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Abstract Intra-Seasonal circulation regimes are identified from a cluster anal-1

ysis of 5-day mean (pentad) anomaly fields of 850 hPa horizontal winds (u, v)2

from the ERA-Interim reanalysis for the boreal summer season (120 days start-3

ing 01June for the years 1979 - 2018) over the broad Indian region (50o −4

100oE; 5oS−35oN). The anomalies are formed with respect to a parabolic (in5

time) seasonal cycle computed separately for each year, thus filtering out pe-6

riods of greater than 240 days. The k-means method was applied in the phase7

space of the leading 6 (12) principal component modes, which explain 65%8

(78%) of the space-time variance, yielding k clusters. The degree of clustering9

is significant when compared to synthetic data sets for any value of k > 3.10
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The transition matrices for k = 4 and k = 5 establish that the system is11

most likely to stay in the same cluster from one pentad to the next, but that12

the significant transitions (with 95% confidence level using a modified boot-13

strap method) form a cycle. The similarity between the cycle as depicted from14

4 or 5 clusters is established by composites of 850 hPa (u, v, ), 200 hPa diver-15

gence, 500 hPa vorticity and vertical pressure velocity, and daily rainfall over16

India: Strong convection (with large positive divergence and vorticity) over the17

subtropical Indian Ocean, moves to the central Bay of Bengal and over central18

India, then subsequently to the northern Bay of Bengal and west Bengal, and19

then further north into the Himalayas. The Indian rainfall composites show a20

similar cycle. The phases in which strong convection is seen over central and21

northern India are seen for about 60% of the time for both k = 4 and k = 522

analyses. However the 4 cluster analysis also shows a preferred transition in23

which the convection moves equatorward from central India.24

The number of complete cycles (including a return to the starting cluster)25

found in the 40 years of data is 7 in the 4-cluster analysis, while the number26

of times the system undergoes four (three) consecutive legs of the cycle is 1627

(31). Fewer instances of complete cycles are found for 5 clusters (only 3), but28

sequences of five, four and three consecutive legs occur 10, 11 and 28 times29

respectively.30

Composites of the tropics-wide vertically integrated diabatic heating (es-31

timated from ERA5 reanalyses) reproduce the characteristics of the boreal32

summer intra-seasonal oscillation, with northwest-to-southeast oriented bands33
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of heating moving northward from the tropical Indian Ocean into the subtrop-34

ics.35

This depiction of the active-break cycle is particularly useful for diagnosing36

the cycle in short-range forecasts: as long as pentad anomalies can be formed,37

they can be assigned to one of the observed clusters described in this paper38

without the need for further time-filtering.39

Keywords Indian monsoon · active and break cycles and Circulation40

regimes · boreal summer intra-seasonal oscillation41

1 Introduction42

The atmospheric circulation associated with the Indian monsoon has a very43

rich structure on intra-seasonal time scales. Fluctuations in the wind field44

over the broad Indian region strongly modulate the occurrence of synoptic45

systems and the resulting rainfall, so that prolonged episodes (several days to46

one week) of strong rainfall (and of no rainfall) are observed over central India47

and surrounding regions (Murakami et al, 1984; Annamalai and Slingo, 2001;48

Rajeevan et al, 2010) Since this well-known “active-break cycle” has a large49

impact on agriculture (Prasanna, 2020) the ability of weather and climate50

models to forecast this cycle (and the circulation in which it is embedded)51

is clearly of concern (Pattanaik et al, 2020). These active and break periods52

are usually defined locally in time, as a function of time lags with respect to53

extreme regionally-averaged rainfall, as in Rajeevan et al (2010).54
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This cycle is embedded in a complex of larger scale intra-seasonal fluctua-55

tions which extend over the broad Indian Ocean - western Pacific region. There56

is general agreement that two broad-band oscillations, the 30-60 day (boreal57

summer intra-seasonal oscillation, or BSISO (Murakami et al, 1984; Lau and58

Chan, 1986; Annamalai and Sperber, 2005; Hazra and Krishnamurthy, 2014)59

and the 10-20 day (quasi bi-weekly, or QBW) oscillation (Krishnamurthi and60

Bhalme, 1976; Krishnamurthi and Ardunay, 1980; Chatterjee and Goswami,61

2004) dominate this variability. In order to identify these oscillations and deter-62

mine their character, a number of complex spatio-termporal spectral analysis63

techniques have been used, including extended empirical orthogonal functions64

(Suhas et al, 2013; Sahai et al, 2015), multi-channel singular spectrum analysis65

