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ABSTRACT: We present an analysis of the diabatic terms in the thermodynamic energy equation from ERA-40 and
the ECMWF reanalysis ERA-Interim. We analyse the clear-sky radiative heating, the cloud radiative effects, and the
impact from latent heat exchange and mixing. The diabatic heat budget is closed with the calculation of the temperature
assimilation increment. The previously noted excessive tropospheric circulation at low latitudes in ERA-40 is also reflected
in the diabatic heat budget. The temperature increment acts to cool the excessive model heating. Conversely, ERA-Interim
requires heating from the assimilation increment at low latitudes, suggesting too little convection. In the tropical tropopause
layer (TTL), both reanalyses show a strong heating from the interaction of clouds with radiation, but lack of reliable
independent estimates renders the role of clouds uncertain. Both reanalyses show cooling in the TTL by the assimilation
increment, suggesting that the models may overestimate the cloud radiative heating, or that the convective parametrization
scheme has difficulties in capturing the thermal effects of deep convection. In the stratosphere, ERA-40 shows unrealistic
radiative heating due to problems in the temperature profile. The diabatic heat balance is dominated by the assimilation
increment, and the residual circulation is much faster than in ERA-Interim. Conversely, ERA-Interim is better balanced and
requires a substantially smaller temperature increment. Its structure and magnitude of radiative heating/cooling at low/high
latitudes is quite realistic. Overall, ERA-Interim provides a much improved residual circulation, but uncertainties in the
magnitude of terms in particular around the tropical tropopause remain large. Copyright © 2009 Royal Meteorological
Society
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1. Introduction thermally indirect (the circulation is driven by momentum
deposition of upward propagating waves) stratospheric
Brewer—Dobson circulation is particularly challenging
exactly because of its ‘transitional’ character. Simplifi-
cations usually applied for studies of either circulation
(e.g Held and Hou, 1980, for the troposphere; Dunkerton,
1978, for the stratosphere) may not apply, as little infor-

mation exists about the magnitude of terms a priori.

One of the most prominent features of the zonal mean
structure of the atmosphere is the pronounced upward
bulge of the tropopause over the Tropics, rising from typ-
ically 10—11km over the extratropics to about 17.5km
(cold point) over the Tropics, allowing the possibility for
quasi-isentropic troposphere—stratosphere exchange (e.g.
Holton et al., 1995). The tropical tropopause is also sit-

uated several kilometres higher than the typical outflow
level of deep convection, with tracers indicating a transi-
tion from troposphere to stratosphere (e.g. Folkins et al.,
1999) that begins above the level of main convective out-
flow. This region, also termed tropical tropopause layer
(TTL), is also important because of its role in regulating
tracer flux (e.g. water vapour or very short-lived species,
VSLS) into the stratosphere.

Theoretical understanding of the transition from the
thermally direct (the circulation is driven by gradients in
heating) tropospheric Hadley—Walker circulation to the
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Understanding the circulation requires an understand-
ing of the heat budget, in particular the diabatic terms
arising from radiation and latent heat release, which
are both virtually impossible to measure directly. In
the low-latitude upper troposphere/lower stratosphere
(UT/LS), at least three very different processes may
be important for understanding the circulation: (i) the
direct effect (vertical transport and turbulent mixing)
of very deep convection, possibly overshooting the
level of neutral buoyancy, (ii) the effect of the spa-
tial organisation of tropical deep convection on quasi-
stationary wave patterns in the tropical UT/LS (Gill,
1980; Highwood and Hoskins, 1998) and their impact
on upwelling in that layer (recently emphasized by Nor-
ton, 2006), and (iii) the stratospheric upwelling induced
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by upward-propagating planetary-scale waves in the sub-
and extratropics (Haynes et al., 1991; Holton et al., 1995;
Plumb and Eluszkiewicz, 1999). Accurate knowledge of
the heat balance terms is required to resolve the roles
played by these processes.

The purpose of this paper is to draw attention to the
(diabatic) terms of the heat balance, and their uncer-
tainties. In doing so, we hope to promote more strin-
gent comparisons among models and observation-based
estimates of the heat balance terms. We have chosen
to present and document European Centre for Medium-
range Weather Forecasts (ECMWF) analysed data rather
than a (free-running) atmospheric general circulation
model (GCM) or even a coupled chemistry—climate
model (CCM) because of the tight constraints placed by
the data assimilation on the temperature profile, which
in turn is crucial for accurate radiative transfer cal-
culations. Analysis (and reanalysis) data are frequently
used to study troposphere—stratosphere exchange (e.g.
Sprenger et al., 2003; Schoeberl, 2004; Fueglistaler et al.,
2004), to drive chemical transport models for the strato-
sphere (Monge-Sanz et al., 2008, provides a compari-
son of results obtained with different ECMWF analyses),
to diagnose eddy momentum fluxes (e.g. Trenberth and
Stepaniak, 2003), and to document the large-scale cir-
culation (e.g. Dima and Wallace, 2007). The assimilation
process, however, is not energy conserving and the model
internal heat budget is not necessarily compatible with the
circulation imposed by the analysis process, a point we
emphasise in this paper. Understanding the role played by
the assimilation process remains an area of active research
(e.g. Tan et al., 2004; Pawson et al., 2007).

Assessment of the fidelity of the heat balance in a GCM
typically occurs through comparison of atmospheric and
surface temperature fields, rain rates and surface and top-
of-atmosphere radiative fluxes. Agreement of temperature
fields with observations, however, does not necessarily
imply that the heat budget is correct, as errors in different
terms of the heat budget can mutually cancel. In contrast
to a GCM, temperature fields in analysis data should by
design agree with observations. Errors in the heat budget
of analysis data may manifest themselves in the form of
assimilation temperature increments.

The broad use of the ECMWF 40-year reanalysis data
(ERA-40) renders this dataset attractive as a starting point
for a discussion of the heat balance. However, we found
that ERA-40 produces very large assimilation increments
(further discussed below) and shows unrealistic radiative
heating rates particularly at high latitudes. We therefore
make use of data obtained from an interim reanalysis
run at ECMWF (labelled ERA-Interim), which shows
less artefacts due to an improved data assimilation sys-
tem, a 4-dimensional variational (4D-Var) assimilation
scheme, and a generally improved numerical weather
prediction model (Simmons et al., 2006; Uppala et al.,
2008). We also show data from an experimental reanal-
ysis at ECMWF (called experiment 471, henceforth
labelled EXP-471) that also uses a 4D-Var assimilation
scheme, but a model version between that of ERA-40
and ERA-Interim. Because of the problems of ERA-40,
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we mainly use data from ERA-Interim to document the
model diabatic fields. In addition, we show specifically
selected data from ERA-40 and EXP-471 to highlight
differences between the three models and assimilation
products. For radiative heating rates, we also use pre-
viously published, independent estimates for compari-
son. Our analysis primarily focuses on the atmospheric
layer from about 300 to 10hPa at lower latitudes (about
45°S—45°N). However, plots often show larger sections
(from Pole to Pole, and down to 500 hPa) in order to set
the focus region into the broader context, and we also
discuss some of the prominent features outside the focus
region (in particular the southern high latitudes).

Section 2 presents the data and methods. Section 3 dis-
cusses the annual mean structure of the diabatic model
terms, and compares them to independent estimates. Sec-
tion 4 discusses some aspects of the Quasi-Biennial Oscil-
lation (QBO) on the stratospheric radiative heating struc-
ture. Section 5 discusses the impact of the assimilation
process on the heat budget of analysed data. Finally, sec-
tion 6 provides an outlook.

