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Abstract

Northward propagating summer monsoon intraseasonal oscillations (MISOs) in the Indian Ocean region remain poorly
understood and difficult to predict. Here we examine a free-running high-resolution regional atmospheric model (RegCM4.7
with 25 km resolution), forced distantly at the boundaries by atmospheric observations (ERA-Interim, 0.75°) and forced
locally by observed sea-surface temperature (SST) over the period 1979-2016, to assess its ability to reproduce key aspects
of these MISOs. We find that the model MISO exhibits spatial structures and northward propagation characteristics broadly
similar to observed MISO when confining the analysis to the 25-90 day period band. The MISO precipitation anomalies are
then shown to be consistent with previously known observed relationships to broad-scale sea-level pressure patterns, Inter-
Tropical Convergence Zone (ITCZ) positioning, and changes in the regional Hadley Cell component. The total simulated
seasonal (JJAS) rainfall anomalies over India are not significantly correlated with observations, indicating that intrinsic
variations in the regional model atmosphere dominate most of the precipitation variability. However, the bandpass-filtered
MISO anomalies surprisingly exhibit a significant correlation (0.61) with observations. This suggests that instabilities in
the regional broad-scale atmospheric circulation, e.g., linked to the ITCZ position or strength, may be partly controlled by
the large-scale atmospheric flows specified at the domain boundaries and/or that specified local SST anomalies may help to
guide some fraction of the developing model MISO to follow observations. This result motivates further research on MISO
initiation and development using this type of regional atmospheric model.

Keywords Monsoon intraseasonal oscillation (MISO) - Indian summer monsoon (ISM) - REGional Climate Model v4.7
(RegCM4.7) - Northward propagation of monsoon - Extended empirical orthogonal function (EEOF)

1 Introduction

Over the last few decades, the simulation and prediction
of summer monsoon intraseasonal oscillations (MISOs) in
the Indian Ocean using global climate models has drawn
increasing levels of attention (e.g., Abatan et al. 2021). How-
ever, the current generation of climate and weather forecast-
ing models remains limited in prediction skill compared to
the potential predictability of the MISO events (e.g., Lee
et al. 2015). Understanding and predicting MISO, there-

< Soumik Ghosh
soumik.ghosh@fulbrightmail.org

Scripps Institution of Oceanography, University
of California, San Diego, CA, USA

Department of Geophysics, Banaras Hindu University,
Varanasi, India

Present Address: Department of Earth and Planetary

Sciences, Weizmann Institute of Science, Rehovot, Israel

Atmospheric and Oceanic Sciences, University of Colorado
Boulder, Boulder, CO, USA

Earth System Physics Section, The Abdus Salam
International Centre for Theoretical Physics, Trieste, Italy

Present Address: Department of Meteorology (MISU),
Stockholm University, Stockholm, Sweden

fore, remain among the central tasks of the climate research
community (Vitart 2014; Vitart et al. 2012). The MISO’s
realistic simulation and accurate prediction are still chal-
lenging using the present generation of climate models due
to inadequate model physics and parameterization (Fang
et al. 2017; Li et al. 2018; Misra et al. 2018). These mod-
eling deficiencies have been addressed using many advanced
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modeling strategies (e.g., Li et al. 2022b), which motivate
further investigations to improve our understanding of the
models’ MISO simulation capability in terms of diagnostics
and forecasting.

The tropical intraseasonal variability (ISV) in northern
summer that propagates from the equatorial Indian Ocean
is referred to as the MISO (Fu et al. 2013; Lee et al. 2013),
which regulates the ISV of the Indian summer monsoon
(ISM) (Annamalai and Slingo 2001). This ISV of the mon-
soon is strongly associated with fluctuations of the inter-
tropical convergence zone (ITCZ). The MISO have various
timescales of propagation, including 3—7 day (oscillation of
monsoon trough), 10-20 day, and 30-60 day modes of oscil-
lation. The 10-20 day mode exhibits westward propagation,
while the 30-60 days mode has a northward, and slightly
eastward, propagation from the equatorial Indian Ocean to
northern India (Goswami 2005; Fu et al. 2007). Due to the
intrinsic monsoon variability and the Madden-Julian Oscil-
lation (MJO) impact on monsoon circulation, the northward
propagating MISOs are very complex in nature, even more
complicated than the MJO (Lau and Waliser 2011; Webster
et al. 1998).