(Krishnamurthy and Shukla, 2000, 2007, 2008), principal oscillation patterns66

(Annamalai and Slingo, 2001) and cyclo-stationary empirical orthogonal func-67

tions (Annamalai and Sperber, 2005).68

Comparisons of the BSISO in simulations (Neena et al, 2017) and forecasts69

(Lee et al, 2015) with those from reanalyses have been carried out in the EEOF70

framework, although this process is somewhat cumbersome.71

In contrast to the local index-based approach used to diagnose the active-72

break cycle, and the complex mode techniques used to isolate the BSISO and73

QBW, this article suggests a focus on the spatial variability of the circulation,74

and in particular on the preferred occurrence of certain patterns, also called75

“regimes”. This approach can be implemented via the general technique of76

cluster analysis, which while very often used in studies of mid-latitude intra-77
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seasonal variability (see Straus et al, 2017), has not been widely applied to78

the Indian monsoon circulation. Chu et al (2017) use self-organizing maps (a79

form of cluster analysis) to characterize the intra-seasonal variability of out-80

going long-wave radiation and low-level zonal winds in the very broad region81

extending from East Africa to the western Pacific, and are able to identify82

both stationary and propagating patterns. The purpose of this article is to83

explore the structure of preferred circulation patterns over the Indian region84

(50o−100oE, 0o−35oN) and to relate transitions between them to the active-85

break cycle over India. This is meant to provide a framework in which the86

model forecasts (and simulations) can be evaluated with regard to the both87

the circulation regimes and, via their transitions, to the active-break cycle. Re-88

cent interest in the fidelity of predictions and simulations of the active-break89

cycle is evidenced in the work of Neena et al (2017) and Pattanaik et al (2020).90

Cluster analysis partitions every state of the atmosphere (whether daily91

or time-filtered anomalies) into a small number of clusters on the basis of a92

common structure. The average of all states in a cluster defines a centroid93

(also called a circulation regime). The complex evolution of the circulation is94

“coarse-grained” and so is described by the residence time within a regime and95

the probability of transition into another regime. Active-break cycles within96

this approach emerge as preferred transition paths between regimes. A fuller97

picture of the cycle and its components is available by compositing a number98

of variables over states assigned to each regime.99



6 David M. Straus

In section 2, the data set and the analysis methods are described. Meth-100

ods of estimating statistical significance are described in section 3. Section 4101

gives a number of composite fields over the broad South Asian region for the102

characteristic states (centroids) from each cluster for a 4-cluster analysis and103

a 5-cluster analysis, while Section 5 describes the composite diabatic heating104

over the global tropical belt. The frequency of occurrence and lifetime of the105

regimes, as well as evidence for preferred transition paths between them, are106

given in Section 6. A Discussion is given in Section 7, and the Conclusions in107

Section 8. The Appendix describes some technical matters regarding cluster108

analysis.109

2 Data Sets and Analysis Methods110

2.1 Data111

Once-daily fields of the horizontal wind (u, v) at 200, 500 and 850 hPa and112

the vertical pressure velocity (ω) at 500 hPa were obtained from the ERA-113

Interim reanalysis (Dee and coauthors, 2011) for the 120-day period starting114

01June for the 40 years 1979 through 2018. These data were interpolated115

from the original (512 × 256) (lon x lat) Gaussian grid to a (128 × 64) (lon116

x lat) Gaussian grid. 24 consecutive five-day means (pentads) of the winds,117

divergence (D), vorticity (ζ) and vertical pressure velocity (ω) were formed118

for use in the cluster analysis and composites.119
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Additionally, four-times daily data of the horizontal winds (u, v), tempera-120

ture T , and pressure vertical velocity ω were obtained from the ERA5 reanal-121

ysis (Hersbach and co authors, 2020) at 37 pressure levels for the purpose of122

estimating the diabatic heating. These fields were interpolated from the orig-123

inal 0.25o grid to a (256 × 128) (lon x lat) Gaussian grid prior to calculating124

the heating. The diabatic heating, whose calculation is described in subsection125

2.3 was vertically integrated into nine layers, and pentads formed.126

Daily gridded precipitation data for the months of June through September127

for the years 1979 through 2018 were obtained from the Indian Meteorological128

Department over the Indian land region (Pai et al, 2014) on a 0.25o (lon x lat)129

grid. This data set has been updated regularly. The daily data were averaged130

into pentads, as described above.131

For all the fields described above, the seasonal cycle was estimated by132

fitting the seasonal evolution of the pentads at each grid point with a parabola,133

and averaging the parabola over all 40 years (Straus, 1983). Anomalies are134

obtained by removing this seasonal cycle.135

2.2 Cluster analysis136

As a first step in the cluster analysis, a principal component analysis was137

applied to the vector field of (u, v) at 850 hPa over the wide Indian region138

(50.63o − 98.44oE, 1.40So − 34.88oN). The leading 6 (12) modes explain 65%139

(79%) of the total space-time variance. Since the variance explained drops off140

rapidly with mode number, we retain only 6 modes in the cluster calculations141
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to be described , although we have verified that the composite circulation and142

rainfall for each cluster are nearly unchanged when 12 modes are retained.143

The k-means cluster analysis (Deday and Simon, 1976; Desbois et al, 1982;144

Michelangeli et al, 1995; Straus et al, 2017) was applied in the 6-dimensional145