2. Data and method
2.1. ECMWEF analysis data

We use analysed data from the ECMWF 40-year reanaly-
sis project ERA-40 (Uppala et al., 2005), an experimental
reanalysis run (EXP-471) and a recent interim multi-year
reanalysis (ERA-Interim). Table I summarizes key char-
acteristics of these reanalyses; a detailed description of
changes between ERA-40 and ERA-Interim is provided
by Simmons et al. (2006). The model heat budget is deter-
mined from the model forecasts at the intermediate time
steps 03, 09, 15 and 21 UTC; analysis times are 00, 06,
12 and 18 UTC.

ECMWEF provides integrated (over the forecast period)
total diabatic heating rates, all-sky radiative heating rates
(separated into short- and long-wave components), and
clear-sky radiative heating rates. Data were obtained on
the 60 model eta levels (sigma levels following orography
in the lower troposphere, flattening progressively to
become pressure levels in the stratosphere), interpolated
onto a 1° x 1° longitude/latitude grid. Prior to calculating
time means, the data were linearly interpolated in log-
pressure space on fixed pressure levels. In the case
of assimilation increments, data were averaged on the
model levels and afterwards converted to pressure levels
based on time-mean surface pressure fields. Possible
implications of this procedure are confined to levels
below about 125 hPa.

Note that ERA-40 provides an ozone field that is based
on a simplified ozone scheme (Cariolle and Déqué, 1986;
Oikonomou and O’Neill, 2006). However, this ozone
field is not used for the radiative transfer calculations. (It
will be shown below that this ozone field produces unre-
alistic radiative heating rates.) Instead, all three ECMWF
models use a zonal mean, monthly mean ozone clima-
tology (Fortuin and Langematz, 1994; henceforth FL94)
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Table 1. Set-up of ECMWF reanalyses (see also Simmons et al., 20006).
ERA-40 EXP-471 ERA-Interim
Period 1958-2002 2000 1989-200(7)
Assimilation 3D-Var 4D-Var 4D-Var
Assimilation cycle 6 hours 12 hours 12 hours
Analysis (UTC) 00/06/12/18 00/06/12/18 00/06/12/18
Heating from? 6-hour forecast 12-hour forecast 12-hour forecast
Model cycle 23r4 29 31
Resolution® T159/L60 T159/L60 T255L/L60
LW radiation RRTM® RRTM® RRTM®
SW radiation 4 spectral intervals 6 spectral intervals® 6 spectral intervals®
Ice particle size 40-130 um 30-60 um 30-60 um
Radiative bias correction  Static VarBC*® VarBC*®
2Diabatic heating is calculated from model forecasts.
PResolution refers to spherical truncation/levels (TXX/LXX).
“Rapid Radiative Transfer Model (Mlawer et al., 1997).
dFouquartand Bonnel (1980).
®Variational bias correction.
for the radiative transfer calculations. As a consequence, transport, Qmix/Cp:
the ECMWEF radiative transfer calculations cannot capture
the impact of zonally asymmetric ozone concentrations, QO  Orad (Qlat Qmix)
: . — = + + . 2)
or the impact of temporally (other than annual) changing cp cp cp Cp

ozone concentrations.

2.2. Method

The thermodynamic energy equation in pressure coordi-
nates may be written as (e.g. Equation 3.58 in Peixoto

and Oort, 1992)
<KT 3T>
p

where d7/9t is the temperature tendency, Q/c;,is the dia-
batic heating/cooling, v - grad T is the horizontal advec-
tion of temperature (with v being the horizontal velocity
vector = {u, v}), and w(kT/p — dT/dp)is the vertical
advection of temperature (all terms in K per unit time).
Note that this formulation does not explicitly account for
diffusive and turbulent (mixing) heat transport.

The heat budget may be set in relation to the zonal
mean residual circulation using the transformed Eulerian
mean (TEM) framework. For the purpose here, namely
a discussion of the terms that constitute the diabatic
heating term Q/c,, a formulation such as Equation (1)
is sufficient.

In the atmosphere, the diabatic heating term Q/c,
consists mainly of two terms, namely radiative heat-
ing/cooling, Qpa/cp, and latent heat fluxes, Qjy, from
phase changes of water. The ECMWF model forecasts
store the total diabatic temperature tendency, and the
temperature tendency from radiation. Hence, we cannot
reconstruct the diabatic term from latent heat exchange
alone. Rather, the ‘residual’ diabatic heating is the sum
of latent heat exchange and diffusive and turbulent heat

_ 9

oT
— +v.gradT —w , (D)
Cp

dt
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Note that part of the condensate re-evaporates at upper
levels, but generally latent heat release exceeds uptake,
and for simplicity we refer here to latent heat release only.
The radiative heating term may be further separated into
a clear-sky term, Qgjeor (i.€. radiative transfer calculation
performed without clouds) and a cloud term, Qjouq, that
provides the modification due to the presence of clouds.
Thus we define

Oan = Oclear + Qclouds 3)

which we can further separate into long-wave (LW) and
short-wave (SW) components, which are stored sepa-
rately. Note that Q.o,g may be non-zero both inside
clouds as well as in cloud-free segments of an atmos-
pheric profile due to modified short- and long-wave fluxes
arising from clouds above and/or below.

In discussions of the interaction of temperature and
radiation we use the Newtonian cooling approximation to
allow a qualitative interpretation of the relation between
errors in temperature and radiative heating. Newtonian
cooling reduces the complex budget of absorption and
emission in an atmospheric layer to the form

9 xan(r-Ty.

Cp

“4)

where Teq is the radiative equilibrium temperature (i.e.
the temperature at which absorption equals emission),
and « is the inverse of the radiative relaxation time scale
T = 1/a. The Newtonian cooling approximation arises
from a linearization of the radiative transfer equation, and
is useful for small perturbations in temperature. In this
limit, changes in T¢q and « are small compared to those
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in T, and the perturbation (denoted as primed quantities)
in radiative heating is approximately proportional to the
perturbation of the layer’s temperature, i.e.

Q/

Cp

~—axT.

&)

That is, a negative temperature perturbation (‘colder’)
leads to larger radiative heating, and vice versa. The
equilibrium temperature 7.4 depends on the divergence of
incoming radiation, and as such depends also on absorber
characteristics and concentrations, with the implication
that the impact of tracer perturbations on radiative
heating rates can also be qualitatively interpreted as a
consequence of a perturbation of T.g, i.. in analogy to
Equation (5):

Q/

!
~—axT...
eq
Cp

Although useful for our purpose here (to provide a
qualitative interpretation of errors in radiative heating),
we emphasize that the Newtonian cooling approximation
is subject to limitations (e.g. Goody and Yung, 1989),
and it should be borne in mind that (i) the approximation
as formulated in Equation (5) assumes that the leading-
order term affecting radiative heating rates in a given
layer arises from the modification of local emission as
a consequence of the layer’s temperature change, and
(ii) Teq and « are not strictly independent, and « has a
strong dependence on both absolute temperature and the
vertical scale of a temperature perturbations (e.g. Fels,
1982; Bresser et al., 1995).

Finally, in the case of assimilated data, the heat budget
is closed by taking into account the assimilation temper-
ature increment between forecast, Ty, and assimilated,
Tassim» temperature fields, which we may write as

Tassim — Tte

Qassim _ ’ (6)

Cp e

where ;. is the forecast period.

