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Why Diabatic Heating?

(1) Total Diabatic Heating is the driving engine for general circulation of the 
atmosphere 

(2) Tropical Diabatic Heating drives the extra-tropical response to phenomena such 
as ENSO and the MJO à Implications for predictability

(3) Diabatic Heating in mid-latitude cyclones changes the structure of the cyclones 
and the configuration of the storm tracks

(4) Diabatic Heating is an integral part of Monsoonal Oscillations
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Why isn’t precipitation enough?
(It gives us the vertical integral of latent heating) 

(1) Radiative Heating, Surface Sensible Heating and Diffusive Heating should be taken into account.

(2) The vertical structure of the Heating may be important 
 (but more on this later …)

(3) Precip. is hard to measure, and models do not handle it well.

Some Cautions:
(1) Diabatic Heating can not be measured directly, although it can be inferred from satellite 

measurements of radiation, from radar, … 
 
(2) Diabatic Heating is (or should be) an output of models, but how to compare to observations?

(3) Uniform estimation of Apparent Heating as a residual in the thermodynamic budget (Yanai) is a 
useful technique and is used here.
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Abstract. Since the Madden-Julian Oscillation (MJO) is a major source for tropical and extratropical variability on weekly

to monthly timescales, the intrinsic predictability of its global teleconnections is of great interest. As the tropical diabatic

heating associated with the MJO ultimately drives these teleconnections, the variability of heating among ensemble forecasts

initialized from the same episode of the MJO will limit this predictability. In order to assess this limitation, a suite of 60-day

ensemble reforecasts has been carried out with the ECMWF forecast model, spanning 13 starting dates from 01Nov and 01Jan5

for different years. The initial dates were chosen so that phases 2 and 3 of the MJO (with anomalous tropical heating in the

Indian Ocean sector) were present in the observed initial conditions. The 51 members of an individual ensemble use identical

initial conditions for the atmosphere and ocean. Stochastic perturbations to the tendencies produced by the atmospheric physics

parameterizations are applied only over the Indian Ocean region. This guarantees that the spread between reforecasts within an

ensemble is due to perturbations in heat sources only in the Indian Ocean sector. The point-wise spread in the intra-ensemble10

(or error) variance of vertically integrated tropical heating Q is larger than the average ensemble mean signal even at early

forecast times; however the planetary wave (PW) component of Q (zonal waves 1-3) is predictable for 25 to 45 days, the time

taken for the error variance to reach 50% to 70% of saturation. This zonal wave 1, the error variance of Q never reaches 90%

of saturation. The upper level tropical PW divergence is even more predictable than Q (40 to 50 days). In contrast, the PW

component of the 200 hPa Rossby wave source, which is responsible for propagating the influence of tropical heating to the15

extratropics, is only predictable for 20 to 30 days. Substantial ensemble spread of 300 hPa meridional wind propagates from

the tropics to the Northern Hemisphere storm-track regions by days 15-16. Following the growth of upper tropospheric spread

in planetary wave heat flux, the stratosphere provides a feedback in enhancing the error via downward propagation towards the

end of the reforecasts.

1 Introduction20

The Madden-Julian Oscillation (Madden and Julian, 1971, 1972) is the dominant mode of tropical variability on subseasonal

timescales of several weeks. The MJO manifests as a large-scale convection and precipitation pattern that starts in the Indian

ocean, followed by an eastward propagation along the equator. Although the MJO itself is confined to the tropics, it can
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Intrinsic Predictability Limits of the S2S Response to the MJO

Tropical heating in general is highly intermittent in space and time 

This is true even even within a single episode of the MJO. 

The precise evolution of the heating is therefore presumably not predictable on S2S 
time scales.

Goal: Study the limits on predictability that are imposed by our inability to predict the 
precise space-time evolution of the MJO tropical heating, even if we can predict its 
envelope.
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A Model Study (ECMWF’s Integrated Forecast System – IFS Cycle 43r3)
Stochastic Parameterization (perturbations) an integral part of IFS

Ensemble reforecasts from MJO initial conditions (61-days)

For each initial condition, the ensemble members differ from each other 
only because of  perturbations introduced throughout the run in the 
tropical Indo-Pacific region. (The initial conditions are NOT perturbed)

The ensemble spread is entirely due to the uncertainty in the output of 
the physical parameterizations in the tropical Indo-Pacific region.
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Experimental Configuration

ECMWF IFS Cycle 43r3

Atmospheric Model Resolution: 36 km horiz. resolution – 91 levels up to 0.01 Pa

NEMO Ocean Model v3.4.1 (1/4 degree horiz. resolution)

INITIAL CONDITIONS (all having MJO phases 2 and 3 at initial time)

8 start dates for 1 Nov (different years), 5 start dates for 1 Jan (different years)

Reforecasts for 61 days, each with an ensemble of 51 members (so 663 reforecasts in total)

Perturbations: The ECMWF model incorporates stochastic perturbations to the tendencies 
produced by sub-grid scale processes as an integral part of the model, so the only change we 
have made is to limit the application of these perturbations to the tropical Indo-Pacific region
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Table 1. Summary of the model runs performed for this study, for the November start dates (left) and the January start dates (right).