Climate models often fail to simulate the salient features
of boreal summer MISO (Acharya et al. 2013; Sabeerali
et al. 2013; Abhik et al. 2016) and underestimate the MISO
variance over the equatorial Indian and Pacific Ocean
(Sabeerali et al. 2013). The model performance is often lim-
ited in simulating the northwest-southeast tilted rain band
structure (Waliser et al. 2003; Sperber et al. 2013) and the
eastward propagating wave response (Sperber and Anna-
malai 2008). Major deficiencies exist in the model simu-
lated MISO amplitude, spatial structure, propagation, and
precipitation-sea surface temperature (SST) relationship that
acts as a barrier for extended range prediction beyond two
weeks (Abhilash et al. 2014a, b; Vitart 2014) and limits our
understanding of them. These deficiencies in the model sim-
ulation likely arise due to improper representation of atmos-
pheric mesoscale activity (i.e., convection, air—sea interac-
tion, Kelvin and Rossby deformation scales, etc.). Due to
the complex physical interaction between the atmosphere
and ocean, the nonlinearities in these fields may also lead to
improper representation of these processes in model simu-
lations, which further leads to biases in MISO simulation.

While global climate models are necessarily very limited
in horizontal grid resolution, regional climate models can
implement higher resolution to attempt to potentially better
simulate atmospheric convection and other processes that
are important in MISO simulation (e.g., Chen et al. 2018).
This study focuses on the performance of the newly released
regional climate model version-4.7 (RegCM4.7) with 25 km
resolution in capturing the spatial structure of the north-
ward propagating MISO over the South Asian Coordinated
Regional Downscaling Experiment (SA-CORDEX) domain
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(Gutowski Jr et al 2016). Previous studies with RegCM
have evaluated the performance of different versions of
RegCM to understand the ISV during the monsoon over
India (Bhatla et al. 2016; Shahi et al. 2021; Ghosh et al.
2019, 2022). But a detailed study of the northward propagat-
ing MISO behavior is still needed for comparison to other
models’ abilities. Although uncoupled atmospheric models
like RegCM are known to be somewhat inferior to coupled
atmosphere—ocean models in simulating the monsoon ISV
(Fu et al. 2007; Misra et al. 2018; Li et al. 2022a), there
is still much that can be learned from this high-resolution
uncoupled approach.

Our objectives here are to (1) identify whether northward
propagating MISO develops within this version of RegCM,
(2) isolate the spatial patterns of precipitation that are asso-
ciated with these MISO events, (3) compare the model
MISO structure and propagation characteristics to obser-
vations, and (4) link MISO evolution in the model to the
simulated fields of sea-level pressure, winds, the regional
component of the Hadley Cell, and the ITCZ. This study will
help climate scientists and model developers better under-
stand this regional model’s capabilities and limitations in
simulating MISO and thereby guide future studies of MISO
with RegCM in both uncoupled and fully coupled modes.

2 Model, data, and diagnostics
2.1 Model configuration and experimental design

For this study, we use the latest Abdus Salam International
Centre for Theoretical Physics regional climate model,
RegCM4.7. The model consists of a hydrostatic dynami-
cal core of the mesoscale model (MMS5) (Grell et al. 1994)
and the terrain follows a sigma vertical coordinate system.
The model cells are based on an Arakawa B-grid, where the
thermodynamic variables e.g., temperature and humidity are
at the grid center, and wind components are at the corners.
More information about RegCM is discussed by Elguindi
et al. (2013).