PC phase space, with the goal of identifying non-Gaussian behavior, hence146

preferred or unpreferred regions of phase space (Toth, 1993). This iterative147

method assigns each pentad in the phase space uniquely to one of k clusters148

(or groups of points in phase space), where k is chosen a priori. The cluster149

centroid is defined by the average PC coordinates of all states in the cluster.150

The clusters are chosen in such a way as to maximize the ratio R of the151

sum of squares of the PC coordinates of the centroid (weighted by the cluster152

population) ∆, to the intra-cluster variance S. This variance ratio measures153

the degree of clustering, and is used both to monitor the convergence of the154

algorithm, and in the assessment of its significance. Further details of the155

algorithm are given in Straus et al (2017). Choice of the value of k depends on156

the outcome of the statistical significance of the clustering, and robustness to157

randomly chosen half-length samples, both of which are discussed in Section158

3159

The cluster analysis yields an assignment of each 5-day period to one of k160

regimes.Composites of the full (not truncated) fields of anomalies of low-level161

(850 hPa) circulation u, v, ω,D, ζ and rainfall over each regime are examined.162

The frequency of transitions between regimes, and the possible sequences of163
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regimes, together give a coarse-grained approximation to trajectories in phase164

space.165

2.3 Diabatic heating166

The diabatic heating rate Q is estimated from the four-times daily ERA5167

data at 37 pressure levels as a residual in the thermodynamic equation. The168

heating is evaluated on the (256 × 128) (lon x lat) Gaussian grid, using a169

residual method as reported in Swenson and Straus (2021): The heating rate170

Q is obtained from:171

cpΠ

(

∂θ

∂t
+∇ · (vθ)− θ(∇ · v) + ω

∂θ

∂p

)

= Q. (1)

Here θ is potential temperature, p is pressure, ω = dp

dt
, cp the specific heat172

at constant pressure per unit mass, v the horizontal velocity field, and Π =173

(

p0

p

)κ

, with p0 = 1000 hPa and κ = R
cp
, R being the gas constant. Q is174

transformed from the grid representation to spherical harmonics, truncated to175

a triangular (T159) representation, and transformed back to the grid.176

3 Significance of Results177

The assessment of significance of the cluster analysis is carried out with the use178

of synthetic (also called surrogate) data sets. Each synthetic data set has the179

same number of states as the physical data set, but the time series of each PC180

is replaced by a stochastically generated Gaussian time series, constructed so181
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that for each PC the lag-correlation statistics are close to the observed statis-182

tics for that mode. By construction the synthetic time series of different PCs183

are statistically independent of each other. This independence of the Gaussian184

synthetic PCs ensures that any deviations from a multi-normal distribution185

are due only to sampling error. The method of construction of these stochastic186

time series is based on a variant of the random-phase method of Christiansen187

(2007), as detailed in Straus (2010).188

We apply the cluster analysis to 100 such synthetic data sets; the percent-189

age of times for which the variance ratio R is less than that of the real data190

gives the confidence level. We have carried out this analysis for a range of k,191

from 2 to 6, and find that for k=4,5, or 6 the confidence level is 99%, indicating192

very little chance that the degree of clustering in the original data is due to193

sampling error. Common to many methods of clustering, the final choice for194

the value of k is to some extent arbitrary (Christiansen, 2007). We used both195

k = 4 and 5 in our analysis, but focused on the choice of 5 clusters, as ex-196

plained in Section 4. Christiansen (2007) showed that the k-means method can197

incorrectly identify multiple clusters (k > 1) when presented with synthetic198

bivariate data drawn from skewed and platykurtic uni-modal distributions. We199

note that the skewness of the two leading PCs used for the cluster analysis is200

quite small (-0.143 and 0.125).201

In order to test the robustness of the cluster centroids to sub-sampling, we202

repeated the cluster analysis using 1000 randomly chosen half-length data sets.203

For each such half-length dataset, the variance ratio R was computed and the204
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resulting histogram displayed as a probability distribution (not shown). When205

normalized by its value for the entire data set, the distribution is sharply206

peaked at a value near 1.01 for k = 4 and k = 5, and at a slightly higher207

value for k = 6. Another measure of the agreement between the clusters in the208

half-length data sets and those in the full data set is the pattern correlation209

between the cluster centroids. For each half-length data set and value of k, each210

cluster centroid was matched to one of the k centroids in the full data set based211

on pattern correlation. The k values of correlation were then averaged (using212

the Fisher transformation) to assign a single value to that half-length data set.213