Integrating the assimilation increment into the thermo-
dynamic energy equation gives the equation for the com-
bined model and assimilation system. For simplicity, we
use finite differences, and combine the advective terms
into one term §7,qy. Further, we use the superscripts ‘m’
to denote quantities derived from the model forecast, and
‘assim’ for quantities arising from the assimilation sys-
tem. Quantities without superscript refer to the true state.
Then, rewriting Equation (1),

5
ST + 8Ty = 22, (7)
p
and for the model
8 m
st 4 s = 297 (8)
Cp

By definition, the assimilation increment corrects the
temperature tendency difference between the true value
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8T and the model value §T™,

ST™HM = _(§T™ — 8T) 9)
s0™ 80

= - ( - —) + (8Tpqy — 6Taav).  (10)
Cp Cp

The total diabatic tendency in the assimilated system

is the sum of the model diabatic tendency and the
assimilation increment,

som .
ST* = 52 + gTossim (11)
P
sO™  [/8Q™  §Q
= : —( c,, —; + (8T4, — 8Taay) (12)
50
= C—+(5 ady — 0Tadv). (13)
P

Hence, we see that the total diabatic tendency is indepen-
dent of model errors in the diabatic terms, and that §7*
recovers the true diabatic heating in the absence of errors
in the advective terms (i.e. for 8T = 6T,qy). However,
the same is not true for errors in the advective terms.
In this case, the total diabatic heating §T* recovers the
diabatic heating required to sustain the circulation (and
associated heat fluxes) as enforced by the wind and tem-
perature fields. Note that errors in the advective terms
may arise from errors both in the wind fields (horizon-
tal and vertical) and temperature field imposed by the
assimilation system, a point we will return to below.

2.3. Radiative transfer calculations

The radiative heating rates from the ECMWF models
(Morcrette, 2002) are compared to independent radia-
tive transfer calculations using the model of Fu and Liou
(1993). The purpose of this comparison is not to deter-
mine whether one of the two models is better, but to
provide a sense of the level of agreement of radiative
heating rates obtained from two different state-of-the-art
radiative transfer models, and for the uncertainty arising
from small differences in the tracer concentration profiles,
and cloud radiative properties.

In order to compare clear-sky radiative heating rates,
we use temperature and tracer profiles obtained from a
subset of stations from the Southern Hemisphere Addi-
tional Ozone soundings (SHADOZ) program (Thompson
et al., 2003). (The stations used were Ascension, Fiji,
Java, Malindi, Nairobi, Natal, Paramaribo, Samoa and
San Cristobal.) Only profiles extending up to at least
30hPa were used. Above, profiles were extended up to
0.1 hPa using ECMWF temperature and ozone data. The
stratospheric water vapour profiles are based on a clima-
tology from Halogen Occultation Experiment (HALOE)
observations. Results discussed here are not overly sen-
sitive to either the stratospheric water vapour profile, nor
the vertical extention to 0.1 hPa, but results are shown
only up to 30hPa where the ozone profile is given by
the SHADOZ measurements. No correction was applied
to upper-tropospheric humidity from the sondes (which
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may underestimate water vapour concentrations) other
than eliminating (rare) cases of supersaturation.

The impact of clouds on radiative heating rates is
compared to previously published estimates based on
observed cloud fields. Corti et al. (2005) estimated tropi-
cal mean, annual mean cloud radiative heating based on
cloud field reconstructions derived from a combination of
data from the International Satellite and Cloud Climatol-
ogy Project (ISCCP) and the Lidar in Space Technology
Experiment (LITE; Winker and Trepte, 1998). Note that
the short duration of the LITE experiment does not allow
an ‘annual mean’ estimate without assuming that the
cloud distribution during the observation period is repre-
sentative for all seasons, which is not the case (e.g. thin
cirrus cloud distributions shown by Wang et al., 1996;
Spang et al., 2002).

We further make use of the radiative transfer calcula-
tions of cloud radiative effects published by Fueglistaler
and Fu (2006). Their calculations are based on tem-
perature and humidity soundings and millimetre cloud
radar cloud retrievals from the Atmospheric Radiation
Measurement (ARM) programme at the tropical West-
ern Pacific locations Manus and Nauru. These calcu-
lations represent true annual means (here for the year
2000) for locations of frequent deep convection, but have
the disadvantage that they miss the highest, optically
thinnest, clouds. The implications of the limitations of
these datasets are discussed below.

3. Annual mean model diabatic heating

Figure 1 shows the zonal and annual mean total diabatic
heating of ERA-Interim and ERA-40; the same field from
EXP-471 (not shown) is similar to that of ERA-Interim.
The figure shows strong heating in the tropical tropo-
sphere associated with latent heat release. Substantial diff-
erences between ERA-Interim and ERA-40 are observed
between about 300 and 150 hPa, where ERA-40 shows a
much stronger heating and broader region of net diabatic
heating than ERA-Interim. At about 150 hPa, both models
show a broadening of the diabatic upwelling region, with
pronounced maxima of diabatic heating over the subtrop-
ics around 70 hPa. Above, ERA-40 shows a narrowing of
the upwelling region between about 40 and 20 hPa. In the
same layer, ERA-Interim has a broader upwelling region,
but also shows a maximum of diabatic heating over the
Equator.

Figure 2 shows the zonal mean (left) and equato-
rial mean (5°S—5°N; right) of clear-sky radiative heat-
ing (Figures 2(a,b)), net radiative effect of clouds
(Figures 2(c,d)), and ‘residual’ (Figures 2(e,f)) of the
ERA-Interim model for the year 2000. (Adding up these
fields gives the total diabatic heating shown in Fig-
ure 1(b).)

3.1. Clear-sky radiative heating rates

Figure 2(a) shows the annual mean (year 2000), zonal
mean clear-sky radiative heating from ERA-Interim. The

Copyright © 2009 Royal Meteorological Society
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Figure 1. Zonal mean, annual mean (year 2000) total model diabatic

heating rates (grey shading, K day~'; zero line bold) from (a) ERA-40

model, (b) ECMWF interim reanalysis model; white dashed contours

show potential temperature (K). Note changes in contour spacing to
capture full dynamic range.

figure shows the free troposphere and extratropical strato-
sphere to be radiatively cooling, and the tropical strato-
sphere heating. The level of clear-sky zero net radiative
heating is located near 125hPa (about 360 K potential
temperature), in agreement with previously published
estimates (e.g. Folkins et al., 1999; Gettelman et al., 2004;
Fueglistaler and Fu, 2006). In the stratosphere, the lati-
tude where heating turns to cooling is located near 40°,
also in agreement with previous estimates (e.g. Rosenlof,
1995).

Figure 2(b) shows the annual mean zonal structure of
equatorial clear-sky radiative heating rates. In general,
these heating rates are zonally quite uniform. Some
zonal asymmetries are found around 200hPa, and at
tropopause levels. While in the troposphere water vapour
variations are the likely cause for the asymmetries,
the asymmetries at tropopause level arise from the
temperature structure. Regions of lowest temperature (for
example over the Western Pacific) show largest radiative
heating, as expected from the perspective of Newtonian
cooling, assuming Tq and o are zonally nearly constant.
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Figure 2. Annual mean clear-sky diabatic heating terms (K day~!) of the ECMWF interim reanalysis model (year 2000). (a) zonal mean versus

latitude from 60 °S to 60 °N, and (b) tropical (5°S—5 °N) mean versus longitude. (c,d) and (e, f) are as (a, b), but for cloud radiative impact, and

residual (=latent heat exchange + mixing) terms, respectively. White dashed contours show potential temperature (K). Note changes in contour
spacing to capture the full dynamic range.

However, the latter assumption may not be exactly correct
because of variations in ozone concentrations which
are (positively) correlated with the temperature field.
Consequently, the use of a zonal mean ozone climatology
in the model may lead to an overestimate of the amplitude
of zonal variations of clear-sky radiative heating rates at
tropopause levels.

