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An experimental technique is introduced for controlling atmospheric diabatic heating in a fully-coupled
climate model (NCEP Climate Forecast System version 2), with the motivation of better understanding
the role of tropical forcing in modulating the Indian summer monsoon and contributing to global seasonal
prediction skill. The ‘added heating’ mechanistic approach has the beneBt of not interfering with any
internal model feedbacks. The approach is applied in an iterative fashion to correct bias in the threedimensional tropical heating over the Indo-PaciBc, deBned as the difference between the model ensemble
mean heating and that estimated from ERA-Interim. The June through September seasonal mean, trend
and parabolic Bt in diabatic heating are corrected for each year separately over a 20-year set of seasonal
re-forecasts, resulting in a 60–90% reduction in the mean-squared error of Indo-PaciBc heating from an
initial set of control re-forecasts, two-thirds of which is associated with the climatological bias. This
results in higher skill in the climatological mean and inter-annual variability of local low-level winds and
the underlying sea surface temperature (SST). Improvements are most significant over the equatorial
Indian Ocean with a removal of the climatological low-level westerly bias and SST gradient bias along
with substantially more skill in inter-annual variability. Although there is very little improvement in the
model rainfall over India, there is improvement in the low-level circulation. The lack of significant
improvement in rainfall prediction may be partly related to the representation of convection and/or the
coarse resolution grid of the model.
Keywords. Seasonal prediction; monsoon teleconnections; climate modelling; air–sea interaction.

1. Introduction
There has been a vigorous research eAort in recent
years to understand the inter-annual variability of
the boreal summer (June–September) mean rainfall over India as a response to the tropical forcing
provided by sea surface temperature (SST)
anomalies associated with both the El Niño
Southern Oscillation (ENSO) and the Indian
Ocean Dipole (IOD). However, prediction skill

associated with ENSO and the IOD is limited, and
relationships have been weaker in recent decades.
Until the late 1980s, ENSO exerted a strong
inCuence over the Indian monsoon rainfall, as
measured by the area-averaged seasonal mean,
termed the ISMR (Parthasarathy et al. 1994;
Kumar et al. 1995; Webster et al. 1999), with the
proposed mechanism being a modiBed Gill response
over the Indian Ocean basin and India: anomalous
subsidence (ascent) over the Maritime Continent
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(MC) during El Niño (La Niña) leads to a low-level
anticyclonic (cyclonic) response over the Indian
continent (e.g., see Jang and Straus 2012, 2013).
However, the inter-annual correlation between
ENSO and ISMR has decreased in more recent
years (Kumar et al. 1999; Ashok et al. 2004). As
discussed by Kumar et al. (2006), summers during
which La Niña develop are reliably wet over India
(ISMR above normal) and vice-versa, but the link
between developing El Niño and drought has dramatically weakened. A spectacular example is the
summer of 1997, where a strongly developing El
Niño event failed to produce a drought.
The disintegration of the ENSO-monsoon link
has been attributed alternatively to the variety of
El Niño SST anomalies, with central PaciBc Ocean
warming (‘El Niño Modoki’) more eAective in
causing subsidence over the MC (hence drought
over India) than eastern PaciBc warming (Kumar
et al. 2006), to the decadal shift in El Niño-related
MC subsidence (Annamalai and Liu 2005), to the
eAect of noise (Cash et al. 2017), and to the modulating inCuence of the east–west dipole of SST
anomalies in the equatorial Indian Ocean, the IOD
(Saji et al. 1999; Ashok et al. 2001). The mechanism by which the positive phase of the IOD, with
cold SST in the eastern equatorial Indian Ocean
(EIO), aAects the monsoon involves the development of easterly surface winds and surface divergence, leading to anomalous moisture transport
and convergence over India (Annamalai 2010). An
understanding of the role of the IOD has not been
completely realized. For example, only the positive
phase of the IOD (cold SSTs in the EIO) seems to
aAect the ISMR (Gadgil et al. 2004). A number of
other complications include: the asymmetry
between positive and negative IOD events due to
the asymmetry in the response of SST to upwelling
and downwelling (Vinayachandran et al. 2002), the
climatological variability of the EIO surface winds
during boreal summer (there is a large semi-annual
cycle, Sreejith et al. 2015), different modes of intraseasonal variability of the IOD (Anil et al. 2016),