The model has multiple physics parameterization options,
which can be used by the modeling community for carry-
ing out sensitivity studies over different CORDEX domains
(e.g. Giorgi et al. 2012). In the South Asia (SA-CORDEX)
domain, the radiation parameterization is the CCM3 radia-
tion scheme as described by Kiehl et al. (1996). We used the
mixed-type cumulus schemes, i.e., MIT convection scheme
(Emanuel and Zivkovié-Rothman 1999) over the land and
Tiedtke scheme (Tiedtke 1989) over the ocean. The ocean
flux parameterization scheme follows Zeng et al. (1998).
The land surface scheme of the Community Land Model
version 4.5 (CLM4.5) (Oleson et al. 2013) and UW bound-
ary layer scheme (Grenier and Bretherton 2001) is used. The
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large-scale (or non-convective) precipitation is represented
through the Subgrid Explicit Moisture Scheme (SUBEX)
scheme (Pal et al. 2000).

The RegCM4.7 model is run at a horizontal resolution of
25 km, which consists of 429 x 337 grid points over the SA-
CORDEX domain (15° S-45° N; 10° E-130° E) as shown
in Fig. 1. The model top is set at 50 hPa and has 23 verti-
cal levels, and the domain center is located at 13° N/70° E.
The RegCM4 simulations are forced by the 6-hourly ERA-
Interim (~ 0.75° x 0.75°), hereinafter called EIN75 (Dee
et al. 2011). The EIN75 atmospheric fields are specified at
the distant lateral domain boundaries, and the EIN75 SST
fields are specified at the local oceanic boundary. The topog-
raphy and land use data are taken from the United States
Geological Survey (USGS), available at 30” resolution.
The map projection used is the rotated Mercator and the
time step to carry out the simulations is 40 s. The model is
integrated from 1st January 1979 to 31st December 2016, a
period of availability of EIN75 at the time of this study. The
resulting RegCM4 simulated atmospheric fields are “free-
running” in the interior domain with no data assimilation.

2.2 Observational data

Model precipitation data is validated with the 0.25 x 0.25°
gridded daily precipitation of the Tropical Rainfall Measur-
ing Mission (TRMM). This dataset was only available for
the 1998-2016 time period (Huffman and Bolvin 2018) so
that forms the time period for direct model comparison with
rainfall observations.

2.3 Diagnostic approaches and tools

Daily rainfall anomalies from the model and observations
are analyzed in various ways for the months of June—Sep-
tember (JJAS) over the entire region. The seasonal average
rainfall pattern is first compared as an indicator of the quality
of the simulation. Model-observation comparisons of daily
rainfall statistics are further quantified with probability den-
sity function (PDF) and scatter bin distributions with esti-
mates of the 95% confidence level. For comparison with pre-
vious studies of MISO and ISV, four subregions are defined
in this analysis and indicated in Fig. 1. These are the Indian
subcontinent (land only), Indian Ocean (I0: 60° E-110° E
and 15° S-5° N), Bay of Bengal (BoB: 83° E-93° E and 8°
N-22° N) and the MISO region (55° E-95° E and 15° S-30°
N). These regions can potentially exert a large impact on
monsoon propagation over the Indian subcontinent.

2.3.1 Time scales of MISO

Previous studies found that the MISO periodicity lies
between 25 and 90 days with an average oscillation of 30
days (e.g. Suhas et al. 2013). We considered only precipita-
tion as our metric of isolating the 25-90 day MISO respon-
sible for part of the ISV (active and break spells) of the
Indian summer monsoon (Ghosh 2020). The daily rainfall
anomalies (computed by removing the seasonal climatology)
were filtered using a 25-90 day bandpass Lanczos filter (in
Matlab) to minimize the responses from MISO in the 3-7
day and 10-20 day spectral ranges. All subsequent MISO
analyses were performed on these bandpass-filtered fields.