Figure 3 compares profiles of clear-sky radiative heat-
ing rates from ERA-Interim, EXP-471 and ERA-40, and

Copyright © 2009 Royal Meteorological Society

radiative transfer calculations as detailed in section 2.3.
The panels on the left show tropical (20°S—20°N), annual
(2000) and zonal mean profiles of total, short-wave and
long-wave radiative heating rates. The three ECMWF cal-
culations are quite similar, except above about 40hPa
where ERA-40 long-wave heating rates are markedly
lower than those of ERA-Interim and EXP-471; this diff-
erence is also seen in the comparison at the locations of
the SHADOZ soundings only (Figure 3(b, d, f)).
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Figure 3. Comparison of annual mean (year 2000) clear-sky total

radiative heating rates (K day™') (a) in the Tropics (20°S—20°N), and

(b) at selected SHADOZ stations. (c,d) and (e, f) are as (a,b), but for

short-wave and long-wave radiation, respectively. The comparison at

selected stations (line with diamonds in (b, d, f)) is based on radiative

transfer calculations using the temperature/ozone/water vapour profiles
of tropical stations of the SHADOZ program (see text).

Figure 4(a) shows the zonal mean temperature differ-
ence between ERA-Interim and ERA-40, and the diff-
erences in all-sky short-wave (Figure 4(b)) and long-
wave (Figure 4(c)) radiative heating. The figure shows
that, throughout the lower stratosphere at lower latitudes,
ERA-40 has higher temperatures than ERA-Interim. Con-
sistent with the Newtonian cooling approximation, the
levels with largest temperature difference (e.g. lower lat-
itudes at 30 hPa) have the largest differences in long-wave
radiative heating.

Figure 4 further shows that the largest differences in
temperatures, and hence in long-wave radiative heating,
are found at high latitudes. The ERA-40 temperature
profile shows unrealistic oscillations, which give rise to
corresponding oscillations in the radiative heating profile.

Conversely, differences in short-wave heating are more
uniform between ERA-Interim and ERA-40, except in
regions of clouds, where differences are also markedly
larger (further discussed below). The differences between
ERA-40 and ERA-Interim seen in the stratosphere are
related to differences in the short-wave radiative transfer
codes of the models (Table I), and to different upwelling
short-wave radiation as a consequence of differences in
the cloud fields.
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2000) (a) temperature (K), (b) short-wave radiative heating (K day_l),

and (c) long-wave radiative heating (K day~!). Note change of contour
increments at +0.1 K day~!.

The lower short-wave radiative heating rates of
ERA-40 around 30hPa, combined with the lower long-
wave heating rates in that layer due to a warm bias,
lead to the ‘bottleneck’ of model diabatic heating in
ERA-40 in that layer (Figures 1(a) and 3). The problem
of radiative heating in the stratosphere at low latitudes
in ERA-40 becomes particularly pronounced also during
periods when the QBO induces a warm anomaly; the role
of the QBO is further discussed below. Figure 5 shows the
total model diabatic heating of ERA-40 as in Figure 1(a),
but for the year 1997. It is readily seen that for this
period radiative heating around 20 hPa is negative almost
everywhere, which (erroneously) implies that during this
period vertical ascent would experience a complete stand-
still. Were it not for the assimilation increment (discussed
below), temperature in this layer would decrease.

The comparison of the clear-sky radiative heating rates
from ECWMF and those based on the calculations with
the Fu—Liou model at the SHADOZ stations (Figure 3(b))
shows that the shapes of the profiles are similar, but that
there are some important differences in magnitude. In par-
ticular, the ECMWF profiles have about 0.2 K day~! more
heating in the layer 120—60 hPa. Comparison of radiative
heating rates between the ECMWF radiative transfer code
and the Fu—Liou code based on identical profiles shows
generally good agreement, but the Fu—Liou models yields
slightly less long-wave heating at tropopause levels of
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Figure 5. Zonal mean, annual mean (year 1997) total model diabatic

heating rates (grey shading, Kday~'; zero line bold) from ERA-40

model. White dashed contours show potential temperature (K). This

plot may be compared with Figure 1. Note changes in contour spacing
to capture full dynamic range.

about 0.1 K day~! (personal communication S. Tegtmeier
and K. Krueger, 2007). Other causes for the differences
in the clear-sky radiative heating rates shown in Figure 3
are differing temperature and ozone profiles. We find that
the SHADOZ profiles have slightly higher temperature
around the tropopause than the ECMWF profiles (which
tends to give less long-wave radiative heating; note that
this difference may arise from comparing temperatures
over different periods, and may not be interpreted as
an assessment of the fidelity of temperatures in either
dataset), and that the SHADOZ ozone concentrations at
tropopause levels are generally lower than those of the
FL94 climatology used by ECMWF (which also tends to
give less radiative heating).

Figure 6(a) shows the annual mean ozone profile aver-
aged over all SHADOZ stations used here together with
the annual mean profile of the FL94 climatology at the
latitudes of the SHADOZ stations and the annual mean
(year 2000) profile of the ERA-40 ozone field, also at
the latitudes of the SHADOZ stations. Figure 6(b) shows
that the differences in ozone concentrations translate into
substantial differences in radiative heating at tropopause
levels and in the lower stratosphere. The higher ozone
concentrations of the FL94 climatology account for an
increase in radiative heating at tropopause levels of about
0.1 Kday~! when compared to the results using the
SHADOZ ozone profiles. The figure further shows that
using the ERA-40 ozone field (as opposed to the FL94
climatology) gives very unrealsitic radiative heating rates
in the stratosphere.

Hence, the difference in clear-sky radiative heating
rates between the ECMWF models and the compari-
son calculation arises from differences of the radiative
transfer models and from slightly different temperature
and ozone concentration profiles. The difference may
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Figure 6. (a) Climatological mean ozone concentrations from SHADOZ

(solid), Fortuin and Langematz (1994) at SHADOZ latitudes (dashed)

and annual mean (year 2000) ERA-40 ozone field at SHADOZ latitudes

(dotted). (b) Corresponding radiative heating rates (assuming diurnal

mean insolation) calculated with the Fu—Liou radiative transfer model.
(Al parameters other than ozone are kept equal.)

appear small in absolute numbers (about 0.2 K day~' at

tropopause levels). However, in relative terms the dift-
erence is large, with the ECMWF clear-sky radiative
heating being about twice as large as those of the com-
parison calculation.

3.2. Cloud net radiative heating

Clouds strongly modify absorption and emission, and
hence radiative heating rates within the cloud layer.
Further, the modification of radiative fluxes leads to
effects on heating rates above and below the cloud.
Observations indicate a maximum frequency of deep
convective cloud occurrence over the Western Pacific
warm pool (e.g. Hartmann et al., 2001), and an increase
of cloud occurrence frequency in the vicinity of the
tropical tropopause with clouds often being optically thin
or even subvisible (e.g. Wang et al., 1996). Although
optically thin, these clouds are potentially important for
the heat budget near the tropopause. Previous model
calculations showed that these thin clouds increase
radiative heating rates by the order of a few tenths
Kday~! (with instantaneous heating rates of order a few
Kday™!), with a corresponding temperature increase of
order 1K (e.g. Jensen et al., 1996; Rosenfield et al.,
1998). Recently, Boville et al. (2006) reported that a
more accurate representation of thin cirrus at tropopause
levels helped to eliminate a cold bias in this layer in
the Community Atmosphere Model (CAM3). (Note that
the main effect is — in terms of the Newtonian cooling
approximation — to increase the radiative equilibrium
temperature, such that for given upwelling, i.e. constant
radiative heating, effective temperatures will be higher).