The probability distribution of the average value is shown for various values214

of k in Figure 9 in the Appendix. In all cases almost the entire distribution215

lies above correlation values of 0.8, with a small tail below this for k = 4 and216

k = 6.217

Preferred transition paths between the clusters are assessed with the use218

of the transition matrix, whose ith row and jth column gives the number219

of times the system makes a transition between cluster i and cluster j. The220

off-diagonal elements define transitions, whose statistical significance is deter-221

mined by comparison to the results of a large number (here 1000) of scrambled222

data sets. In each scrambled data set the cluster assignments are resampled223

using a bootstrap with replacement technique: the cluster assignment of each224

state (pentad p of year x) is replaced with that of a randomly chosen pentad225

q and year y. If a block of n pentads q + 0, q + 1, ...q + n − 1 of year y are226
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all assigned to the same cluster, then the pentads associated with the entire227

block of n days are assigned to pentads p, p+ 1, ..., p+ n− 1 of year x.228

The significance of the composite anomalies of the vorticity, divergence,229

vertical velocity and diabatic heating were assessed with a two-sided t-test.230

Significance is indicated for all anomalies exceeding 95% confidence.231

4 Circulation Regimes232

Composites of a number of anomaly fields are presented here for the cases233

of k = 4 and k = 5. The 850 hPa horizontal wind field (u, v), shown using234

the full anomalies (not truncated in PC-space), is helpful in indicating the235

location of anomalies in the Monsoon trough. This is also indicated by the236

500 hPa vorticity ζ. Both the 200 hPa divergence D and the 500 hPa vertical237

pressure velocity ω indicate regions of anomalous upward motion associated238

with convection. Finally, we show the rainfall anomalies (available only over239

the Indian land region).240

4.1 Four regimes241

Composites for k = 4 are shown in Figures 1, 2, and 3. The composite figures242

are ordered (from (a) through (d)) to correspond to a preferred cyclical tran-243

sition path (a) → (b) → (c) → (d) → (a) which will be discussed in Section244

6.245

In Figure 1, Cluster (a) shows low-level cyclonic anomalies over the equato-246

rial Indian Ocean associated with enhanced upper-level divergence (indicative247
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of deep convection), and a suppression of the Monsoon trough over India it-248

self (with Easterly anomalies) associated with a negative divergence anomaly249

in the Bay of Bengal. The mid-level ζ and ω anomalies for the same cluster,250

shown in Figure 2a, indicate enhanced vorticity and upward motion over the251

equatorial Indian Ocean, with suppressed vorticity and downward motion over252

India and the Bay of Bengal. Consistent with this, the corresponding rainfall253

anomalies over India, shown in Figure 3 show suppressed rainfall over the254

Western Ghats and over the Indo-Gangetic plain.255

Cluster (b) presents a sharp contrast: the Monsoon trough is now enhanced,256

with positive upper-level divergence anomalies over the Bay of Bengal and257

central India (Figure 1b), associated with enhanced mid-level vorticity and258

upward motion (Figure 2b) and strongly enhanced rainfall over the Western259

Ghats and over central India (Figure 3b). The enhanced rainfall over the west260

coast is consistent with the enhanced on-shore low-level winds, seen in Figure261

3.262

In cluster (c), the enhanced cyclonic low-level anomaly (and the accompa-263

nying upper-level divergence) are now located further to the northeast com-264

pared to their positions in cluster (b), and are also weaker (compare Figures265

1b) and 1c). Enhanced mid-level vorticity (along with rising motion) is seen266

over the northern Bay of Bengal, with a large area of sinking motion and267

decreased vorticity further to the southwest (Figure 2c). As expected from268

the circulation anomalies, the rainfall is modestly enhanced over northeastern269

India but is suppressed over central India (Figure 3c).270
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Finally, in cluster (d) the enhanced low-level cyclonic anomaly and associ-271

ated upper level divergence (and rising motion) has moved further northward272

to the eastern Himalayan mountain range (see Figures 1d) and 2d), while273

anomalous sinking motion and negative vorticity are seen over the Bay of Ben-274

gal and across much of India into the Arabian Sea. Over the tropical Indian275

Ocean and southern India, increased convection, with upper level divergence276

and rising motion are apparent in Figures 1d) and 2d). The rainfall anoma-277

lies (Figure 3d) are consistent with the circulation, with suppressed rainfall278

over much of central India, but enhanced rainfall in the Himalayas and over279

southern India.280

4.2 Five regimes281

Composites for k = 5 are shown in Figures 4, 5, and 6. The composite figures282

are ordered (from (a) through (e)) to correspond to a preferred cyclical tran-283

sition path (a) → (b) → (c) → (d) → (e) → (a) which will be discussed in284

Section 6.285

The low-level circulation and upper-level divergence anomalies for cluster286

(a) shown in Figure 4a are very similar to cluster (a) for k = 4 (compare Figure287

