ I

local LW radiative cooling, while larger concentrations of ‘g 120/ ‘Q 1 150F

ozone higher in the stratosphere may reduce SW heating |r; 200/3?\& 200

the lower stratosphere by reducing the available flux of solar 4 ’

radiation in ozone absorption bands). A more complete dlag— 250}, ‘ f 250

nosis would require detailed radiative calculations using full 300/ P 8 300M_im | 1 300 A

atmospheric profiles, and is beyond the scope of this work. —30-150 15307 -30-150 15 30°%%30-15 0 15 30
Although these differences in clear-sky radiative heating Latitude [* NI Latitude ['N] ____ Latitude [*N]

are potentially significant (particularly with respect to the lo- -o.10 ~0.05 0.00 0.05 0.10

cation of the LZRH), it is evident that the largest differences Vertical Diffusion Heating Rate [K d ']

in tropical radiative heating rates arise from differences |n
N L Fig. 6. Zonal mean heating due to parameterised turbulent mixing
f[he radiative |mp_acts of clouds. Cloud SW heating is greater, (a) CFSR.(b) JRA, and(c) NCEP.
in MERRA than in ERAI from about 300 to 200 hPa, but the
opposite is true between 200 and 100 hPa. Similarly, cloud
LW heating in MERRA is greater than that in ERAI below
250 hPa, while cloud LW heating in ERAI is greater than lead to a mismatch in the sign of the net cloud radiative forc-
that in MERRA (which is in fact negative) between 250 and ing between MERRA and the other two estimates in the layer
100 hPa. These differences are most pronounced in the inndretween 200 and 100 hPa.
tropics (where cloud occurrence frequency is largest), but the Simulations of cloud water content are very different be-
profiles are qualitatively similar when averaged over the entween MERRA and ERAI (Figld), possibly reflecting dif-
tire study domain (30S—30 N; not shown). ferent approaches to the treatment of convective anvil clouds.
Fueglistaler and Fi{2006 and Mcfarlane et al.(200%) These discrepancies hint at explanations for why estimates
calculated the impacts of clouds on radiative heating inof diabatic heating in the tropical upper troposphere differ
the UTLS based on Atmospheric Radiation Measuremenso much between these two reanalyses. A full examination
(ARM) program observations at two sites in the tropi- of how these differences in cloud water content interact with
cal western Pacific (see also comparison with ERAI bythe model radiation schemes is beyond the scope of this pa-
Fueglistaler et a].20090. Their calculations showed that per and will be explored in future work.
cloud impacts on net radiative heating at these two sites were In addition to latent heating and radiative heating, param-
positive up to about 125 hPa. They also showed that peak nedterised mixing contributes to the diabatic heat budgets of
cloud radiative heating was shifted upward in several modereanalyses. This term is generally about an order of magni-
estimates (including ERAI) relative to the ARM-based pro- tude smaller than the other terms and is often ignored; how-
files; however, the inability of the ARM millimeter cloud ever, local variations in this term can be as large as variations
radar to resolve optically-thin cirrus clouds introduces largein the radiative terms (see alftannaghan and Fueglistaler
uncertainties in comparisons above 200 hPa. 2011). The physical realism of these terms is often question-
Yang et al.(2010 used a detailed radiative transfer model able, as the mixing parameterisations are poorly constrained
and observations of atmospheric composition and clouds (inby observations and are often used to “tune” the model or
cluding thin cirrus) to calculate cloud radiative heating in the compensate for errors in other aspects of the model formula-
UTLS between 39S and 30 N. Their calculations indicate tion.
that the impact of clouds on net radiative heating is posi- Figure 6 shows zonal mean time mean diabatic tenden-
tive below 100 hPa and negative above 100 hPa, with a posieies from parameterised mixing in CFSR, JRA, and NCEP.
tive SW cloud influence throughout the UTLS (peaking near MERRA also provides a temperature tendency due to turbu-
150 hPa) and a LW cloud influence that transitions from posi-lent mixing; however, this term is approximately three or-
tive below~165 hPa to negative above. The SW radiative ef-ders of magnitude smaller than the radiative and latent heat-
fect of clouds in the UTLS in ERAI is similar to that derived ing components and we have therefore chosen to omit it.
by Yang et al.(2010; however, the LW cloud radiative heat- ERAI does not provide separate moist physics and verti-
ing is smaller below 200 hPa and larger above 200 hPa. Theal mixing terms, though turbulent mixing due to shear-flow
MERRA cloud radiative forcing qualitatively resembles that instability can be inferred from offline calculationElén-
reported byyang et al.(2010, but with peak SW cloud forc- naghan and Fueglistale2011). Diabatic heating from pa-
ing shifted downward by~100 hPa and the transition from rameterised mixing is much larger in NCEP than in the other
positive to negative LW cloud forcing shifted downward by reanalyses, with strong cooling between 100 and 50 hPa and
~50hPa. Moreover, the maximum in cloud LW cooling is strong warming between 200 and 100 hPa. This pattern im-
quantitatively much stronger in MERRA. These differencesplies substantial mixing of the upper troposphere with the
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lower stratosphere. The pattern in CFSR is similar to thatparticularly pronounced when MERRA diabatic heating is
in NCEP, but weaker in amplitude. Both models use a simi-used to estimate vertical motion (rather than kinematic ver-
lar vertical diffusion scheme in the free atmosphere, but thetical velocity). By contrast, the strong net diabatic heating
diffusion coefficient in CFSR decreases exponentially with directly above convective regions in ERAI suggests that ver-
pressure while that in NCEP remains constant. The relativdical transport from the surface to the LS may be particularly
strength of the turbulent heating in NCEP reinforces manyefficient in ERAI, with ascent through the TTL potentially
of the unique features of the NCEP net diabatic heat budgetccurring much more rapidly than in the other reanalyses. As
such as the greater vertical depth of the residual componerdiscussed in Sect, these differences between MERRA and
and the cooling located immediately above the tropopausd&RAIl are at least partially attributable to differences in sim-
in the inner tropics. The pattern in JRA is similar in the in- ulations of clouds and their radiative impacts in the UTLS.
ner tropics, but contains a weak warming near 100 hPa in th& hese differences will be explored more fully in future work.
subtropics that is not seen in the other reanalyses. Schoeberl et al2012 used winds and heating rates from
It is certainly interesting from the perspective of MERRA, ERAI, and CFSR to drive ensembles of Lagrangian
troposphere—stratosphere exchange that all three reanalysgajectories in the global stratosphere. They then used these
show local maxima in parameterised turbulent mixing acrosgrajectories to study interannual variability and trends in
the tropical tropopausé&lannaghan and Fueglistalg@017) stratospheric water vapour over the period 1979-2010. Com-
have shown that different formulations of mixing parameter- paring the results to satellite observations, they reported that
isations may activate in response to different physical pro-rates of vertical ascent in the tropical LS are approximately
cesses. In light of known challenges in reconciling temper-30 % too fast when based on ERAI, close to observed when
ature observations and general circulation model results ilbased on CFSR, and approximately 15% too slow when
this layer (e.gFu et al, 2012, Seidel et al.2012, it may based on MERRA. These differences in vertical ascent are
be worthwhile to analyse the mixing terms in climate model apparent in the relative strengths of diabatic heating in the LS
simulations. (Fig. 2), particularly in the LW radiative component (Fig).
We will explore the effects of differences in reanalysis di-
abatic heat budgets on transport and mixing in the tropical
5 Conclusions and outlook UTLS in a follow-up publication.
The diabatic heat budget provides an additional perspec-
We have compared the diabatic heat budgets of the tropicaive and physical constraint for process evaluation and stud-
UTLS as simulated by five widely-used reanalysis models.ies of global change. We stress that more attention should
The differences in the distributions of net diabatic heatingbe paid to this budget and its individual terms in the future,
are large, as are the differences in the individual terms. Thesand therefore welcome the recent establishment of the Strato-
differences highlight the significant uncertainties that remainspheric Processes and their Role in Climate (SPARC) Re-
in the processes that control the heat budget in the tropicahalysis/analysis Intercomparison Project (S-RIPYjivara
UTLS, and have important implications for understanding et al, 20123 Fujiwara and Jacksq2013.
transport and mixing in this layer. For example, the distri-
bution of diabatic heating in the UT has implications for the
transport of tracers from the surface to the stratosphere, whilécknowledgementsThis research was supported in part by the
the magnitude of radiative heating in the stratosphere is jmEY-funded SHIVA project and by Tsinghua University. MERRA