Start date Ensemble size Start date Ensemble size

01 Nov 1986 50+1 01 Jan 1987 50+1

01 Nov 1987 50+1 01 Jan 1990 50+1

01 Nov 1990 50+1 01 Jan 1995 50+1

01 Nov 2001 50+1 01 Jan 2010 50+1

01 Nov 2002 50+1 01 Jan 2013 50+1

01 Nov 2004 50+1

01 Nov 2011 50+1

01 Nov 2015 50+1

01 Nov 1981..2016 8+1 01 Jan 1981..2016 8+1

Indian Ocean, i.e. they are fully active in (50E� 120E,20N� 20S) and tapered to zero within the neighbouring 5 degrees (in

all directions). All the forecasts are run to a lead-time of 60 days.125

In addition, 01 Nov and 01 Jan ensemble reforecasts were made for all years between 1981 and 2016 with the initial dates

of 01 Nov and 01 Jan. Here the ensemble size is 9, with a control (unperturbed) run and 8 perturbed runs. The purpose of

these ’all-year’ reforecasts is to establish the model reforecast seasonal cycle for the Nov-Dec and Jan-Feb periods. Table 1

summarizes the MJO and all-year reforecasts, while Table 2 gives the MJO amplitude and phase for each of the reforecasts of

Table 1. In addition, Table 2 gives the monthly mean Niño 3.4 indices to indicate the state of the El-Niño Southern Oscillation.130

(This index is defined as the sea-surface temperature averaged over the region 5o � 5oN and 170oW � 120oW , and was

obtained from the website https://www.cpc.ncep.noaa.gov/data/indices/) Note that there are four 01 Nov start dates (for 1986,

1987, 2002 and 2015) which occur during a warm ENSO event, defined by having the Niño 3.4 index close to or above 1.0 for

both forecast months. For the 01 Jan start dates, only 1987 and 2010 occurred during warm events. Since we will consider the

diabatic heating throughout the tropics, the state of ENSO, which impacts the heating in the central Pacific is relevant.135

2.3 Data and diagnostics

The output of the 60-day forecasts includes the fields of temperature T , geopotential height Z, horizontal winds (u,v) and

vertical pressure velocity ! at 12 pressure levels: 1000,925,850,700,600,500,400,300,250,200,100,50hPa. These fields140

were available twice-daily on an N80 Gaussian (320o ⇥ 160o) lon x lat grid.

The diabatic heating was computed as a residual in the thermodynamic equation, with resolution equivalent to T159 in

spherical harmonic space, following the algorithm described in Swenson and Straus (2021). While the output of the algorithm

yields the heating in Wm�2 integrated over three layers: 1000�850hPa,850�400hPa,400�50hPa, in this paper we present

5
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6 D. M. Straus et al.: Predictability limits of MJO response

Figure 1. (a) Evolution of the daily mean, ensemble mean anomaly of diabatic heating anomaly Q (averaged 15� S–15� N) for days 1–60
of the 60 d experiments averaged over all experiments. (b) The evolution of the ensemble standard deviation of the daily mean heating
(vertically integrated and averaged 15� S–15� N) averaged over all experiments. The abscissa gives the forecast time in days. The red lines
indicate the range of longitudes over which the stochastic parametrization was applied. Units are watts per square meter (W m�2).

Figure 2. Evolution of the Rossby wave source (S) averaged over all experiments. Time is given in days. The RWS was computed at the
equivalent of T21 triangular spectral truncation (see text for details). S was averaged between 15 and 30� N (a) and between 20 and 35� N
(b). The color scale gives the ratio of the ensemble mean to ensemble spread. The units of the RWS are meters per second (m s�1).

Daily Ensemble Mean 
of vertically integrated 
diabatic heating

Longitude Time Plot

MJO signal is apparent 
in the first 10 days

Daily Ensemble Spread 
of vertically integrated 
diabatic heating

Longitude Time Plot

Red dotted lines give 
the region of 
perturbations

Note large spread 
compared to signal
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Zonal wavenumber spectra of error variance in mid-level tropical diabatic heating Qmid* (avg 15S-15N).
Black lines give error of 2-day averaged Qmid for 1-2 days, 3-4 days, 5-6 days, 9-10 days, 19-20 days and 39-
40 days. Red line gives error for days 59-60. (Heating averaged between 850 and 400 hPa)