1a), although the center of upper-level divergence over the tropics is displaced288

southwards slightly in Figure 4a, while a small area of positive divergence is289

seen over the eastern Himalayas. These observations also hold for the regions290

of enhanced mid-level vorticity and ω (compare Figures 5a and 2a).291
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Cluster (b) for k = 5, showing enhanced upper-level divergence, cyclonic292

anomalies and rising motion in both the Bay of Bengal and the Arabian Sea,293

with modest subsidence further to the northeast (Figures 4b and 5b) has294

no obvious counterpart in the results for k = 4. This cluster appears as a295

(new) transition state between cluster (a) and cluster (c). The latter (Figures296

4c and 5c) shows strong divergence, upward motion and enhanced midl-level297

vorticity over the Bay of Bengal and across central India into the Arabian298

Sea, where this feature extends southwestward into the tropics. Regions of299

subsidence are seen in the tropics (east of 65o) E and further north over the300

eastern Himalayas. Note that this cluster is very similar to clusters (b) for301

k = 4 seen in Figure 1b and 2b. Similarly, cluster (d) for k = 5 (Figures302

4d and 5d), with positive upper-level divergence, rising motion and positive303

mid-level vorticity in the northern Bay of Bengal and the opposite circulation304

over a broad band south of 15o N, is very similar to cluster (c) for k = 4305

(Figures 1c and 2c). Finally, cluster (e) for k = 5 (Figures 4e and 5e) shows306

suppression of convection (downward motion) over a band extending from307

Myanmar westward over central India, and into the Arabia Sea, with some308

rising motion to the south of this, over the extreme northeastern portion of309

the domain. The patterns are similar to those of cluster (d) for k = 4 (Figures310

1d and 2d); however there is a clear northward shift in the k = 4 cluster (d)311

compared to the k = 5 cluster (e).312

The cluster (a) rainfall composite for k = 5 shown in Figure 6a indicates313

suppressed rainfall over central India and the western Ghats with enhanced314
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rainfall over the Himalayas and south central India, in rough agreement with315

cluster (a) for k = 4 (Figure 3a), although the positive anomalies in the k = 5316

cluster are clearly stronger. Cluster (b) (Figure 6b) shows a weak enhancement317

of rainfall over central India and only a small remnant of the dryness which has318

moved northeastward (compared to cluster (a)). In cluster (c), strong positive319

anomalies of rainfall appear over central India and the western Ghats, with320

a suppression seen over the eastern Himalayas (Figure 6c), very similar to321

cluster (b) for k = 4 (Figure 3b). The positive rainfall anomalies weaken and322

move northeastward in cluster (d) (Figure 6d), matching cluster (c) for k = 4323

(Figure 3c). At the end of the sequence, cluster e (Figure 6e) shows widespread324

suppression of rainfall over both central India and the western Ghats, and a325

small area of enhanced rainfall over the eastern Himalayas, a pattern very326

similar to that seen for k = 4 in cluster (d) (Figure 3d).327

5 Diabatic Heating328

Composites of the anomalies of diabatic heating (vertically integrated from329

1000 to 50 hPa) are given for the four clusters (k = 4) over the global tropical330

belt in Figure 7. Again we shall discuss the clusters in the framework of a331

cyclical transition path (a) → (b) → (c) → (d) → (a).332

In cluster (a), prominent tropical Indian Ocean heating anomalies to the333

south of the equator are connected to a northwest-to-southeast (“tilted”) band334

of heating extending from the Arabian Sea, across southern India into the335

southern Bay of Bengal and further east over the Maritime continent. A par-336
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allel, similarly oriented band of cooling lies about 15 degrees further to the337

north. Heating anomalies are also seen further north over the Himalayas. The338

tilted band of heating moves northward in cluster (b) so that it covers cen-339

tral and northern India, and extends southeastwards into the tropical western340

Pacific. The Himalayan area of heating in cluster (a) is replaced by cooling in341

cluster (b), as is the tropical Indian Ocean heating. The tilted heating bands342

moves further northward in cluster (c), reaching the Himalayas in cluster (d),343

in which heating is again seen in the tropical Indian Ocean. Generally bands of344

heating are separated by bands of cooling. Of interest is the alternating areas345

of cooling (in clusters (a) and (b)) and heating (clusters (c) and (d)) over the346

eastern tropical Pacific.347

Heating anomalies for five clusters are shown in Figure 8, labeled (a)348

through (e) as in subsection 4.2. Cluster (a) is very similar to cluster (a)349

for the 4 cluster case (Figure 7), while cluster (d) and (e) for 5 clusters are350

very similar to clusters (c) and (d) for 4 clusters, respectively. It is clusters (b)351

and (c) in the 5-cluster case which are merged into cluster (b) in the 4-cluster352

case (compare Figures 8b and 7b). The far eastern Pacific cooling noted in the353