TP _reanalysis data were provided by the NASA GES DISC. Access
Esat:rnet for transport and composition in the global strato to the ERAI reanalysis data was provided by the NERC BADC

.and ECMWF. CFSR and NCEP reanalysis data were obtained
Tracer transport from the surface to the stratosphere typlTrom the CISL RDA at NCAR. JRA reanalysis data were provided

cally occurs in two stages: rapid vertical transport from thep, the jMA and CRIEPI. We extend particular thanks to David
surface to the UT or TTL in deep convection, followed by Tan at ECMWF, Craig Long and Yu-Tai Hou at NOAA, Michael
slow ascent into the stratosphere. Convection may also peneaosilovich at NASA, and Kazutoshi Onogi at JMA for their assis-
trate the stratosphere directly, but the impact of this very deepance in tracking down details of the reanalysis data sets, and thank
convection on the heat balance remains poorly quantified. Aghe editor and two anonymous reviewers for their contributions.
mentioned above, the existence of net diabatic cooling di-

rectly above deep convective regions in MERRA representddited by: F. Fierli

a barrier to transport into the TTL and LBergman et al.

(2013 compared estimates of vertical transport in the Asian

monsoon region during boreal summer based on MERRA

with estimates based on high-resolution operational analy-

ses from ECMWF and NCEP. They reported that MERRA

drastically underestimates vertical transport between 200 hPa

and 100 hPa relative to the other data sets. This difference is
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