Error Spectra of Tropical Heating
-- nearly white (flat spectrum) initially associated with localized heating error
-- Errors at largest scales grow most slowly. Even after 40 days the largest scales 
have not saturated.
-- some expectation that mid-latitude response most sensitive to largest scales of 
heating)           

20 days

40 days
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(a) (b)

Predictability Times
Times (Tau) at which error variance reaches a certain fraction of saturation as a function of zonal wavenumber
solid lines : error variance reaches 50% of saturation
dashed lines: error variance reaches 70% of saturation
dotted lines: error variance reaches 90% of saturation

Predictability Times for Heating
Predictability Times for 200 hPa divergence
both averaged 15S – 15N

Predictability Times for Heating
Predictability Times for S (Rossby Wave Source)
Rossby Wave Source averaged 15N – 32N

Divergence more predictable than heating Rossby source S less predictable than heating
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Comparison of Predictability Times for the Largest Scales

-- Although the uncertainty in heating is huge, the largest-scale 
component of heating is fairly predictable 

-- Tropical upper-level divergence is more predictable than heating. 
The divergence in some sense integrates over details of the heating

-- Subtropical Rossby Wave Source is less predictable than the 
heating !! 
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observations also hold for the regions of enhanced mid-level 
vorticity and 𝜔 (compare Figs. 2a and 5a).

Cluster (b) for k = 5 , showing enhanced upper-level 
divergence, cyclonic anomalies and rising motion in both the 
Bay of Bengal and the Arabian Sea, with modest subsidence 
further to the northeast (Figs. 4b and 5b) has no obvious 
counterpart in the results for k = 4 . This cluster appears as 
a (new) transition state between cluster (a) and cluster (c). 
The latter (Figs. 4c and 5c) shows strong divergence, upward 
motion and enhanced midl-level vorticity over the Bay of 
Bengal and across central India into the Arabian Sea, where 
this feature extends southwestward into the tropics. Regions 
of subsidence are seen in the tropics (east of 65°) E and fur-
ther north over the eastern Himalayas. Note that this cluster 
is very similar to clusters (b) for k = 4 seen in Figs. 1b and 
2b. Similarly, cluster (d) for k = 5 (Figs. 4d and 5d), with 
positive upper-level divergence, rising motion and positive 
mid-level vorticity in the northern Bay of Bengal and the 
opposite circulation over a broad band south of 15° N, is 
very similar to cluster (c) for k = 4 (Figs. 1c and 2c). Finally, 
cluster (e) for k = 5 (Figs. 4e and 5e) shows suppression of 
convection (downward motion) over a band extending from 
Myanmar westward over central India, and into the Arabia 
Sea, with some rising motion to the south of this, and over 
the extreme northeastern portion of the domain. The patterns 
are similar to those of cluster (d) for k = 4 (Figs. 1d and 2d); 
however there is a clear northward shift in the k = 4 cluster 
(d) compared to the k = 5 cluster (e).

The cluster (a) rainfall composite for k = 5 shown in 
Fig. 6a indicates suppressed rainfall over central India and 
the western Ghats with enhanced rainfall over the Himala-
yas and south central India, in rough agreement with cluster 
(a) for k = 4 (Fig. 3a), although the positive anomalies in 
the k = 5 cluster are clearly stronger. Cluster (b) (Fig. 6b) 
shows a weak enhancement of rainfall over central India 
and only a small remnant of the dryness which has moved 
northeastward (compared to cluster (a)). In cluster (c), strong 
positive anomalies of rainfall appear over central India and 
the western Ghats, with a suppression seen over the eastern 
Himalayas (Fig. 6c), very similar to cluster (b) for k = 4 
(Fig. 3b). The positive rainfall anomalies weaken and move 
northeastward in cluster (d) (Fig. 6d), matching cluster (c) 
for k = 4 (Fig. 3c). At the end of the sequence, cluster e 
(Fig. 6e) shows widespread suppression of rainfall over both 
central India and the western Ghats, and a small area of 

enhanced rainfall over the eastern Himalayas, a pattern very 
similar to that seen for k = 4 in cluster (d) (Fig. 3d).

5  Diabatic heating

Composites of the anomalies of diabatic heating (vertically 
integrated from 1000 to 50 hPa) are given for the four clus-
ters ( k = 4 ) over the global tropical belt in Fig. 7. Again 
we shall discuss the clusters in the framework of a cyclical 
transition path (a) → (b) → (c) → (d) → (a).