different modes of spatial IOD variability (Endo
and Tozuka 2016), and the complex relationship
between the IOD and ENSO (Krishnamurthy and
Kirtman 2003).
Gadgil et al. (2004) focussed on the Equatorial
Indian Ocean Oscillation (EQUINOO) in zonal
surface wind because easterly wind anomalies are
associated with enhanced deep convection in the
western Indian Ocean. A wind index constructed
from surface easterly anomalies (EQWIN, average
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over 60–90°E, 2.5°S–2.5°N) is highly correlated
with the difference in outgoing long-wave radiation
(OLR) between the eastern and western equatorial
Indian Ocean. Taken together with the Niño-3.4
index, this new wind index EQWIN deBnes a
(mixed) two-dimensional state space, in which very
wet (dry) years are well separated by a diagonal
line, thus indicating the importance of both ENSOinduced and Indian Ocean tropical convection.
This mode partly corresponds to the atmospheric
imprint of the IOD, yet retains some independence
and has a stronger relationship with ISMR. Over a
longer observational record, Sajani et al. (2015)
showed that ENSO and EQUINOO are linear
independent, with ENSO having a stronger relationship with ISMR, and that their indices together
explain about 54% of the ISMR variability.
In order to simulate the tropical forcing of the
Indian monsoon, it has been recognized that
ocean–atmosphere coupled models ought to be
used, since air–sea coupling can be of importance in
the context of both inter-annual and intra-seasonal
variability (Wang et al. 2005; Wu and Kirtman
2005; Sharmila et al. 2013). Since SST is not
directly controlled in this class of models and can
develop its own systematic errors (e.g., Rao et al.
2019, and references therein), mechanistic experiments involving added diabatic heating were proposed (Jang and Straus 2012, 2013), given that
diabatic heating is a critical direct linkage between
SST forcing and its remote response. These authors
performed experiments in which atmospheric diabatic heating was added to the heating rate at
every time step in simulations of the Community
Atmosphere Model version 3. Jang and Straus
(2013) added localized heating at a series of locations along the equator in the Indian and PaciBc
Oceans, clarifying the geographical range of the
Gill-type response in aAecting the circulation over
India, while Jang and Straus (2012) clearly
demonstrated the role of the observed diabatic
heating over the Indian Ocean in 1997 in modulating the El Niño response over India.
The purpose of this article is to introduce a more
reBned version of the ‘added heating’ mechanistic
approach Brst introduced by Jang and Straus
(2012), and further developed and applied by
Swenson et al. (2019) as a means of correcting the
total diabatic heating. The technique imposes
added heating/cooling such that the resultant total
diabatic heating is close to a desired target, with
the required spatiotemporal evolution of the
imposed added heating determined iteratively. The
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beneBt of the approach over prescription or relaxation is that it does not interfere with any of the
myriad feedbacks that occur in a coupled model.
The ultimate purpose of such a technique is to use
coupled models to explore the relationships
between various structures of anomalous tropical
diabatic heating and the broad responses in both
circulation and rainfall over the Indian region. In
this study, we use the added heating technique in a
more comprehensive manner to correct the climatological and inter-annual variability of the total
diabatic heating over the entire tropical IndoPaciBc in a set of seasonal re-forecasts. This work
sheds light on the general role of diabatic heating
with respect to potential predictability and prediction skill conditional on an accurate forecast of
diabatic heating.
Section 2 describes the reanalysis and an observational-based estimate of diabatic heating.
Section 3 describes the model re-forecasts and
added heating experiments. Section 4 examines the
climatological changes in diabatic heating and the
corresponding circulation. Section 5 examines the
impact on seasonal prediction skill. Lastly,
section 6 provides a discussion and conclusions.
2. Observed data and estimates of diabatic
heating
We use ERA-Interim reanalysis (Dee et al. 2011) to
provide observational-based atmospheric Belds for
comparison to model results, primarily focusing on
June through September (JJAS) mean Belds. The
diabatic heating rate is estimated from four times
daily circulation and thermodynamic Belds from
the ERA-Interim at full horizontal resolution
(512 9 256 Gaussian grid) and at 37 pressure
levels, using a residual method similar to that of
Hagos et al. (2010). Specifically, the heating rate Q
is obtained from:


oh
oh
þ r  ðvhÞhðr  v Þ þ x
¼ Q: ð1Þ
cp P
ot
op
Here h is potential temperature, p is pressure,
x = dp/dt, cp the speciBc heat at constant
pressure, v the horizontal velocity, P = (p/p0)(R/cp)
is the Exner function, where p0 = 1000 hPa and
R is the gas constant. Vertical smoothing is applied
by Brst vertically integrating the heating over the
following nine layers (in units of hPa): 1000–925,
925–850, 850–775, 775–650, 650–550, 550–450,
450–350, 350–200 and 200–50. Then the heating
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is estimated at as a smooth continuous function of
pressure and estimated over 20 equally-spaced
layers (intervals of 50 hPa) that maintains the
same integrals over the original nine layers.
The model ensemble mean sea surface temperature (SST) is examined and compared with the
Extended Reconstructed Sea Surface Temperature
(ERSST) version 5 (Huang et al. 2017). For an
observational comparison of precipitation, we
compare model results with version 2.3 of the
Global Precipitation Climatology Project (GPCP,
Adler et al. 2003).

3. Model re-forecasts and added heating
experiments
In this study, we use the NCEP Climate Forecast
System version 2 (CFSv2, Saha et al. 2014). The
atmospheric model (the Global Forecast System)
has a horizontal resolution of roughly 1° (spectral
model with a triangular truncation of 126), and
discretizes the vertical into 64 layers. This is coupled to a dynamic ocean model, the Modular Ocean
Model, version 4.
A control set of re-forecasts is generated over a
recent 20-year period (1997–2016), initialized in
early May each year and integrated over 5 months,
using JJAS for all analysis. We use the NCEP
Climate Forecast System Reanalysis (CFSR, Saha
et al. 2010) as initial conditions, and produce 10
ensemble members initialized each year staggered
daily (at 00Z) spanning May 1st through May 10th.
The total diabatic heating is outputted every
6 hours as a sum of different components, namely
latent heat release from convective and large-scale
moist processes, heating from longwave and shortwave radiations, heating from vertical diffusion,
and sensible heating.
Next, an experimental set of re-forecasts is generated in an identical manner as the control, but
with added heating (or cooling) applied to the
atmospheric temperature tendency equation such
that the total ensemble mean diabatic heating is
corrected to be close to that estimated from ERAInterim over the tropical Indian Ocean (60°–120°E,
15°S–5°N) and tropical PaciBc Ocean (120°E–
100°W, 15°S–20°N). The exact horizontal domain
and ERA-Interim JJAS mean target heating (integrated vertically over 850–50 hPa) are shown in
Bgure 1. Along the boundaries of the domain, the
magnitude of the added heating decays with an
e-folding distance of 5° with exception to the
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Figure 1. Plotted in black solid lines is the added heating weighting coefBcient (unit-less plotted for values of 0.2, 0.4,
0.6 and 0.8). In shading is the JJAS mean climatological average (1997–2016) ERA-Interim heating target vertically
averaged (850–50 hPa). The PaciBc (‘Pac’) and Indian Ocean (‘IO’) domains are indicated by solid blue and orange lines,
respectively. For reference, regions of cross-section averages taken for results shown in Bgures 4 and 5 are shown in dotted
black lines as labelled.

northern boundary of the tropical Indian Ocean
where it decays with a smaller e-folding distance of
2.5° (in order to avoid a direct eAect over Sri Lanka
and southern India). The region encloses the
dominant climatological heating structures over
the Indo-PaciBc, but does not include the Arabian
Sea, Indian subcontinent, Bay of Bengal and
southeast Asia (Bgure 1). In the vertical dimension, the added heating decays below the 850 hPa
level (for pressures [ 850 hPa) with an e-folding
distance of 50 hPa. The added heating is identical
among each of the 10 ensemble members, however
the magnitude of the added heating is generally
much smaller than the resultant feedback that
dominates the total heating, and we conBrm that
there is no artiBcial reduction in the ensemble
spread (not shown). Keep in mind that throughout
this study we use the term added heating to refer to
heating or cooling that is added to the atmospheric
temperature tendency of the model.
The seasonal mean and slow seasonal cycle in
diabatic heating is deBned as the JJAS seasonal
mean, trend and parabolic least-squares Bt (see
Straus 1983) computed at every grid point and
pressure level over the Indo-PaciBc separately for
each year during the 20-year period (1997–2016).
This captures both inter-annual variability as well
as the seasonal migration of tropical convergence
zones. The heating bias is computed for each year
individually as the difference between the ensemble
mean heating in the control re-forecasts and the
residual estimate from ERA-Interim for that year
(with respect to the seasonal mean, trend and
parabolic Bt alone). This bias is reduced through an

iterative approach. Re-forecasts are repeated with
a subtraction of 10% of the ensemble mean bias
difference, and then a new bias is examined from
the resultant total diabatic heating of the new
added heating re-forecasts (which is likely, but not
necessarily, reduced). This is repeated for a total of
three iterations until the heating bias is significantly reduced with some indication of convergence (significantly smaller bias reduction). As
shown later, the Bnal added heating/cooling
required to largely remove the bias has a magnitude of roughly 10–30% that of the original bias.
The temporal variation of the added heating is also
represented by a seasonal mean, trend and parabola for each year, and a gradual 10-day turn-on is
applied prior to June 1st in order to avoid any
possible model shock.
The heating correction is quantiBed by an
increase in the fraction of variance explained
(FVE), a metric that measures the skill in capturing the spatial representation of the ERAInterim diabatic heating by the CFSv2 ensemble
mean. Let Xijk represent the ensemble mean model
heating and Yijk represent that for ERA-Interim
heating interpolated to the same horizontal and
vertical grid, with longitude index i, latitude index
j and pressure index k (for any given year). The
fraction of variance explained is given by
FVE ¼ 1

1
N

P



i;j;k wj Xijk Yijk
P
1
2
i;j;k wj Yijk
N

2
;

ð2Þ

with summations taken over a speciBed horizontal
domain (ranges for i and j) spanning the 850 hPa
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level and above (range for k). N gives the total size
of all elements in X (and in Y). The weighting term
wj is a function of latitude /j in degrees and is given
by wj = cos p/j/180, accounting for uneven latitude spacing. Positive values of FVE indicate skill,
resulting when the mean-squared error (numerator
of second term) is less than the spatial variance of
the ERA-Interim heating (denominator of second
term). Negative values indicate negative skill and
result when the mean-squared error is larger. The
FVE of diabatic heating is computed separately for
the PaciBc domain (‘Pac’) and Indian Ocean
domain (‘IO’) for the JJAS mean, trend and
parabolic Bt patterns, as shown in Bgure 2, where
black lines indicate separate years and blue lines
indicate the average FVE over all 20 years. For the
seasonal mean diabatic heating, CFSv2 captures on
average about 60% (FVE & 0.6) of ERA-Interim
heating over the PaciBc, but\10% over the Indian
Ocean, with many years having no skill. CFSv2 is
entirely unskillful (negative skill) in representing
the slow seasonal evolution of heating over the
entire tropical Indo-PaciBc. With the Brst iteration
of added heating, there are consistently large corrections in seasonal mean, trend and parabolic Bt
for most years. Two more iterations further
improve the representation of diabatic heating,
particularly over the tropical Indian Ocean.
Increases in FVE in the added heating re-forecasts
(third iteration) correspond to 60–90% reduction in
the initial mean-squared error of seasonal means,
trend and parabolic Bts. Roughly two-thirds of the
bias reduction is in the climatological mean annual
cycle whereas one third is in the inter-annual
variability. The Bnal representation of seasonal
means captures about 75–90% of that in ERA-Interim over the PaciBc and 60–80% over the Indian
Ocean, while FVE values are lower for seasonal
trend and parabolic Bts but on average skillful.