Seasonal rainfall of Satelite and model simulation
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Fig.1 Model domain, showing lateral boundaries and continental
outline, with defined subregions delineated as black rectangles. The
shaded color indicates JJAS seasonal average rainfall of a TRMM and

(b) RegCM4.7
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b RegCM4.7 simulation. The TRMM rainfall data cover 1998-2016
while the model simulated rainfall includes the entire 1979-2016
simulation
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2.3.2 Propagation of MISO

We use two approaches to identify northward propagating
MISO in the model. The first is by composite analysis based
on identifying the occurrences of active rainfall and break
periods over India. These provide temporal tags for subse-
quently forming time-lagged composites of rainfall that can
show propagation patterns. The active and break phases of
the 25-90 day bandpass-filtered rainfall are identified using
the normalized (i.e., deviation of the daily rainfall from the
climatology mean divided by the standard deviation) rainfall
anomaly. The amplitudes with +1 (— 1) are termed active
(break) monsoon spells.

The second is by using extended empirical orthogonal
function (EEOF) analysis on the precipitation fields to iden-
tify temporal phase lags in the dominant spatial structures in
the simulation. This method was introduced by Weare and
Nasstrom (1982) to extract the potential dynamical propa-
gation structures in oscillations by extending standard EOF
analysis to include spatial and temporal correlation over sev-
eral time lags. This strategy was later used by Kikuchi et al.
(2012), who explained its potential capability for real-time
MISO predictions. The area between 60.5° E-95.5° E and
12.5° S-30.5° N over the MISO region is used in our EEOF
analysis for the 25-90 day filtered rainfall during the months
of JJAS, with a series of lags from O days to 15 days in 1-day
increments, from the RegCM4 simulation (1979-2016).
Phase diagrams are also computed for key summers using
the first two principal components (PCs; PC-1 and PC-2) of
the EEOF analyses.

2.3.3 Regional component of the Hadley cell

In order to identify linkages of MISO with the larger-scale
background flow, we computed the regional component of
the Hadley Cell (RCHC) in the model using the zonal mean
mass stream function ¥. This is derived from model vari-
ables over the Indian monsoon region of 70-95° E using:

yo_ 8 ¥
2racosgp dp

where v is the meridional wind, p is the pressure and ¢ is
the latitude. g is gravity. The RCHC is computed first for the
seasonal summer climatology (JJAS). Then the changes in
the RCHC pattern for break and active periods of the MISO
during are computed as deviations from the summer mean.

234 ITCZ

The position and width of the ITCZ are also of interest as
potential links to explaining aspects of MISO behavior.

@ Springer

There are a number of ways to identify the ITCZ. In this
study, we use the mass-weighted vertical average of the
zonal mean mass stream function (Byrne et al. 2018) inte-
grated between 70 and 95° E, which allows us to identify
the position and width of the ITCZ over the Indian mon-
soon region. The ITCZ width is the distance between the
northern and southern edges of the region of upward motion.
The pressure level between the 300—700 hPa of the zonal
mean mass stream function is averaged to perform the mass-
weighted vertical average. The metric identifies the southern
edge (¢y), location (¢;;¢,), and northern edge (¢, ) of the
ITCZ along with its width (difference between the ¢and

én)-

3 Results and discussion
3.1 Seasonal mean rainfall

Before focusing on the propagating aspects of the atmos-
pheric rainfall over the ocean, we discuss the seasonal mean
rainfall distribution during the monsoon period in the model
domain. Figure 1a, b shows the seasonal (JJAS) accumulated
rainfall over the SA-CORDEX region for both observations
and the simulated response. During the summer monsoon,
the westerly wind carries a huge amount of water to the
Indian landmass and the hills of the western Ghat separate
the monsoon wind into two parts. One part directly affects
the west part of India and the other part flows to the south-
east of the Indian region as the monsoon trough forces the
wind to change its direction to the BoB. Propagation of mon-
soon rainfall follows the monsoon trough as it advances to
north and central India through the Gangetic plain. The BoB
receives a large amount of rainfall during the season. The
foothills of the Himalaya play an important role in directing
the monsoon’s advance to north and central India. These
mechanisms are both at play in both the observations and
the model. However, Fig. 1 reveals that the model generates
a very large bias of heavy rainfall over broad regions of the
open ocean in the Arabian Sea, in the BOB, and under the
ITCZ in the equatorial ocean. The near-coastal precipita-
tion responses over land, however, east of the Arabian Sea
and east of the the BoB are more favorably captured by the
model in both magnitude and structure, as is the response
over Northeast India. The model response over land in
Southeast Asia, in contrast, is also biased toward heavy rain.