In cluster (a), prominent tropical Indian Ocean heating 
anomalies to the south of the equator are connected to a 
northwest-to-southeast (“tilted”) band of heating extend-
ing from the Arabian Sea, across southern India into the 
southern Bay of Bengal and further east over the Maritime 
continent. A parallel, similarly oriented band of cooling lies 
about 15 degrees further to the north. Heating anomalies 
are also seen further north over the Himalayas. The tilted 
band of heating moves northward in cluster (b) so that it 
covers central and northern India, and extends southeast-
wards into the tropical western Pacific. The Himalayan area 
of heating in cluster (a) is replaced by cooling in cluster (b), 
as is the tropical Indian Ocean heating. The tilted heating 
bands moves further northward in cluster (c), reaching the 
Himalayas in cluster (d), in which heating is again seen in 
the tropical Indian Ocean. Generally bands of heating are 
separated by bands of cooling. Of interest is the alternating 
areas of cooling (in clusters (a) and (b)) and heating (clusters 
(c) and (d)) over the eastern tropical Pacific.

Heating anomalies for five clusters are shown in Fig. 8, 
labeled (a) through (e) as in Sect. 4.2. Cluster (a) is very 
similar to cluster (a) for the 4 cluster case (Fig. 7), while 
cluster (d) and (e) for 5 clusters are very similar to clusters 
(c) and (d) for 4 clusters, respectively. It is clusters (b) and 
(c) in the 5-cluster case which are merged into cluster (b) in 
the 4-cluster case (compare Figs. 7b and 8b). The far eastern 
Pacific cooling noted in the 4-cluster case is seen in clusters 
(a) and (b) in Fig. 8, whereas the previously noted eastern 
Pacific heating is seen in clusters (d) and (e).

6  Regime lifetimes and transition paths

6.1  Regime lifetimes

The average lifetime in a cluster (regime) is given for each of 
the k = 4 clusters in Table 1 and for each of the k = 5 clusters 
in Table 2, in both pentads and the corresponding number of 
days. Also given is the total time the system resides in each 
cluster. The average regime lifetime for k = 4 is 8.6 days, 
while that for k = 5 is 7.8 days. For k = 4 the system spends 
58% of time in regimes (b) and (c), the regimes which show 

Fig. 4  Composite anomalies of horizontal winds (u, v) at 850 hPa for 
each of 5 clusters ( k = 5 ), shown in vectors. Composite anomalies of 
divergence at 200 hPa shown in shading, in units of 10−6s−1 . Signifi-
cance of the divergence at the 95% level is indicated by the stippling. 
The clusters are labeled (a), (b), (c), (d) and (e) corresponding to the 
panels

◂
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Abstract
Intra-Seasonal circulation regimes are identified from a cluster analysis of 5-day mean anomaly fields of 850 hPa horizontal 
winds from the ERA-Interim reanalysis for the boreal summer season (June–Sept. for 1979–2018) over the region (50°–100° 
E; 5° S–35° N). The k-means method was applied to the leading 6 principal components yielding k clusters. The degree of 
clustering is significant compared to synthetic data sets for any value of k > 3 . The circulation is most likely to stay in the 
same cluster from one pentad to the next; significant transitions (with 95% confidence level) form a cycle. The similarity 
between the cycle depicted from 4 or 5 clusters and the active-break cycle, as well as the 45-day oscillation, is established 
by composites of 850 hPa winds, 200 hPa divergence, 500 hPa vorticity and vertical pressure velocity, precipitable water, 
diabatic heating and rainfall over India: Strong convection over the subtropical Indian Ocean moves to the central Bay of 
Bengal and central India, subsequently to the northern Bay of Bengal and west Bengal, and then further north into the 
Himalayas. We also find preferred transitions in which the convection moves equatorward from central India. The number of 
complete cycles found in 40 summers is 7 in the 4-cluster analysis. The number of times the system undergoes four (three) 
consecutive legs of the cycle is 16 (31). For 5 clusters only 3 complete cycles are found. sequences of five, four and three 
consecutive legs occur 10, 11 and 28 times, respectively.

Keywords Indian monsoon · Active and break cycles · Circulation regimes · Boreal summer intra-seasonal oscillation

1 Introduction

The atmospheric circulation associated with the Indian 
monsoon has a very rich structure on intra-seasonal time 
scales. Fluctuations in the wind field over the broad Indian 
region strongly modulate the occurrence of synoptic systems 
and the resulting rainfall, so that prolonged episodes (sev-
eral days to one week) of strong rainfall (and of no rainfall) 
are observed over central India and surrounding regions 
(Murakami et al. 1984; Annamalai and Slingo 2001; Rajee-
van et al. 2010) Since this well-known “active-break cycle” 
has a large impact on agriculture (Prasanna 2020) the fidelity 
with which weather and climate models treat this cycle (and 

the circulation in which it is embedded) is clearly of concern 
(Pattanaik et al. 2020). These active and break periods are 
often characterized by compositing fields based on their time 
lagged relationship with a single, regionally averaged index 
of extreme rainfall, as in Rajeevan et al. (2010).