4. Climatological changes in diabatic
heating and circulation
The ensemble mean JJAS mean climatological
average heating and 850 hPa circulation for the
control and added heating re-forecasts, as well as
for ERA-Interim, and the corresponding differences, are shown in Bgure 3. The corresponding
zonal and vertical distribution of heating and
circulation along the equator are shown in
Bgure 4. In the PaciBc, CFSv2 has a bit too much
heating along the Intertropical Convergence Zone
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(ITCZ) and South PaciBc Convergence Zone
(SPCZ) that are shifted slightly poleward relative
to ERA-Interim (Bgure 3a and d). In the western
and central equatorial PaciBc, there is too little
heating, indicative of the typical double-ITCZ
problem the plagues climate models. In the 850
hPa wind Beld, there is a strong equatorial easterly bias in the Central PaciBc and a southerly
bias along the southern edge of the ITCZ (associated with more inCow and convergence). Considering the vertical distribution of climatological
heating and circulation along the equator
(Bgure 4), the cooling bias of roughly 1.5 K/day
is centered in the mid-to-lower troposphere near
the Date Line and is balanced by too much
underlying subsidence of about +4 hPa/s at 700
hPa (Bgure 4b). With exception to low-level
easterlies remaining to the east of the Date Line,
the equatorial biases are largely removed (compare Bgures 3e and 4d with Bgures 3d and 4b,
respectively) by inserting heating with a magnitude of roughly 10–30% of the initial difference
(Bgures 3f and 4f). The overactive ITCZ and
SPCZ are corrected (compare Bgure 3e and d)
with cooling of about 30% the initial bias
(Bgure 3f).
CFSv2 produces too much heating in the eastern/central tropical Indian Ocean, especially just
oA the coast of Indonesia (Bgure 3d). The heating
bias of +1 to +3 K/day is maximum in the mid-tolower troposphere accompanied by too much
ascent by about 4 to 7 hPa/s (Bgure 4b). This
increases the zonal heating gradient over the central Indian Ocean, which results in a strong equatorial westerly bias at 850 hPa (Bgure 3d). These
biases are corrected (compare Bgures 3e and 4d
with Bgures 3d and 4b, respectively) by directly
cooling the atmosphere (by a magnitude of about
20% of the original difference, Bgures 3f and 4f).
However, some excess heating remains at the edge
of the added heating domain in the western Indian
Ocean. This may also be viewed in Bgure 5 in terms
of a zonal average over the central Indian Ocean,
which shows that most of the equatorial cooling is
directly added in the lower troposphere while most
of the total change is in the mid-to-upper troposphere. There is little change over India except for
an insignificant minor reduction in the low-level
circulation bias. Outside of the Indo-PaciBc, there
are no significant differences in the climatological diabatic heating or circulation in the added
heating experiments compared with the control
re-forecasts.

7

Page 6 of 17

J. Earth Syst. Sci. (2021)130:7
(a)

(b)

(c)

(d)

(e)

(f)

Figure 2. Fraction of variance explained (FVE) of the ERA-Interim diabatic heating by the CFSv2 ensemble mean heating as a
function of re-forecast experiment (abscissa), namely the control re-forecasts and each iteration of the added heating re-forecasts.
FVE is computed over the PaciBc (120°E–100°W, 15°S–20°N) and Indian Ocean (60°–120°E, 15°S–5°N) horizontal domains
(labelled ‘Pac’ and ‘IO’, respectively), and computed separately for the (a, b) JJAS mean, (c, d) trend and (e, f) parabolic Bt
patterns. Black lines indicate FVE for each of the 20 years (1997–2016), and the blue line indicates the average FVE over all
years. For reference, the zero skill line is shown (dashed orange) along with the skill of the added heating re-forecasts (third
iteration shown in dashed red).