Figures 2(c,d) show the zonal mean and equatorial
mean net cloud radiative effect of ERA-Interim. The over-
all structure and magnitude of net cloud radiative effect
of all three ECMWF models are similar (differences dis-
cussed below). The clouds are found to have mostly
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a heating effect, that maximizes in the inner Tropics
between 200 and 150 hPa, i.e. at the typical outflow level
of tropical deep convection. At 100 hPa, the effect is of
order 0.1 K day~! and vanishes at the tropopause as there
are no further clouds. Not surprisingly, the zonal struc-
ture of the cloud radiative effect (Figure 2(d)) follows
that of the zonal structure of cloud distribution, with
maxima over Southern America, Africa and the West-
ern Pacific warm pool region. In the lower stratosphere,
the reduced upwelling long-wave radiation outruns the
effect of the increased upwelling (reflected) short-wave
flux (Fueglistaler and Fu, 2006, give details), resulting in
a net decrease of radiative heating rates over regions of
frequent deep convection of order 0.1 Kday~!.

Figure 7 shows the net radiative impact of clouds on
radiative heating rates of the three ECMWF models, and
independent comparison calculations. The figure shows
that the shape of the profiles of the three ECMWF models
are similar. ERA-Interim shows less net cloud radiative
heating around 150 hPa than ERA-40 and EXP-471. The
differences are larger for the comparison at selected
stations (right panels) than in the tropical mean (left
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Figure 7. Comparison of annual mean (year 2000) cloud radiative
impact (K day’l) (a, c,e) in the Tropics (20°S—20°N, and (b, d, f) at the
ARM TWP stations Manus and Nauru. The estimate for tropical mean
cloud effect (a; line with diamonds) is adapted from Corti ef al.(2005);
the estimate for cloud effect over ARM tropical western Pacific stations
(b,d,f; line with diamonds) is adapted from Fueglistaler and Fu (2006).
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panels), which can be expected for a comparison at single
grid points. The decomposition of the total radiative effect
into short-wave and long-wave effect (Figures 7(c,e))
of the tropical mean shows that the similar total effect
of ERA-40 and EXP-471 actually arises from ERA-40
having larger short-wave heating than ERA-Interim and
EXP-471, and EXP-471 having larger long-wave heating
that ERA-Interim and ERA-40. At the stations Manus
and Nauru, ERA-40 has larger short-wave heating, and
ERA-Interim has smaller long-wave heating, than the two
other ECMWF models.

The calculations of the net cloud effect by
Corti et al. (2005) (Figure 7(a)) show a profile markedly
different from those of the ECMWF models. Their cloud
radiative effect approaches zero at about 150 hPa (data
below are not available), whereas all ECMWF models
show a net radiative heating of clouds throughout the
upper tropical troposphere. Also, their maximum cloud
radiative heating (at about 175hPa) is about a factor of
3 larger than the maximum calculated by Corti et al.

The comparison of the cloud radiative heating of
ECMWF data with the estimate of Fueglistaler and
Fu (2006) over Manus and Nauru shows good agreement
up to about 200hPa. Higher up, the millimetre cloud
radar misses optically thin cirrus clouds, and hence tends
to underestimate the cloud effect (though one cannot
say a priori whether this means a negative or positive
bias). This clearly limits the conclusions that can be
drawn from a comparison in this layer, but we note
that the discrepancies are larger for long-wave than
short-wave heating. McFarlane et al. (2007) report cloud
radiative heating of climate models at the ARM TWP
stations that are also larger than those derived from a
calculation similar to that of Fueglistaler and Fu (2006).
At 12km (about 225 hPa), McFarlane et al. (2007) find
cloud radiative impacts in models exceeding 1 Kday~!,
which is even larger than those of the ECMWF models
shown here.

Hence, uncertainties regarding the impact of clouds
on radiative heating rates are largest between 200 and
100 hPa, where both optically thick anvil clouds as well as
thin cirrus clouds occur, which requires a highly accurate
reconstruction of the cloud field (vertical profile, diurnal
cycle, condensed water content, and optical properties of
particles) to accurately calculate its radiative effect.

3.3. Latent heat

Figures 2(e, f) show the annual mean (year 2000) ‘resid-
ual’ diabatic heating rates, calculated as the difference
from the total diabatic tendency minus the total, all-
sky radiative heating tendency. The resulting quantity
represents primarily the net effect of phase changes of
water vapour (with latent heat release exceeding latent
heat uptake due to evaporation in much of the low-
latitude upper troposphere). Further, turbulent mixing (as
implemented in the ECMWF models) also contributes to
this ‘residual’ diabatic temperature tendency. The figure
shows that latent heat release rapidly decays with height
above 200 hPa, and approaches zero around 125 hPa.
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The net cooling of the diabatic residual observed west
of the dateline just above the tropopause is an unex-
pected feature that deserves further attention, not least
because of ongoing discussions of diabatic subsidence
in the stratosphere (Sherwood, 2000; Fueglistaler and
Fu, 2006). Inspection of the model data reveals that the
model’s turbulent mixing parametrization is accountable
for the observed diabatic cooling. The vertical mixing
induces cooling above (in-mixing of air with lower poten-
tial temperature) and warming below (in-mixing of air
with higher potential temperature), though the latter is
obscured in the time- and zonal-mean view by the con-
tributions from latent heat release. Inspection of instanta-
neous data (as opposed to the annual mean fields shown
here) shows that turbulent mixing is very frequent in the
TTL, but that much of its effect averages out over time.

It is difficult to assess whether this mixing is a model
artefact or whether it is real. The vertical structure of
zonal winds in the assimilated data is probably realistic,
and the model’s parametrization of mixing based on the
Richardson number is physically plausible. It therefore
cannot be excluded that the mixing is real, which would
bring in a new aspect to the discussion of the heat
balance at tropical tropopause levels. According to the
model calculations, it constitutes a major heat loss term
particularly over the Maritime Continent region where
the equatorial easterly jet emanates from the monsoonal
upper-level anticyclones. This could provide a simple
answer to the puzzle of apparently strong diabatic cool-
ing (the stratospheric ‘drain’) over this region, without
having to invoke convective overshoot (Sherwood,
2000). Note, however, that the amplitude of the cooling
is somewhat smaller than reported by Sherwood (2000),
and is confined to levels below about 60 hPa.

4. TImpact of the QBO

The QBO strongly modulates the structure of radiative
heating rates in the stratosphere. Following thermal wind
balance, layers with westerly (eastward) wind shear are
associated with high temperature anomalies, and layers
with easterly (westward) wind shear are associated with
low temperature anomalies.

Figure 8(a) shows the inner tropical (10°S—10°N)
clear-sky radiative heating rate anomalies for
ERA-Interim after subtracting the annual cycle. In
the troposphere, interannual variability is mainly asso-
ciated with ENSO (e.g. the strong El Nifio situation in
1998). Closer inspection (not shown) shows that the
variations arise from changes in the water vapour and
temperature profiles (affecting clear-sky radiative heating
rates) as well as from changes in the cloud distribution
(affecting the cloud radiative impact, not shown). In the
stratosphere, the radiative heating rates show the familiar
pattern of downward propagating anomalies associated
with the QBO.