4-cluster case is seen in clusters (a) and (b) in Figure 8, whereas the previously354

noted eastern Pacific heating is seen in clusters (d) and (e).355
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6 Regime lifetimes and Transition Paths356

6.1 Regime lifetimes357

The average lifetime in a cluster (regime) is given for each of the k = 4 clusters358

in Table 1 and for each of the k = 5 clusters in table 2, in both pentads and the359

corresponding number of days. Also given is the total time the system resides360

in each cluster. The average regime lifetime for k = 4 is 8.6 days, while that361

for k = 5 is 7.8 days. For k = 4 the system spends 58% of time in regimes362

(b) and (c), the regimes which show rising motion and upper-level divergence363

over the Bay of Bengal as in Figures 1b and 1c. The remaining 40% is divided364

nearly evenly between the regime with divergence closer to the tropics or over365

the Himalayas (Figures 1a and 1d.) Considering 5 clusters, the system spends366

61% of time in regimes (b)-(d) with upper-level divergence over the Bay of367

Bengal (Figures 4b through 4d). The remaining two regimes (a) and (e) with368

rising motion to the north and south of India (Figures 4a and 4e) are occupied369

for the remaining 39% of the time.370

6.2 Regime transitions371

Table 3 presents the total number of transitions between individual clusters for372

k = 4. The number of transitions between cluster i and cluster j is given in the373

ith row and jth column. The rows and columns are labeled (a) through (d) to374

correspond to the composites of Figures 1, 2 and 3. The diagonal elements give375

the number of pentads for which the system stayed in the same cluster, and376
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this is largest for clusters (b) and (c). The off-diagonal elements are generally377

smaller, and give the number of transitions. Bold values are significant at378

the 95% confidence level using the boot-strap method detailed in Section 3.379

Significant transitions include the complete cycle: (a) → (b), (b) → (c), (c) →380

(d), and (d) → (a). In addition, the number of transitions from cluster (c) →381

(b) is not only significant, but is also larger than the (c) → (d) leg of the382

complete cycle. Table 4 shows the number of episodes during which 3, 4 or 5383

legs of the cycle occur consecutively, and the average length of each episode.384

Such episodes are counted as long as residence in one of the clusters is followed385

(after one or more pentads) by residence in the next cluster in the cycle. All386

possible sequences within the entire cycle are counted; for example the entry387

in the table for 3 legs includes all sequence (a) → (b) → (c), (b) → (c) → (d),388

(c) → (d) → (a), and (d) → (a) → (b).389

The entire cycle from (a) through (d) back to (a) occurs only 7 times in390

the 40 years; 3 consecutive legs occur on average for over three quarters of the391

years. The average cycle length for the entire cycle is about 48 days.392

6.3 Five clusters393

Table 5 presents the total number of transitions between individual clusters for394

k = 5, in the same form as Table 3. The only significant transitions encompass395

the complete cycle: (a) → (b), (b) → (c), (c) → (d), and (d) → (e), and396

(e) → (a). Table 6 shows the number of episodes during which 3, 4, 5 or 6 legs397
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of the cycle occur consecutively, and the average length of each episode. The398

episodes are counted in a way analogous to those in Table 4.399

The entire cycle from (a) through (e) back to (a) occurs only 3 times in400

the 40 years, with an average length of 42 days. Subsets of the cycle occur401

increasingly more often as the number of required legs of the cycle decreases;402

3 legs occur 70% of the time, taking about 23 days.403

7 Discussion404

7.1 Comparison of 4 and 5 clusters405

In general, the cyclical sequence of states for k = 5 from (a) → (b) → (c) →406

(d) → (e) → (a) is very similar to the sequence for k = 4 of (a) → (b) →407

(c) → (d) → (a). The states in the k = 4 sequence seem to occur at slightly408

earlier times than the corresponding ones in the k = 5 sequence. For example,409

the appearance of rising motion and upper-level divergence over the Himalayas410

appear at the “end” of the cycle using 4 clusters, but appear both at the “end”411

of the k = 5 cycle and the “beginning” of the next one. Thus we see slightly412

stronger rising motion over the Himalayas in Figure 5a compared to 2a, as well413

as the weaker rising motion over the equatorial Indian Ocean in in Figure 5e414

compared to 2d. Remnants of positive rainfall anomalies over the Himalayas415

and south India are seen in the k = 5 cluster (a) composite(Figure 6a) which416

appear at end of the “previous” cycle for the k = 4 cluster (d) 3d).417
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7.2 Relationship to active / break episodes and intra-seasonal oscillations418