5. Impact on seasonal prediction skill
Here we consider the general impact on seasonal
prediction skill from correcting tropical diabatic
heating over the tropical Indo-PaciBc. Figure 6
shows the inter-annual correlation of JJAS mean
ensemble mean vertically-integrated heating and
horizontal winds at 200 and 850 hPa with corresponding JJAS mean Belds from ERA-Interim. In
the control re-forecasts, significant correlations in
diabatic heating are primarily found over the central/eastern tropical PaciBc, with some additional

skill over the Maritime Continent and Caribbean.
Significant correlations in upper-level (200 hPa)
zonal wind are found over the global tropics, with
some reduction over the equatorial Indian Ocean
and eastern PaciBc. At low-levels (850 hPa), zonal
wind changes are skillfully predicted over the
west/central tropical PaciBc and far eastern PaciBc
and Caribbean. Corresponding changes in upper
and lower-level meridional winds are skillful primarily in the tropical west/central PaciBc with
only fragmented skill elsewhere. Prediction skill is
primarily related to the predictability of ENSO.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3. Climatological diabatic heating vertical average (850–50 hPa, shaded in K/day) and corresponding 850 hPa horizontal
wind (vector arrows in black, in units of m/s). Results are shown for the ensemble mean of the (a) control and (b) added heating
re-forecasts, and for (c) ERA-Interim. Corresponding differences are shown in (d), (e) and (f) with only significant differences
shaded (using a 95% conBdence interval). In (f) plotted in green contours is the heating that is directly added to the model in
intervals of 0.1 K/day. For full Belds in (a), (b) and (c), wind vectors are shown only for wind speeds exceeding 5 m/s, and for
wind vector differences in (d), (e) and (f), only significant differences for wind speeds exceeding 2 m/s are plotted.

Considering inter-annual correlations in the
added heating re-forecasts, by design of the
experiments there is substantial improvement in
diabatic heating conBned to the Indo-PaciBc
domain (Bgure 6b, domain shown in Bgure 1).
There is a general increase in upper-level zonal
wind correlations globally, and improvements are
largest over the Indian Ocean. Changes in upperlevel meridional wind are relatively minor. At lowlevels, correlations are increased over the whole
tropical Indo-PaciBc for zonal and meridional

wind. Correlations over India and the Bay of
Bengal are increased for horizontal winds at both
upper and low-levels.
It is not straightforward to determine to what
extent changes in correlation are disproportionately aAected by large anomalies in a few years. We
further seek a measure of forecast comparison that
treats each year more equally and is able to detect
small but consistent changes in skill (that also
incorporate mean and variance but is independent
of distribution). This is given by a sign test
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4. Equatorial climatological diabatic heating (latitudinal average 5°S–5°N, shaded in K/day) and corresponding zonal
wind and pressure vertical velocity (vector arrows in black, in units of m/s and 2 hPa/s, respectively) plotted as a function of
longitude (abscissa) and pressure (ordinate). Results are shown for the ensemble mean of the (a) control and (c) added heating
re-forecasts, and for (e) ERA-Interim. Corresponding differences are shown in (b), (d) and (f) with only significant differences
shown (using a 95% conBdence interval). In (f) plotted in green contours is the heating that is directly added to the model in
intervals of 0.1 K/day. Wind vectors are plotted for wind speeds exceeding 5 m/s zonally and/or 10 hPa/s vertically. See Bgure 1
to visualize horizontal region of cross-section averaging.

(Diebold and Mariano 1995; DelSole and Tippett
2016) that only considers which of the two reforecasts is better each year, which is equally likely
(50–50 chances) if they tend to have the same skill.
Figure 7 shows a comparison of heating and circulation Belds in terms of the number of years that
the added heating re-forecast variables are closer to
observations minus the number of years that the
control re-forecast variables are instead closer. For
n independent samples, the distribution has a 95%
pﬃﬃﬃﬃﬃﬃ
conBdence interval given by  2n. For 20 years of
re-forecasts, this means that the added heating

re-forecasts are significantly more skillful than the
control re-forecasts for differences greater than +7
years (red shading in Bgure 7). On the other hand,
control re-forecasts are significantly more skillful
for differences less than or equal to 7 years (blue
shading in Bgure 7). This procedure is repeated
both for full Belds (including climatological means
examined previously) and anomalies, in order to
get a sense of how the climatological mean changes
aAect results. It is conBrmed that the verticallyaveraged diabatic heating itself is much more
skillful throughout the global tropics/subtropics,
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5. Climatological diabatic heating over central Indian Ocean (longitudinal average 65°–90°E, shaded in K/day) and
corresponding meridional wind and pressure vertical velocity (vector arrows in black, in units of m/s and 2 hPa/s, respectively)
plotted as a function of latitude (abscissa) and pressure (ordinate). Results are shown for the ensemble mean of the (a) control
and (c) added heating re-forecasts, and for (e) ERA-Interim. Corresponding differences are shown in (b), (d) and (f) with only
significant differences shown (using a 95% conBdence interval). In (f) plotted in green contours is the heating that is directly
added to the model in intervals of 0.1 K/day. Wind vectors for full Belds (differences) are plotted for wind speeds exceeding 5 m/s
(2 m/s) zonally and/or 10 hPa/s (4 hPa/s) vertically. See Bgure 1 to visualize horizontal region of cross-section averaging.