The QBO-related variations in stratospheric circulation
induce variations in the stratospheric ozone field, which
in turn affect radiative heating rates. It is well known
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Figure 8. (a) Time series of equatorial (10°S—10°N), interannual (i.e.

after subtraction of mean annual cycle) clear-sky radiative heating rate

anomalies from ERA-Interim (K day’l). The white line shows the

pressure level of the plot in (b). (b) Time series of clear-sky radiative

heating rates at 70 hPa after subtracting equatorial values. Note irregular
increments for contour lines.

that this feedback plays an important role for the QBO
(e.g. Hasebe, 1994). Since the ECMWEF radiative heating
rates are calculated using a seasonally varying climatolog-
ical mean ozone field, the model radiative heating rates
miss this feedback. Radiative transfer calculations (not
shown) using QBO-related ozone variations derived from
SAGE II (Stratospheric Aerosol and Gas Experiment)
and HALOE (Halogen Occultation Experiment) measure-
ments show, however, that the temperature-dependent
variations of heating rates are larger (by about a factor 3)
than those arising from the ozone variations. Nonetheless,
for model calculations of stratospheric transport that may
employ the ECMWF radiative heating rates (as an alter-
native to the vertical wind field, which is often noisy),
this caveat should be borne in mind.

Figure 9 shows the correlation between zonal wind
shear over Singapore (as a proxy for the QBO) and
the radiative heating rate anomalies at the corresponding
pressure surface. The figure shows that westerly (east-
ward) zonal wind shear over Singapore is associated
with negative radiative heating rate anomalies (reduced
upwelling) over the inner Tropics (and vice versa), in
accordance with the expectation from the Newtonian
cooling approximation that positive temperatures anoma-
lies in a layer in the tropical stratosphere should be
associated with reduced radiative heating rates (and vice
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Figure 9. Correlation coefficient of (all-sky) radiative heating rate
anomalies (from ERA-Interim) after subtraction of the annual cycle,
with zonal wind shear over Singapore, versus pressure level. Equa-
torial westerly (eastward) wind shear (du/dz > 0, du/d(In p) < 0) is
associated with negative heating rate anomalies (reduced upwelling)
over the inner Tropics, and enhanced upwelling over the subtropics.
Contours show only correlation coefficients < —0.3 and > 0.3.

versa). Further, the figure shows that equatorial west-
erly wind shear (reduced upwelling) is associated with
enhanced upwelling over the subtropics. The radiative
heating rate anomalies of the ECMWF reanalyses thus
recover the secondary meridional circulation associated
with the QBO, and the latitude where the correlation
changes sign is consistent with the latitudinal half-width
(of order 10°latitude) of the QBO (Baldwin e al., 2001).

The modulation of the latitudinal structure of upwelling
by the QBO also plays a role for the prominent ‘dou-
ble peak’ structure of radiative heating around 70 hPa
(Figure 1). Figure 8(b) shows the time series of radia-
tive heating rates after subtracting the radiative heating at
the Equator on the 70 hPa pressure surface. This slightly
unconventional calculation highlights the differences
between equatorial and off-equatorial heating rates. The
figure shows that through much of the period 1997-2003,
radiative heating rates at 70hPa over the subtropics
exceed those over the inner Tropics, such that the double
peak structure shown in Figure 1 is not a simply because
of the particular phase of the QBO in the year 2000.
Figure 8(b) shows that only during the progression from
low temperature anomaly (easterly wind shear; enhanced
equatorial upwelling) to high temperature anomaly (west-
erly wind shear; suppressed equatorial upwelling), radia-
tive heating rates are uniform over the entire Tropics.
(Over the period shown in Figure 8, this situation is found
at the beginning of 1997, end of 1998/beginning of 1999,
end of 2001/beginning of 2002, and end of 2003.)

The latitudinal structure of stratospheric radiative heat-
ing rates provide important constraints and insight into the
processes that drive the stratospheric diabatic residual cir-
culation (e.g. Plumb and Eluszkiewicz, 1999). As with the
equatorial heating rate anomalies, heating rate variations
arising from interannual ozone concentration variations
may modify the pattern shown in Figure 8(b). It is clear,
however, that the strong modulation of the meridional
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structure of radiative heating arising from temperature
variations alone calls for some caution with regard to
interpretations based on data that may not extend over at
least a full period of the QBO. Further, radiative heating
rates averaged over the inner Tropics alone (as sometimes
seen in the literature) may not be adequate to quantify the
diabatic mass flux in the ascending branch of the strato-
spheric overturning circulation.

Finally, we note that the patterns in clear-sky radiative
heating shown in this section are very similar for all-sky
calculations, and that clouds have very little impact on
interannual variability of stratospheric heating rates.

5. Data assimilation

One of the distinct advantages of assimilated data is that
they have relatively tight constraints on the temperature
fields, which in turn are critical for accurate calculation
of radiative heating rates. However, the assimilation
process is not energy conserving (for the atmosphere), and
assimilation increments (the difference between model
forecast and the final value after assimilation) may arise.
The model forecast can produce locally large deviations
from the observed state of the atmosphere, for example
due to a slight displacement in the forecast of the location
of convection or baroclinic instabilities. To first order, the
assimilation increment then serves to correct for these
errors in the forecast. However, when averaged globally
and over time, these forecast errors may be expected to
roughly cancel, and the remainder are systematic errors
in the model heat budget. The question then is: what kind
of errors are these increments correcting?

5.1. Classification of errors

In section 2, we have shown that the assimilation
increment corrects for errors in the model diabatic terms,
but that errors in the advective terms are not corrected,
but compensated. In the latter case, the total diabatic
heating does not recover the true diabatic heating in the
atmosphere.

Here, we consider it useful to classify errors in the heat
budget from the perspective of the model and assimilation
system. We distinguish the following types.

(1) Errors that arise from errors in the model itself,
for example due to an inaccurate radiative transfer
code, or problems with the parametrization of
convection. Another prominent example of a type
(1) error is lack of an internally generated QBO.

Errors that arise due to incorrect representation of
data fields other than wind, whereby we distin-
guish errors from off-line fields (2a) and errors from
assimilated fields (2b). For example, the models
discussed here use an ozone climatology to calcu-
late radiative heating rates; an error in this climatol-
ogy produces an error in the radiative heating rates
even if the radiative transfer code is correct, and
we would label this error as type (2a). Conversely,

2
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the assimilation process may produce an unrealis-
tic temperature distribution, which again results in
incorrect radiative heating rates that we would clas-
sify as type (2b) error. The differences in radiative
heating rates shown in Figure 4 as a consequence of
differing temperature fields would be a good exam-
ple for a type (2b) error.

Errors that arise because of errors in the dynamical
fields (i.e. wind and, coupled via mass conservation,
the vertical wind field) that induce spurious heat
fluxes.

3

Note that errors of type (2b) and (3) may result from the
assimilation process due to (a) biases in the observations
(for example due to radiative effects on radiosonde
instruments), and (b) biases arising from the assimilation
process itself (of which we will discuss an example in
some detail below).

Hence, the interpretation of the assimilation incre-
ment is not straightforward, as it may serve to compen-
sate errors in the model physics, or problems associated
with the assimilation process. Errors of type (1) and (2)
directly affect the model diabatic heating term Q (Equa-
tion (1)), and will produce a temperature drift 97 /9t that
requires correction by the assimilation. Adding the cor-
rections required to compensate type (1) and (2) errors
to the model diabatic heating would greatly improve the
model estimate for the true diabatic heating (recall Equa-
tion (13)). However, it is virtually impossible to separate
type (1) and (2) from type (3) errors. Type (3) errors
induce spurious temperature trends via erroneous repre-
sentation of the adiabatic heat flux terms of Equation (1).
The correction required by the assimilation in this case
would not serve to arrive at a correct diabatic heating,
but to provide the heating required to compensate the
spurious heat fluxes. Hence, it ensures that the erroneous
representation of circulation is balanced by the required
heating, but does not correct the erroneous circulation
towards the true circulation.

Additional constraints are required that can provide
clues on the interpretation of the heat budget of an
assimilated dataset. In particular, in the absence of a
temperature drift of the entire atmosphere over the course
of a year, the annual mean diabatic mass flux across an
isentropic surface should be zero. This is a necessary
condition for a correct representation of the atmospheric
circulation, but not a sufficient condition.