This cycle is embedded in a complex of larger scale intra-
seasonal fluctuations which extend over the broad Indian 
Ocean—western Pacific region. There is general agreement 
that two broad-band oscillations, the 30–60 day boreal sum-
mer intra-seasonal oscillation, or BSISO (Murakami et al. 
1984; Lau and Chan 1986; Kemball-Cook and Wang 2001; 
Annamalai and Sperber 2005; Hazra and Krishnamurthy 
2014) and the 10–20 day (quasi bi-weekly, or QBW) oscil-
lation (Krishnamurthi and Bhalme 1976; Krishnamurthi and 
Ardunay 1980; Chatterjee and Goswami 2004) dominate this 
variability. In order to identify these oscillations and deter-
mine their character, a number of complex spatio-termpo-
ral spectral analysis techniques have been used, including 

 * David M. Straus 
 dstraus@gmu.edu
1 AOES Department, Center for Ocean-Land-Atmosphere 
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Cluster Analysis of 850 circulation (u,v) for pentads 
during boreal summer (Jun-Sept) from 1979-2018 (ERA-
Interim)

Shown are cluster composite anomalies of (u,v) and 200 
hPa divergence. Composites of obs.rainfall are similar

Looks like active-break cycle if we order the maps a 
certain way! (a)à(b)->(c)->(d)->(e)->(a)
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observations also hold for the regions of enhanced mid-level 
vorticity and 𝜔 (compare Figs. 2a and 5a).

Cluster (b) for k = 5 , showing enhanced upper-level 
divergence, cyclonic anomalies and rising motion in both the 
Bay of Bengal and the Arabian Sea, with modest subsidence 
further to the northeast (Figs. 4b and 5b) has no obvious 
counterpart in the results for k = 4 . This cluster appears as 
a (new) transition state between cluster (a) and cluster (c). 
The latter (Figs. 4c and 5c) shows strong divergence, upward 
motion and enhanced midl-level vorticity over the Bay of 
Bengal and across central India into the Arabian Sea, where 
this feature extends southwestward into the tropics. Regions 
of subsidence are seen in the tropics (east of 65°) E and fur-
ther north over the eastern Himalayas. Note that this cluster 
is very similar to clusters (b) for k = 4 seen in Figs. 1b and 
2b. Similarly, cluster (d) for k = 5 (Figs. 4d and 5d), with 
positive upper-level divergence, rising motion and positive 
mid-level vorticity in the northern Bay of Bengal and the 
opposite circulation over a broad band south of 15° N, is 
very similar to cluster (c) for k = 4 (Figs. 1c and 2c). Finally, 
cluster (e) for k = 5 (Figs. 4e and 5e) shows suppression of 
convection (downward motion) over a band extending from 
Myanmar westward over central India, and into the Arabia 
Sea, with some rising motion to the south of this, and over 
the extreme northeastern portion of the domain. The patterns 
are similar to those of cluster (d) for k = 4 (Figs. 1d and 2d); 
however there is a clear northward shift in the k = 4 cluster 
(d) compared to the k = 5 cluster (e).

The cluster (a) rainfall composite for k = 5 shown in 
Fig. 6a indicates suppressed rainfall over central India and 
the western Ghats with enhanced rainfall over the Himala-
yas and south central India, in rough agreement with cluster 
(a) for k = 4 (Fig. 3a), although the positive anomalies in 
the k = 5 cluster are clearly stronger. Cluster (b) (Fig. 6b) 
shows a weak enhancement of rainfall over central India 
and only a small remnant of the dryness which has moved 
northeastward (compared to cluster (a)). In cluster (c), strong 
positive anomalies of rainfall appear over central India and 
the western Ghats, with a suppression seen over the eastern 
Himalayas (Fig. 6c), very similar to cluster (b) for k = 4 
(Fig. 3b). The positive rainfall anomalies weaken and move 
northeastward in cluster (d) (Fig. 6d), matching cluster (c) 
for k = 4 (Fig. 3c). At the end of the sequence, cluster e 
(Fig. 6e) shows widespread suppression of rainfall over both 
central India and the western Ghats, and a small area of 

enhanced rainfall over the eastern Himalayas, a pattern very 
similar to that seen for k = 4 in cluster (d) (Fig. 3d).

5  Diabatic heating

Composites of the anomalies of diabatic heating (vertically 
integrated from 1000 to 50 hPa) are given for the four clus-
ters ( k = 4 ) over the global tropical belt in Fig. 7. Again 
we shall discuss the clusters in the framework of a cyclical 
transition path (a) → (b) → (c) → (d) → (a).