with exception to the equatorial western Indian
Ocean associated with a mean heating bias
(Bgure 3f). In many remote regions, the re-forecasts are always better. Results for full circulation
Belds are much more mixed. Outside of the eastern
Indian Ocean and West/central PaciBc, tropical
200 hPa zonal wind is worsened in the added
heating re-forecasts in association with climatological easterlies being too weak (not shown),
however anomalies tend to be more skillful over
tropical South America and the Atlantic. The 200
hPa meridional wind is improved over large patches over the eastern Indian Ocean, central and
eastern PaciBc. There is much more skill in full

circulation Belds at low-levels (850 hPa) over the
tropical Indo-PaciBc, however some neighbouring
regions have reduced skill. The anomalous 850 hPa
circulation is generally more skillful throughout the
Indo-PaciBc, although regions of significance are
patchy.
We further examine seasonal prediction skill
JJAS mean ensemble mean precipitation and SST
with respect to observed anomalies from GPCP
and ERSST, respectively (Bgure 8). Correlation
skill in predicting year-to-year precipitation
anomalies is conBned to the tropical Indo-PaciBc,
Australia, South America and Caribbean. Correction of tropical diabatic heating does increase local
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

Figure 6. Inter-annual correlation between JJAS mean ERA-Interim variables and corresponding ensemble mean Belds from
control re-forecasts (left panels) and added heating re-forecasts (right panels). Shading indicates significance using a 95%
conBdence interval, and values of 0.6 are contoured. Results are shown for (a, b) vertically-averaged (850–50 hPa) diabatic
heating, (c, d) 200 hPa zonal wind, (e, f) 200 hPa meridional wind, (g, h) 850 hPa zonal wind, and (i, j) 850 hPa meridional
wind.

correlations, especially over the eastern Indian
Ocean and Maritime Continent (compare Bgure 8a
and b). However, elsewhere this is little or no
improvement. Australia precipitation is even
worsened, and it is also evident that there is no
significant improvement in Indian rainfall (as
shown next with respect to ISMR). The climatological mean wet bias is also worsened over the
tropical western Indian Ocean and west PaciBc
(Bgure 8e). Otherwise there are fragmented regions
of higher skill throughout the Indo-PaciBc. Seasonal SST anomalies are skillfully predicted over
the tropical oceans extending. For 20 years of
re-forecasts, this means that the added heating
re-forecasts are northward into the eastern

mid-latitude North PaciBc. In the added heating
re-forecasts, SST skill is improved directly where
heating is corrected and correlations are higher
over the west/central PaciBc and tropical Indian
Ocean. This is further evident in significantly more
years that full and anomalous SST is closer to
ERSST in the added heating re-forecasts.
The focus of this study is narrowed to consider
teleconnection indices most relevant to the seasonal predictability and prediction skill of the
Indian Monsoon. Figure 9 shows the time series of
different JJAS mean indices to provide a visual
comparison of the ensemble mean and spread of the
control and added heating re-forecasts alongside
observations. Also, correlations with observed
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Figure 7. Sign test metric for comparing skill of control and added heating re-forecasts. Plotted is number of years (out of a total
of 20 years) that ensemble mean JJAS mean variables are closer to corresponding observed Belds in the added heating
re-forecasts than in the control re-forecasts. Values are plotted as a difference subtracting the number of years that the control
re-forecasts are closer to observed. Results are computed for both full Belds (left panels) and anomalies (after 20-year
climatological mean is subtracted, right panels) for (a, b) vertically-averaged (850–50 hPa) diabatic heating, (c, d) 200 hPa
zonal wind, (e, f) 200 hPa meridional wind, (g, h) 850 hPa zonal wind, and (i, j) 850 hPa meridional wind. Only significant
values are shaded (using a 95% conBdence interval of ±7 years). Positive (negative) values indicate that the added heating
(control) re-forecasts are more skillful. See text for description of significance test.

values (q) and variances of ensemble means and
deviations (S and N, respectively) are printed in
upper right of each panel. In the eastern tropical
PaciBc, the state of ENSO is examined with the
Niño3.4 index, which is skillfully predicted and
highly predictable (large S/N) in both sets of reforecasts (Bgure 9b). There is a climatological
mean cold bias present throughout the entire
equatorial eastern PaciBc, which stands out during
years where an overly-strong La Niña is predicted
(1998, 1999 and 2016). In the added heating reforecasts, there is subtle improvement in the cold
bias (dashed reference lines) and in the correlation

with the observed index due primarily to more
realistic warmer El Niño events of 1997, 2009 and
2015, however the ENSO signal is still much
stronger than observed, and there is no improvement in prediction of La Niña.
In the Indian Ocean, the Dipole Mode Index
(DMI) is computed in association with the IOD
(Saji et al. 1999, Bgure 9a). As its somewhat independent atmospheric counterpart, the Equatorial
Indian Ocean Oscillation (EQUINOO, Gadgil et al.
2004) is also examined in terms of EQWIN
(Bgure 9c) but using 1000 hPa zonal wind (minus
one times an average over 60–90°E, 2.5°S–2.5°N).
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Figure 8. Inter-annual correlation and year-to-year comparison as that shown in Bgures 6 and 7, but for precipitation and SST.
Inter-annual correlations are shown in (a), (b), (c) and (d). Number of years that added heating full Belds are closer to
observations minus number of years that control re-forecasts full Belds are closer are shown in (e) and (g), whereas the same
calculation but for anomalies is shown in (f) and (h). GPCP is used for observed precipitation for which model results are
interpolated to the same 2.5° grid. ERSST is used for observed SST for which model results are interpolated to the same 2.0° grid.
For all results, shading indicates significance using a 95% conBdence interval.