5.2.  Analysis of assimilation increments

Figure 10 shows the annual mean (year 1997, other years
are similar) diabatic mass flux integrated over isentropic
surfaces calculated from the model (forecast) total dia-
batic heating, and calculated from the assimilation incre-
ment. It is readily seen that the two terms indeed largely
cancel, i.e. the global mean assimilation increment on
isentropes prevents the model temperatures from drift-
ing. The previously noted underestimation of radiative
heating by ERA-40 around 30 hPa (Figure 5) is very evi-
dent in Figure 10(a). The large model diabatic heat loss
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(dashed line) centred at a potential temperature of about
700K (corresponding to about 30hPa) is balanced by
a correspondingly large positive assimilation increment
(dotted line). Not unexpectedly, the imbalance is larger
in the upper troposphere and lower stratosphere (lower
plots) than in the stratosphere above. Further, the imbal-
ance is larger (about a factor two) in ERA-40 than in
ERA-Interim, which suggests that the model and assim-
ilation process of ERA-Interim are closer to reality.

The figure further shows that the excessive diabatic
heating arising from excessive latent heat release in the
Tropics in ERA-40 dominates the global balance from
330 to 360 K, such that the assimilation increment has to
cool this layer. In other words, the assimilation process
acts continously as a heat sink for ERA-40 in that layer.
Conversely, ERA-Interim shows too little heating up to
350 K, and the assimilation increment acts as a continous
heat source that warms the system in this layer.

Within the expected accuracy, the globally averaged
total model heating and assimilation increment compen-
sate each other, except for the region from 350 K to about
the tropopause. We have checked for problems arising
from numerical inaccuracies (for example due to nec-
essary interpolations), but were not able to identify the
cause of the slight imbalance.

The full latitude/height structure of the annual zonal
mean assimilation increment is shown in Figure 11
(left column) for ERA-40 (top) EXP-471 (middle) and
ERA-Interim (bottom). The right column shows the
corresponding total diabatic heating (i.e. total model
heating plus assimilation increment). The magnitude of
the assimilation increment is by far largest for ERA-40,
while EXP-471 and ERA-Interim have similar values.
Also, the structure of the assimilation increments in the
latitude—height plane of ERA-Interim and EXP-471 is
similar. At low latitudes, ERA-Interim and EXP-471
show negative assimilation increments (cooling) between
about 200 and 100 hPa, which rises to about 100 to 70 hPa
over the subtropics. Further, the assimilation increment
is cooling the tropical layer between about 50 and
30hPa, while the remainder is slightly warmed by the
assimilation increment. Common to all three reanalyses
(but most pronounced in ERA-40) are oscillations in
the vertical structure of the assimilation increment at
high latitudes. These oscillations are probably related to
the problems of the vertical temperature profile (recall
discussion of Figure 4).

The assimilation increment of ERA-40 at lower lati-
tudes shows quite a different structure than ERA-Interim
or EXP-471. Up to about 100hPa, strong cooling is
observed throughout the Tropics, followed by strong
heating above. The magnitude of the assimilation incre-
ment of ERA-40 in particular in the stratosphere is
as large, or even larger, than the net model diabatic
heating/cooling.

5.3. Interpretation

Figures 11(b,d,f) show the zonal mean total (i.e. the

sum of the model diabatic heating and assimilation
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Figure 10. Global average diabatic vertical mass fluxes (year 1997) for ERA-40 (left) and ERA-Interim (right); the vertical profiles are split to

accommodate the full range of values. The dashed line denotes the model diabatic cross-isentropic mass flux, and the dotted line the assimilation

temperature increment cross-isentropic mass flux. Note that the assimilation increment is expected to balance the imbalance in the model diabatic
heating, which is not exactly the case here (see text).

temperature increment) diabatic heating for the year 2000
of ERA-40, EXP-471 and ERA-Interim. We interprete
these fields as being the diabatic heating fields corre-
sponding to the residual circulation as represented in each
of the reanalysis data. It is readily seen that the total dia-
batic heating of the three reanalyses are broadly similar
inasmuch as they show upwelling at lower latitudes and
descent over higher latitudes, but that there are also sub-
stantial differences. Since the true atmospheric diabatic
heat balance is not known, it is not possible to directly
assess the quality of each of the reanalyses. However,
combining the information from the model diabatic terms
with the assimilation temperature increment, and compar-
ing these terms between the three reanalyses, allows at
least a tentative interpretation and assessment.

5.3.1. The upper troposphere at lower latitudes

Comparison of Figure 1 and Figures 11(b,f) shows
that the assimilation temperature increment applied to
ERA-40 and ERA-Interim yields convergence for the
total (model plus assimilation increment) diabatic heating
between ERA-40 and ERA-Interim for this region. For
ERA-Interim, the heating provided by the assimilation
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temperature increment between 300 and 200 hPa reduces
the prominent ‘bottleneck’ structure (i.e. net heating is
confined to a very narrow latitudinal belt just north of
the Equator) in the model diabatic heating in this layer
(Figure 1(b)). Conversely, the cooling by the assimilation
increment between 300 and 100 hPa in ERA-40 reduces
the very strong model diabatic heating (Figure 1(a)). The
resulting total diabatic heating is more similar than that
of the model net diabatic heating. Remaining differences
of ERA-40 relative to ERA-Interim are slightly stronger
heating just off the Equator, and less heating (in fact
cooling) just at the Equator. The total diabatic heating
for EXP-471 in this region is about half way between
ERA-40 and ERA-Interim.

The fact that all three reanalyses experience cooling
from the assimilation increment between 200 and 100 hPa
could be seen as an indication for a type (1) error (i.e.
an error in the model physics). Possible explanations are
that radiative heating in this layer is overestimated by
the models. In sections 3.1 and 3.2, we noted that the
ECMWEF radiative heating arising from clouds appears
very large. Also, clear-sky radiative heating at tropopause
levels (but not at 150hPa) was found to be larger than
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Figure 11. Annual (year 2000), zonal mean assimilation temperature increment (K day~') for (a) ERA-40, (c) EXP-471, and (e) ERA-Interim.
(b), (d) and (f) show the corresponding total diabatic heating (being the sum of the model diabatic heating and the assimilation temperature
increment). Note changes in contour spacing at £0.5, 0.7, +1 Kday~'.

the comparison estimates, though this may be due to
types (1) and (2) errors (the latter arising from the ozone
climatology). A plausible explanation then could be
that the ECMWF models overestimate radiative heating,
which leads to a temperature drift over the forecast period
towards too high temperatures, and subsequent correction
(cooling) by the assimilation. An alternative explanation
is that the convective parametrization does not properly
reflect the thermal impact of very deep convection and
could, perhaps, miss the cooling effect of detrainment
above the level of neutral buoyancy.

In ERA-40, the entire tropical upper troposphere expe-
riences cooling from the assimilation temperature incre-
ment, and the cooling above 200hPa is stronger than
in the two other reanalyses. Conversely, the ERA-40
model diabatic heating, in particular the contribution from
latent heat release (not shown separately), is much larger
(on average about 0.5Kday~!, peaking at more than
1 Kday~! at latitudes of most frequent convection) than
in the other two reanalyses. This may be interpreted as
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a consequence of the previously noted excessive tropical
circulation (Uppala et al., 2005). Also, the cloud radia-
tive impact is larger (more positive) in ERA-40 than in
ERA-Interim, which is also consistent with too much
tropical convection in ERA-40. Conversely, the posi-
tive assimilation temperature increment up to 200 hPa in
ERA-Interim and EXP-471 may indicate too little latent
heat release as a consequence of an underestimation of
tropical convection.