In cluster (a), prominent tropical Indian Ocean heating 
anomalies to the south of the equator are connected to a 
northwest-to-southeast (“tilted”) band of heating extend-
ing from the Arabian Sea, across southern India into the 
southern Bay of Bengal and further east over the Maritime 
continent. A parallel, similarly oriented band of cooling lies 
about 15 degrees further to the north. Heating anomalies 
are also seen further north over the Himalayas. The tilted 
band of heating moves northward in cluster (b) so that it 
covers central and northern India, and extends southeast-
wards into the tropical western Pacific. The Himalayan area 
of heating in cluster (a) is replaced by cooling in cluster (b), 
as is the tropical Indian Ocean heating. The tilted heating 
bands moves further northward in cluster (c), reaching the 
Himalayas in cluster (d), in which heating is again seen in 
the tropical Indian Ocean. Generally bands of heating are 
separated by bands of cooling. Of interest is the alternating 
areas of cooling (in clusters (a) and (b)) and heating (clusters 
(c) and (d)) over the eastern tropical Pacific.

Heating anomalies for five clusters are shown in Fig. 8, 
labeled (a) through (e) as in Sect. 4.2. Cluster (a) is very 
similar to cluster (a) for the 4 cluster case (Fig. 7), while 
cluster (d) and (e) for 5 clusters are very similar to clusters 
(c) and (d) for 4 clusters, respectively. It is clusters (b) and 
(c) in the 5-cluster case which are merged into cluster (b) in 
the 4-cluster case (compare Figs. 7b and 8b). The far eastern 
Pacific cooling noted in the 4-cluster case is seen in clusters 
(a) and (b) in Fig. 8, whereas the previously noted eastern 
Pacific heating is seen in clusters (d) and (e).

6  Regime lifetimes and transition paths

6.1  Regime lifetimes

The average lifetime in a cluster (regime) is given for each of 
the k = 4 clusters in Table 1 and for each of the k = 5 clusters 
in Table 2, in both pentads and the corresponding number of 
days. Also given is the total time the system resides in each 
cluster. The average regime lifetime for k = 4 is 8.6 days, 
while that for k = 5 is 7.8 days. For k = 4 the system spends 
58% of time in regimes (b) and (c), the regimes which show 

Fig. 4  Composite anomalies of horizontal winds (u, v) at 850 hPa for 
each of 5 clusters ( k = 5 ), shown in vectors. Composite anomalies of 
divergence at 200 hPa shown in shading, in units of 10−6s−1 . Signifi-
cance of the divergence at the 95% level is indicated by the stippling. 
The clusters are labeled (a), (b), (c), (d) and (e) corresponding to the 
panels

◂
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Fig. 8  Composite anomalies of vertically integrated diabatic heat-
ing for each of 5 clusters ( k = 5 ), in units of W  m−2. The color scale 
applies to all panels. The clusters are labeled (a), (b), (c), (d) and (e) 
corresponding to the panels

Table 1  Statistics of cluster episodes for 4 clusters: average length 
and total time

Cluster Ave length Total time
(Pentads) (Days) (Pentads) (Percent)

(a) 1.627 8.1 205 21.4
(b) 1.838 9.2 283 29.5
(c) 1.731 8.7 277 28.9
(d) 1.696 8.5 195 20.3

Table 2  Statistics of cluster episodes for 5 clusters: average length 
and total time

Cluster Ave length Total time
(Pentads) (Days) (Pentads) (Percent)

(a) 1.557 7.8 165 17.2
(b) 1.444 7.2 205 21.4
(c) 1.558 7.8 148 15.4
(d) 1.648 8.2 234 24.4
(e) 1.564 7.8 208 21.7

Table 3  Transition table for 4 clusters 

Elements give number of transitions from cluster M (row) to column 
(N). The off-diagonal elements significant at the 95% confidence level 
are given in bold font

COLUMN (a) (b) (c) (d)
ROW M

(a) 79 62 28 29
(b) 26 129 89 26
(c) 43 59 117 44
(d) 47 27 35 80

Table 4  Analysis of complete and partial cycles: 
(a) → (b) → (c) → (d)

Number Avg. length
No. of legs Per year Total Pentads Days

3 0.77 31 5.16 25.8
4 0.40 16 6.75 33.8
5 0.17 7  9.75 47.9

Table 5  Transition table for 5 clusters

 Elements give number of transitions from cluster M (row) to column 
(N). The off-diagonal elements significant at the 95% confidence level 
are given in bold font

COLUMN (a) (b) (c) (d) (e)
ROW M

(a) 59 45 8 12 34
(b) 30 63 47 33 23
(c) 6 18 53 54 13
(d) 19 39 23 92 48
(e) 43 31 16 36 75

Table 6  Analysis of complete and partial cycles: 
(a) → (b) → (c) → (d) → (e)