The sequences of rainfall composites presented here can be compared to com-419

posites of the active and break episodes presented by Rajeevan et al (2010)420

(hereafter R). These authors define the dates of these isolated episodes on the421

basis of rainfall anomalies averaged over the Monsoon core region exceeding422

±1σ (standard deviation) for 3 consecutive days, using a high resolution data423

set of precipitation over India. The active phase lag-0 composite of R, showing424

large positive rainfall anomalies over the Monsoon core region of India, over425

the western Ghats, along with suppressed rainfall over southern India and426

to the northeast over the Himalayas, is very similar to cluster (c) for k = 5427

(Figure 6c), as well as with cluster (b) for k = 4 (Figurefig:rf4b). The break428

composite presented in R shows completely the reverse pattern, similar to the429

k = 5 cluster (a) (and to some extent cluster (e)) in Figure 6, and cluster (d)430

for k = 4 (Figure 3d). It should be noted that the longer life-span of break431

phases compared to active phases found by R is not reflected in the average432

persistence times seen for the clusters. For example, table 2 shows that for433

k = 5 cluster (c) (active phase) has the same average persistence (7.8 days) as434

clusters (a) and (e), which encompass the break phase.435

Krishnamurthy and Shukla (Krishnamurthy and Shukla, 2008), herafter436

KS8, show rainfall composites based on 8 phases of both the 45-day oscillation437

and 28-day oscillation obtained from application of the MSSA technique to438

observed outgoing long-wave radiation. The composites for phases 7 and 8439

of the 45-day oscillation (from Figure 4 of KS8), with large negative OLR440
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over India, correspond well to the circulation in regime (c) for k = 5 shown441

in Figures 4 and 5. The opposite phases of KS8 (1 and 2) correspond to442

the circulation in regime (a) in Figures 4 and 5. The correspondence of our443

results with the 28-day oscillation of KS8 is less clear. This oscillation shows a444

dipolar structure (in latitude) of OLR over the Indian longitudes, in contrast445

to the more tripolar patterns seen in both the 45-day oscillation and our446

cluster composites. The association of our results with the 45-day oscillation447

is consistent with the average length of time it takes for the entire preferred448

sequence of k = 4 or k = 5 clusters to complete, 42 - 48 days, with partial449

sequences completing in about 34 days (Tables 4 and 6).450

8 Summary and Conclusions451

The cluster analysis presented here categorizes the evolution of the full circu-452

lation in time, rather than to focus on only those components which are oscil-453

latory. The preferred transition paths between the circulation regimes clearly454

reflect aspects of both the active/break episodes and the 45-day oscillation.455

Yet one of the significant transitions (from cluster (c) to (b) in Figures 2 and456

3) is characterized by equatorward propagation, and there are a number of457

other (not statistically significant) transitions between clusters. Such transi-458

tions occur during periods when regular northward propagation is not seen.459

The evaluation of forecast and reforecast anomalies using the clustering460

approach presented has a number of advantages, including: (i) the focus on461

large-scale circulation patterns that are frequently seen in reanalyses; (ii) a462
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natural way to describe the components of the active/break cycle in forecasts,463

and (iii) its applicability to short forecasts, for which application of time-464

filtering is not an option. The assignment of each forecast pentad anomaly to465

one of the observed regimes can be done on the basis of pattern correlation466

or mean-squared error, and leads to a coarse-grained representation of the467

(re)-forecast evolution. Ensembles of such (re)-forecasts can then meaningfully468

summarized in terms of the evolution of regime probabilities. To evaluate the469

fidelity of long simulations, another option is to apply the clustering procedure470

described in this paper to determine the realism of the preferred circulation471

states as well as their transition paths. In this way the presence (or absence)472

of a simulated active-break cycle can be obtained without the use of spectral473

time filtering.474

Appendix: Clustering details475

(a) Cluster analysis algorithm476

Let S be the sum of squared Euclidean distances between each state (expressed477

in PC space) and the centroid of the cluster to which it is assigned. Let the478

cluster separation ∆ be the sum of squared distances of each cluster centroid479

about the origin, weighted by the cluster population. Since one can easily show480