5.3.2.  The stratosphere

The total diabatic heating/cooling in the lower-latitude
stratosphere shown in Figures 11(b,d,f) shows the
structure and magnitudes of ERA-Interim and EXP-471
to be similar. The structure of diabatic heating in this
region, in particular also the ‘double peak’ structure over
the subtropics at about 70 hPa, is somewhat attenuated
by the assimilation temperature increment, but is still
clearly visible. The assimilation temperature increment
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around 30hPa induces a slight cooling over the Tropics,
and a slight warming over the subtropics, such that
the ‘bottleneck’ in the model diabatic heating at this
level is removed (compare with Figure 1(b)). Upwelling
now prevails between about 40°S and 40°N from about
100 hPa upwards.

For ERA-40, the assimilation temperature increment
produces a strong heating in this region, and the resulting
total diabatic heating is about a factor two larger than
ERA-Interim or EXP-471. A warm bias in ERA-40
may be responsible for suppressed radiative heating in
the lower latitude stratosphere (section 3.1). However,
the magnitude of the correction from the assimilation
increment is much larger than the low bias in model
radiative heating rates. Hence, it is possible that ERA-40
suffers from a type (3) error in this region. The fact
that ERA-Interim and EXP-471 require much smaller
assimilation increments suggests that the problem may
be related to the assimilation process rather than the
model itself.

At high latitudes, differences in the diabatic heat bud-
get between ERA-40 and ERA-Interim are particularly
pronounced. We have shown above that the peculiar oscil-
latory patterns in radiative heating rates in ERA-40 are a
consequence of an incorrect temperature profile, with lay-
ers that are too warm/cold having too much/little radiative
cooling. The assimilation increment of ERA-40 (and to
a much lesser degree in ERA-Interim) corrects for these
errors (Figure 11), and the resulting total (model diabatic
plus assimilation temperature increment) diabatic heat-
ing/cooling shows a more realistic structure (but note that
some weaker oscillatory patterns remain).

The comparison of the total diabatic heating between
ERA-40 on the one hand, and EXP-471 and ERA-Interim
on the other hand, shows that the stratospheric circulation
as represented by ERA-40 wind fields corresponds to
a much stronger diabatic residual circulation. It is well
known that stratospheric age of air calculated from
analysed data may give unrealistic values (e.g. Schoeberl
et al., 2003), and that calculations based on ERA-40 wind
fields have a strong bias towards air being too young (e.g.
Scheele et al., 2005; Monge-Sanz et al., 2008). However,
a multitude of factors may lead to such a bias, and
little can be said about the diabatic residual circulation
from age of air calculations alone. Characterization of
stratospheric transport would thus greatly benefit from a
combination of age of air calculations with the calculation
of the total diabatic heating.

Overall, ERA-Interim appears to provide a much
improved stratospheric temperature field, and diabatic cir-
culation. As documented in detail by Uppala et al. (2005),
Simmons et al. (2006) and Uppala et al. (2008), this
progress resulted from various factors. Perhaps most
importantly, a number of improvements in the data assim-
ilation system have led to a smaller difference between
the model background state and the state enforced by the
assimilation system.

It was found that the radiative transfer calculations
using the fast radiative transfer model (RTTOV) for the
temperature retrieval from satellite radiances of the top
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three channels 12, 13 and 14 of the Advanced Micro-
wave Sounding Unit (AMSU) employed an inaccurate
modelling of the Zeeman effect (a type (1) error in our
classification). For ERA-Interim, the Zeeman effect is
simply removed, and the consistency between Strato-
spheric Sounding Unit channel 3 and AMSU channel 14
is improved. Also, it was found that in the old RTTOV the
weighting function for AMSU-A channel 14 was located
too high, which created problems particularly during the
polar night, when the mesosphere is warmer than the
stratosphere. However, the introduction of AMSU radi-
ances still causes a temperature jump at levels higher than
10 hPa in ERA-Interim. Compared to these changes in the
assimilation system, the changes brought about by the use
of a 6-spectral-interval version of the short-wave radiative
transfer model, leading to slightly larger radiative heating
rates in the stratosphere (Figure 4(b)) are probably minor.

The changes in the data assimilation system led to a
state that is closer to that of the model particularly in
the upper stratosphere, with important consequences. In
ERA-40, the large discrepancy led to very large assim-
ilation increments that apparently induced temperature
oscillations well down to the lower stratosphere. Because
of the deep vertical structure of satellite radiances, such
oscillations cannot be effectively constrained by data
other than radiosondes. Indeed, we find (not shown) that
the assimilation increment at radiosonde locations tries to
eliminate these oscillations. However, their overall weight
in the assimilation system was insufficient to correct the
spurious oscillations imposed higher up.

While these problems can be understood in terms of
types (1) and (2) errors, the important question about
the ultimate cause of the excessive diabatic circulation
in the stratosphere must remain unanswered. Only errors
of type (3) induce heat fluxes that require correction
by the assimilation increment that, when added to the
total model diabatic heating, do not add up to the true
diabatic heating. However, we could not locate a single
largest process that may have induced the apparently
large spurious heat fluxes in ERA-40.

6. Outlook

The comparison of the total diabatic heating rates of the
three reanalyses illustrates our assertion given above that
the average diabatic circulation in reanalyses can be very
different, and that excessive heating in one place can
be compensated by excessive cooling in another without
violating the constraints arising from energy conservation.
The results presented in this paper show that due care
should be used when deducing residual circulations
from (re)analyses, as the observed differences in total
diabatic heating not only arise from model deficiences in
diabatic heating (which would not constitute a problem
for analyses of Eliassen—Palm fluxes, for example), but
also due to spurious heat fluxes associated with spurious
eddy (vertical and horizontal) heat fluxes. The fact that
the temperature assimilation increment is much smaller
in the new interim reanalyses than in ERA-40 suggests
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that the diabatic heat budget in these reanalyses is
much closer to reality. The improvement arises from a
combination of improvements in the model, and in the
assimilation system with a 4D-Var assimilation procedure
and an improved correction for biases in the observations
entering the assimilation system.

The comparison between ERA-Interim and ERA-40,
and the analysis of the corresponding assimilation incre-
ments, show that the next generation of reanalyses can
be expected to provide a fairly accurate representation of
the general circulation, and in particular also of its dia-
batic residual circulation. Such reanalyses may then allow
us to study the diabatic residual circulation, its driving
processes, and variability and trends therein, with even
greater accuracy, and without the need of ad hoc solu-
tions to satisfy the global heat budget. Some ambiguity
will remain as a result of the use of climatologies of, for
example, ozone, which induces type (2a) errors that can
prevent direct use of model diabatic heating for further
analyses.

The progress seen between ERA-40 and ERA-Interim,
in particular the much smaller assimilation increment in
the latter, gives hope that, in the not so distant future,
analysis data products will be of high enough quality
that it may also be possible to analyse time series
of the assimilation increment for signals arising from
changes in the climate system that are not captured by
the model. Such an analysis would provide extremely
valuable information about model deficiencies affecting
their ability to reliably predict climate changes.

In this work we have focussed on the diabatic terms
of the thermodynamic energy equation. Questions to be
addressed in future work are (i) to what extent the total
diabatic heat budget (including assimilation increment)
reconciles with the diabatic residual circulation deter-
mined via the transformed Eulerian mean equations, and
(i1) to what extent previously published analyses in the
TEM framework (based on older reanalysis and opera-
tional analyses) and data products suffer from the same
deficiences that lead to the large assimilation increments
seen in ERA-40.
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