Number Avg. length
No. of legs Per year Total Pentads Days

3 0.70 28 4.57 22.9
4 0.28 11 6.45 32.3
5 0.25 10 6.90 34.5
6 0.08 3 8.33 41.7

The evaluation of forecast and reforecast anomalies 
using the clustering approach presented has a number of 
advantages, including: (i) the focus on large-scale circu-
lation patterns that are frequently seen in reanalyses; (ii) 
a natural way to describe the components of the active/
break cycle in forecasts as well as the transitions that 
are not part of this cycle, and (iii) its applicability to 
short forecasts, for which application of time-filtering 
is not an option. The assignment of each forecast pentad 
anomaly to one of the observed regimes can be done on 
the basis of pattern correlation or mean-squared error, 
and leads to a coarse-grained representation of the (re)-
forecast evolution. Ensembles of such (re)-forecasts can 
then meaningfully summarized in terms of the evolution 
of regime probabilities. To evaluate the fidelity of long 
simulations, another option is to apply the clustering pro-
cedure described in this paper to determine the realism of 
the preferred circulation states as well as their transition 
paths. In this way the presence (or absence) of a simu-
lated active-break cycle can be obtained without the use 
of spectral time filtering.

◂

Looks like active-break cycle if we order the maps a 
certain way! (a)à(b)->(c)->(d)->(e)->(a)

This is confirmed by transitions that are significantly 
different from random! 
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Fig. 8  Composite anomalies of vertically integrated diabatic heat-
ing for each of 5 clusters ( k = 5 ), in units of W  m−2. The color scale 
applies to all panels. The clusters are labeled (a), (b), (c), (d) and (e) 
corresponding to the panels

Table 1  Statistics of cluster episodes for 4 clusters: average length 
and total time

Cluster Ave length Total time
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(a) 1.627 8.1 205 21.4
(b) 1.838 9.2 283 29.5
(c) 1.731 8.7 277 28.9
(d) 1.696 8.5 195 20.3

Table 2  Statistics of cluster episodes for 5 clusters: average length 
and total time

Cluster Ave length Total time
(Pentads) (Days) (Pentads) (Percent)

(a) 1.557 7.8 165 17.2
(b) 1.444 7.2 205 21.4
(c) 1.558 7.8 148 15.4
(d) 1.648 8.2 234 24.4
(e) 1.564 7.8 208 21.7

Table 3  Transition table for 4 clusters 

Elements give number of transitions from cluster M (row) to column 
(N). The off-diagonal elements significant at the 95% confidence level 
are given in bold font

COLUMN (a) (b) (c) (d)
ROW M

(a) 79 62 28 29
(b) 26 129 89 26
(c) 43 59 117 44
(d) 47 27 35 80

Table 4  Analysis of complete and partial cycles: 
(a) → (b) → (c) → (d)

Number Avg. length
No. of legs Per year Total Pentads Days

3 0.77 31 5.16 25.8
4 0.40 16 6.75 33.8
5 0.17 7  9.75 47.9

Table 5  Transition table for 5 clusters

 Elements give number of transitions from cluster M (row) to column 
(N). The off-diagonal elements significant at the 95% confidence level 
are given in bold font

COLUMN (a) (b) (c) (d) (e)
ROW M

(a) 59 45 8 12 34
(b) 30 63 47 33 23
(c) 6 18 53 54 13
(d) 19 39 23 92 48
(e) 43 31 16 36 75

Table 6  Analysis of complete and partial cycles: 
(a) → (b) → (c) → (d) → (e)

Number Avg. length
No. of legs Per year Total Pentads Days

3 0.70 28 4.57 22.9
4 0.28 11 6.45 32.3
5 0.25 10 6.90 34.5
6 0.08 3 8.33 41.7

The evaluation of forecast and reforecast anomalies 
using the clustering approach presented has a number of 
advantages, including: (i) the focus on large-scale circu-
lation patterns that are frequently seen in reanalyses; (ii) 
a natural way to describe the components of the active/
break cycle in forecasts as well as the transitions that 
are not part of this cycle, and (iii) its applicability to 
short forecasts, for which application of time-filtering 
is not an option. The assignment of each forecast pentad 
anomaly to one of the observed regimes can be done on 
the basis of pattern correlation or mean-squared error, 
and leads to a coarse-grained representation of the (re)-
forecast evolution. Ensembles of such (re)-forecasts can 
then meaningfully summarized in terms of the evolution 
of regime probabilities. To evaluate the fidelity of long 
simulations, another option is to apply the clustering pro-
cedure described in this paper to determine the realism of 
the preferred circulation states as well as their transition 
paths. In this way the presence (or absence) of a simu-
lated active-break cycle can be obtained without the use 
of spectral time filtering.

◂
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Preferred cycle:
(a)à(b)->(c)->(d)->(e)->(a)

Tropics-Wide composites of vertically integrated 
diabatic heating in W m-2 shows the canonical
Boreal Summer Intra-Seasonal Oscillation (BSISO).