In terms of the climatological mean, there is a cold
SST bias in the western Indian Ocean (not shown,
see George et al. 2016) resulting in a stronger
east–west gradient (more negative DMI). As previously discussed, this is accompanied by too much
atmospheric heating in the eastern Indian Ocean
driving a low-level westerly bias (more negative
EQWIN). Inter-annual variability of DMI and
EQWIN is not predicted as well as Niño3.4 in the
control re-forecasts, and ensemble mean DMI and
EQWIN have correlations of 0.52 and 0.6 with
observations, respectively. In response to the
added heating corrections, climatological mean
biases are largely, if not completely, removed and
correlations are significantly increased to values of

0.86 and 0.87, respectively. This conBrms the close
relationship between SST and zonal wind with
local diabatic heating. The basin-wide relationship
is reCected in how atmospheric diabatic heating is
improved most in the east, while in response SST is
improved most in the west. Also, in contrast to
ENSO, there is much more internal variability in
these Indian Ocean indices (variance of ensemble
spread is comparable to that of ensemble means).
With the heating corrections, the ensemble spread
is increased, particularly for EQWIN (Bgure 9c).
Finally, we consider JJAS mean Indian monsoon
rainfall (ISMR) averaged over central India
(74.5–86.5°E, 16.5–26.5°N, Bgure 9d). CFSv2
has a strong dry bias over India and the predicted

Page 13 of 17 7

J. Earth Syst. Sci. (2021)130:7
(a)
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Figure 9. Time series of JJAS mean indices, namely the (a) Dipole Mode Index (DMI, K), (b) Niño3.4 (K), (c) EQWIN (m/s)
and (d) ISMR (mm/day). Ensemble mean values for control and added heating re-forecasts are shown as thick black and red
lines, respectively, with (10) individual ensemble members shown in thin gray and orange lines, respectively. Observational
values are indicated by thick blue lines. See text for definitions of indices. Printed in upper right of each panel are corresponding
correlations (q) between ensemble means and observations along with variance of ensemble means (S) and ensemble deviations
(N) normalized by observed variance. Note that EQWIN is computed here with zonal wind at 1000 hPa rather than at the
surface.

ISMR has only a modest correlation of 0.46 with
GPCP. Unfortunately, the correction of tropical
Indo-PaciBc heating in the model does nothing to
improve the dry bias, and the correlation coefBcient is only insignificantly improved to a value of
0.52. Although there is improvement in the local
monsoon circulation, this does not result in an
improvement in the model-generated rainfall.
Diabatic heating and 850 hPa wind anomalies
are shown for some key years in Bgure 10, namely
1997, 2002, 2011 and 2016, which spans two El
Niño events and two minor La Niña events, interfering with two positive EQUINOO and two negative EQUINOO events. The sign of ENSO is
indicated over panels in red, and the sign of
EQUINOO is indicated in blue. The number in

black has the value of anomalous ISMR in
mm/day. Over the PaciBc, the position and zonal
extent of central PaciBc heating and west PaciBc
cooling is improved during El Niño in the added
heating re-forecasts. This improves the zonal
extent of low-level westerly anomalies during 2002
but worsens the overly-strong westerlies during
1997. During 1997, the impact of the positive
EQUINOO event destructively interferes with that
of El Niño, however, even an improved representation of the heating dipole over the Indian Ocean,
the dry response over India is worsened in the
added heating experiments. During 2011, anomalous heating in the west PaciBc is ampliBed in the
added heating re-forecasts, which remotely forces
excess rainfall over India (Jang and Straus 2013),
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(a)
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Figure 10. Anomalous diabatic heating vertical average (850–50 hPa, shaded in K/day) and corresponding 850 hPa horizontal
anomalous wind (vector arrows in black, in units of m/s). Results are shown for the ensemble mean of the (left panels) control
and (right panels) added heating re-forecasts, and for (center panels) ERA-Interim. The sign of ENSO is indicated over panels in
red, and the sign of EQUINOO is indicated in blue. The number in black is the value of anomalous ISMR in mm/day. Plotted in
green contours is the anomalous heating that is directly added to the model in intervals of 0.1 K/day. Anomalous wind vectors
are shown only for wind speeds exceeding 1 m/s.

an improvement over the normal rainfall predicted
in the control re-forecasts. During 2016, both the
La Niña cooling signal in the PaciBc and the
negative EQUINOO pattern in the Indian Ocean
are reduced in amplitude in the added heating
forecasts, reducing biases in equatorial zonal wind,
yet excess rainfall is over-forecasted over India.