that (N − 1)σ2 = S+∆, where N is the number of states and σ2 the variance481

of all N points (which is fixed for the given data set), maximizing the ratio482

R = ∆/S is equivalent to minimizing S.483
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The iterative algorithm to seek the minimum of S is initiated by randomly484

identifying k initial points called seeds, whose coordinates form the first es-485

timate of the cluster centroids. Each of the N points in the data set is then486

assigned to the seed to which it is closest, so that k groups (clusters) are487

formed. Each of the k centroids (average coordinates) are then recomputed488

based on all members in that cluster, and with this new definition of the489

centroids, the cluster assignments are recomputed. This iterative process of490

re-defining clusters proceeds until S has converged. The process is repeated491

in 100 trials using different seeds; the cluster assignments from the trial with492

minimum value of S are taken to be the final assignments. Following a method493

suggested by Dr. F. Molteni (personal communication) one can ensure more494

rapid convergence by choosing the k seed points so that they are truly rep-495

resentative of the entire set of points. In PC space, this is accomplished by496

ensuring that each seed has a norm less than a maximum value in the full PC497

space, that each pair of seeds has a minimum distance from each other, and498

that each pair of seeds belongs to a different sector in the plane of the leading499

two PCs.500

(b) Synthetic time series for PCs501

The temporal correlation structure of any time series can be captured in a syn-502

thetic time series by computing the Fourier harmonic coefficients of the original503

time series for all frequencies, retaining the original amplitudes, but randomiz-504

ing the phases for each frequency. This random-phase approach (Christiansen,505
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2007) preserves the spectrum. Since the spectrum is the Fourier transform of506

the temporal autocovariance function (Jenkins and Watts, 1968), the synthetic507

time series should retain the original temporal correlation information.This508

approach is modified when applied to daily data for many winters, thus to509

discontinuous segments: the random-phase calculation is applied to the time510

series of seasonal means, and separately to the deviations of the daily data511

from those seasonal means. Finally the two synthetic time series are added512

(Straus, 2010).513

Acknowledgements The authors gratefully acknowledge the Financial support given by514

the Earth System Science Organization, Ministry of Earth Sciences, Government of India515

(Grant no. IITM/MM-II/UnivGMU USA/2018/I) to conduct this research under the Mon-516

soon Mission.517



26 David M. Straus

Fig. 1 Composite anomalies of horizontal winds (u, v) at 850 hPa for each of 4 clusters

(k = 4), shown in vectors. Composite anomalies of divergence at 200 hPa shown in shading,

in units of 10−6s−1. Significance of the divergence at the 95% level is indicated by the

stippling. The clusters are labeled (a), (b), (c), and (d) corresponding to the panels.
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Fig. 2 Composite anomalies of vorticity ζ at 500 hPa for each of 4 clusters (k = 4), shown in

contours in units of 10−5sec−1. Composite anomalies of vertical pressure velocity (ω) at 500

hPa shown in shading, in units of 1.0−2Pas−1. Significance of the vorticity at the 95% level

is indicated by the stippling. The clusters are labeled (a), (b), (c), and (d) corresponding to

the panels.
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Fig. 3 Composite anomalies of horizontal winds (u, v) at 850 hPa for each of 4 clusters

(k = 4), shown in vectors. Composite anomalies of rainfall shown in shading, in units of

10−3 d−1. Only values of the precipitation significant at the 95% level are plotted. The

clusters are labeled (a), (b), (c), and (d) corresponding to the panels.
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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. Significance 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.



30 David M. Straus

Fig. 5 Composite anomalies of vorticity ζ at 500 hPa for each of 5 clusters (k = 5), shown

in contours in units of 10−5sec−1. Composite anomalies of vertical pressure velocity (ω)

at 500 hPa shown in shading, in units of 1.0−2Pa s−1. Significance of the vorticity 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. 6 Composite anomalies of horizontal winds (u, v) at 850 hPa for each of 5 clusters

(k = 5), shown in vectors. Composite anomalies of rainfall shown in shading, in units of

10−3 d−1. Only values of the precipitation significant at the 95% level are plotted.The

clusters are labeled (a), (b), (c),(d) and (e) corresponding to the panels.
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Fig. 7 Composite anomalies of vertically integrated diabatic heating for each of 4 clusters

(k = 4), in units of W m−2. The clusters are labeled (a), (b), (c), and (d) corresponding to

the panels.
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Fig. 8 Composite anomalies of vertically integrated diabatic heating 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.
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Fig. 9 Probability distributions (normalized) of the average pattern correlations of the

cluster centroids obtained from 100 randomly chosen half-length samples with the centroids

from the full data set, shown for three values of k. For each value of k, the centroids from

the half-length samples are matched with those of full data set and the correlation averaged

over the k centroids.
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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
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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
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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 0.88 3 . 8.33 41.7
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