Heating gives a unified picture 
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How do changes in model parameterization(s) affect diabatic heating?

Example of a Recent ECMWF model change: 

From:  SPPT (tendencies resulting of parameterized physics schemes are perturbed)
To:  SPP (physical parameters within the schemes are randomly perturbed)

Forecasts of Jan-Feb for 28 years (initialized 01 Jan: 1989-2016): 9 ensemble members
CY48R1.0 at resolution TCo319L137 / ORCA025Z_75

Mean differences of heating are very small – but with an interesting structure !  
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SPPT
Q (500-250 

hPa)

SPP
Q (500-250 

hPa)

Q  (SPP minus SPPT) (500-250 hPa)

[Q]  (SPP minus SPPT) 

units:
Wm-2
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Comparison of Model Heating to “Observed” Heating
or Apparent Heating Diagnosed from Reanalysis

”Observed” Heating techniques using satellite data typically diagnose latent heating based on:
(a)  assumptions about the vertical structure of shallow vs. deep convection
or 
(b) utilize a high-resolution limited area model (e.g. WRF) whose parameterizations make their own 
assumptions regarding the vertical structure of heating

Application of the residual technique (apparent heating) to reanalysis products.
(a) Same technique can be used on all model output: Consistency of results
(b) BUT different reanalysis data sets used for verification don’t agree with each other in the 
upper troposphere and lower stratosphere 
 Apparently the difference in parameterizations in the forecast models used makes a 
difference in the analysis procedure, even in the presence of observations of the circulation and 
temperature
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MERRA2
[Q] 

Wm-2

DJF
2011-17

ERA5
[Q] 

Wm-2

DJF
2011-17

MERRA2
Q

200-150

DJF
2011-17

ERA5
Q

200-150

DJF
2011-17
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Some Brief Concluding Thoughts

Ø Diabatic Heating is an important quantity to help understand the evolution of the 
atmosphere on weather to intra-seasonal to seasonal time scales

Ø The residual (“apparent heating”) method reasonably reproduces the true answer 
when we have it available from model forecasts/simulations

Ø There are still issues to be resolved regarding the heating diagnosed from reanalyses 
in the upper troposphere and lower stratosphere



Appendix
(“Apparent Heating”  or Yanai Q1)

Use of thermodynamics in conjunction with the full 3-dimensional state of the atmosphere. 
S is the entropy per unit mass, Q the rate of diabatic heating, thermodynamics tells us that:

𝑇
𝑑𝑆
𝑑𝑡

= 𝑄
where for an ideal gas the entropy is related to the potential temperature:

𝑆 = 𝐶! ln Θ

𝜃 = 𝑇
𝑝"
𝑝

#

k = R/Cp=2/7 where 𝐶! is the specific heat per unit mass and R the gas constant
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Taking	𝑇 !"!# = 𝑄 and expressing the total (Lagrangian) derivative in Eulerian framework gives:

𝜕𝜃
𝜕𝑡 + 𝑢 0 ∇ 𝜃 +𝜔

𝜕𝜃
𝜕𝑝 =

1
𝐶$

𝑝%
𝑝

&
𝑄

𝜕𝜃
𝜕𝑡 + ∇ 0 𝑢𝜃 − 𝜃∇ 0 𝑢 +𝜔

𝜕𝜃
𝜕𝑝 =

1
𝐶$

𝑝%
𝑝

&
𝑄

𝐶$
𝑝
𝑝%

& 𝜕𝜃
𝜕𝑡 + ∇ 0 𝑢' −𝜃𝐷 +𝜔

𝜕𝜃
𝜕𝑝 = 𝑄

𝜃 = 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙	𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
𝑄 = 𝑟𝑎𝑡𝑒	𝑜𝑓	𝑑𝑖𝑎𝑏𝑎𝑡𝑖𝑐	ℎ𝑒𝑎𝑡𝑖𝑛𝑔	𝑝𝑒𝑟	𝑢𝑛𝑖𝑡	𝑚𝑎𝑠𝑠

𝜔 =
𝑑𝑝
𝑑𝑡 = 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙	𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒	𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦

𝑢 = ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙	𝑤𝑖𝑛𝑑	𝑣𝑒𝑐𝑡𝑜𝑟 = 𝑢, 𝑣
𝑢' = 𝑢𝜃, 𝑣𝜃 ;𝐷 = ∇ 0 𝑢

𝑝 = 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒	;	𝑝% = 1000	ℎ𝑃𝑎;	𝐶$ = (
)𝑅
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UFS P8 NOAA Model
Q taken directly from model 
parameterizations for one 
month (Oct 2011) in 
deg/day

UFS P8 NOAA Model
Q computed form the 
thermodynamic equation 
for one month (Oct 2011) in 
deg/day