6. Discussion and conclusions
In this study, we introduce a technique for biascorrecting atmospheric diabatic heating in a fullycoupled climate model that incorporates the ‘added
heating’ mechanistic approach Brst introduced and
applied by Jang and Straus (2012). Unlike
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relaxation or prescription, the added heating
approach does not interfere with any internal
model feedbacks. The technique used in this study
removes bias in an iterative fashion by repeatedly
subtracting a fraction of the difference between the
ensemble mean diabatic heating and an observational target via an additional temperature tendency. An observationally-derived heating is
estimated as a residual to the thermodynamic
equation with input of 6-hourly ERA-Interim wind
and temperature Belds. Added heating is used to
correct the JJAS seasonal mean, trend and parabolic Bt for each year separately (as in Swenson
et al. 2019) for 20 years of seasonal re-forecasts.
The motivation of this work is to better understand
how remote forcing from the tropical Indo-PaciBc
modulates the Indian summer monsoon, and more
generally to quantify how tropical heating impacts
global seasonal prediction during boreal summer. It
should be emphasized that the diabatic heating
that is added is designed to reduce the error in the
ensemble mean seasonal cycle of heating only.
Since no model feedbacks are disabled, any coupled
general circulation model will respond to the added
heating, amplifying it in some regions and damping
it in others, leading to remote eAects in atmospheric circulation and ocean surface state.
Without any heating correction, the ensemble
mean heating in the CFSv2 control re-forecasts
explains on average 60% of the ERA-Interim JJAS
mean heating over the tropical PaciBc, but only
10% of that over the tropical Indian Ocean. On the
other hand, the seasonal progression in heating
(e.g., migration of the ITCZ) tends to be very
poorly represented (negative skill). In the added
heating re-forecasts, ensemble mean heating captures on an average 85% and 70% of the JJAS
mean heating over the tropical PaciBc and Indian
Ocean, respectively, and the seasonal progression is
dramatically improved and skillfully represented.
In terms of the climatological JJAS mean, in
the control re-forecasts the ITCZ and SPCZ are
ampliBed and shifted slightly poleward relative to
ERA-Interim (reCected in heating signature).
Along the equator, there is too much cooling and
subsidence in the central PaciBc with too little
heating in the west/central PaciBc indicative of
the typical double-ITCZ problem. This is also
associated a low-level southerly wind bias into the
ITCZ and a broad equatorial cold SST bias
spanning the PaciBc. These coupled biases are all
reduced with the heating correction, however
there is little reduction in a low-level westerly
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bias. Initially there is far too much heating in the
eastern Indian Ocean associated with latent heat
release from overly-active convection. A strong
east–west heating gradient is closely linked to a
strong low-level westerly bias and underlying SST
gradient, evident as significant negative biases in
EQWIN and DMI, respectively. The Indian
Ocean is particularly responsive to heating correction. As part of the bias correction, cooling is
added over the tropical eastern Indian Ocean, and
all of these climatological mean biases are substantially reduced. It would be worthwhile to
conduct future experiments comparing the role of
diabatic heating in the eastern Indian Ocean relative to that in the western Indian Ocean as both
appear to be important for driving changes in the
Indian monsoon.
In response to the correction of year-to-year
variation in diabatic heating over the tropical IndoPaciBc, we Bnd significant improvements in local
and remote inter-annual variability. Variability in
the local tropical circulation is improved, particularly in the lower-troposphere. With the improvement of low-level winds, there is significantly more
skill in SST as well, particularly in the Indian Ocean
that is more responsive to atmospheric forcing. This
is reCected in much higher skill in the inter-annual
variability of DMI and EQWIN, the latter of which
plays a significant role in modulating the Indian
Monsoon (Gadgil et al. 2004). It is known that Indian
rainfall in CFSv2 actually has a relationship with
EQUINOO that is opposite to that observed (negative correlation rather than positive correlation,
Vishnu et al. 2019). We conBrm the same poor
relationship in the control re-forecasts, and this
teleconnection bias is greatly improved with heating
corrections (not shown). Further work is underway
towards quantifying the exact impact on important
monsoon teleconnections, and this analysis will be
presented in another paper. Locally, the improvement in low-level winds and SST along with the
preservation of internal variability demonstrates
the suitability of the added heating technique for
controlling diabatic heating and diagnosing its
forced response, and this further motivates its
application towards a range of controlled modelling
experiments.
Considering a few key years involving ENSO and
EQUINOO events, an improved representation of
tropical diabatic heating is generally shown to
reduce bias in local low-level winds during most
but not all events. An improvement in the monsoon
circulation or monsoon rainfall is not found during
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the events examined, except during 2011 when
there is a large positive diabatic heating anomaly
over the west PaciBc.
This study employs the use of a fully-coupled
model, and results highlight the sensitivity of the
Indian Ocean to atmospheric forcing. However,
experiments do not provide insight into the role of
air-sea interaction. In this model, there is evidence
that air–sea coupling may even magnify monsoon
biases in the control re-forecasts (Narapusetty
et al. 2015). Differences in the local SST-rainfall
relationship with and without coupling has been
used to suggest that air-sea interaction is important, however this is partly an artifact of the
assumption of linearity (Rajendran et al. 2012).
For future work, it would be worthwhile to further
diagnose the role of air-sea interaction and repeat
the experiments with prescribed SST.
Considering the impact on the Indian monsoon,
it is encouraging to Bnd some improvement in the
circulation. However, no such improvement is seen
in rainfall or ISMR. This suggests that local rainfall
in CFSv2 may be less sensitive to large-scale
dynamical forcing associated with global teleconnections. This could be a limitation of convective
parameterization and/or the lack of resolving
topography with the coarse 1° horizontal grid of
the model, and likely contributes to the dry bias
over India, and possibly masks the imprint of
external forcing. Further high-resolution experiments are planned in order to alleviate this
deBciency.
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