We quantified the model bias for two major subregions,
the Indian Ocean box in Fig. 1 and the Indian subcontinent
land area. The observed seasonal mean accumulated rainfall
over India is 571 mm and over the IO is 2945 mm, showing
that the ocean receives a huge amount of rainfall compared
to the Indian landmass during the observed monsoon season.
The modeled seasonal mean rainfall over India in the model
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Fig.2 Seasonal rainfall anomalies over two important regions a Indian subcontinent and b Indian Ocean (IO) region for MISO. Note that
TRMM was available only from 1998 to 2016, which limits the time period of model-data comparison

is 667 mm, which is significantly higher than the observa-
tions, as is the 5153 mm of rainfall over the 10, which is
further evidence of the degree of model bias.

The types of strong model precipitation biases seen in
Fig. 1 are commonly found in global and regional climate
model simulations. While previous work with RegCM (e.g.,
Ghosh et al. 2022; Agrawal et al. 2021; Maharana and Dimri
2016) has resulted in a steady, though incremental, improve-
ment in the simulation of the monsoon region over time,
we are far from properly remedying this precipitation bias
problem. However, even with a poorly represented or heav-
ily biased mean state of rainfall, we posit that we can still
extract interesting results from studying the propagating
components of rainfall that may arise in our modeled system.

3.2 Seasonal rainfall anomalies

We next examine the characteristics of the total seasonal
(JJAS) rainfall anomalies in the model and observations.
Figure 2 shows the rainfall anomalies averaged over two
major subregions (the Indian Ocean box in Fig. 1 and over
land on the Indian Subcontinent) for both observations and
model. Over the tropical Indian Ocean, the model rainfall is
significantly correlated (0.56) with the observed, indicating
the expected level of thermodynamic control that the speci-
fied SST observed anomalies exert on tropical rainfall over

the ocean. But there is no significant positive correlation
(—0.48) between the model and observations over India for
these anomalies, which are the accumulation of all time-
scale precipitation variations from daily to seasonal. This
result is not surprising since the model is forced at lateral
boundaries that are very far away from the development of
rainfall events over land in the interior of the model domain.
This indicates that intrinsic variations in the regional model
atmosphere dominate most of the precipitation variability
over land and that boundary conditions and SST anomalies
exert minimal control over the seasonally averaged response
over land.

3.3 Daily rainfall anomalies

The model performance was next evaluated by plotting the
statistical distributions of daily rainfall anomalies during the
summer monsoon season (JJAS) in four key regions (India,
BoB, 10, and MISO, see Fig. 1) for both model and observa-
tions in Fig. 3. The data for each region is normalized with
their respective standard deviation. To compare the model
distribution pattern with observations in different ways, we
have used bin scattered matching, PDF, and box plot statis-
tics. The binned scatter is an aggregate statistic that summa-
rizes the bins, which are made by the group of matched data
points. This is an informative and versatile way to visualize
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Fig. 3 Data distributions of observed and modeled daily rainfall over
the a Indian landmass, b Bay of Bengal (BoB), ¢ Indian Ocean (I0)
and d MISO regions. The bin scatter, box plot and PDF distributions
are considered for statistical data validation with 95% confidence

the differences in distributions between the variables or
between the observed and model simulation. The rectan-
gular shading bins count the density of the matching data
points between observation and model simulation. The deep
color represents the highly dense bin-occurrence matches
between the observations and the model. The PDF is a stand-
ardized way to measure the data distribution and a box plot
is another common way to display the data distribution by
measuring the central tendency (median, mean, and mode)
of the data sets. Overall, the modeled and observed distribu-
tions seen in Fig. 3 are structurally quite similar in the four
regions, although the normalization does not account for
differences in magnitude between model and observations.
This gives added confidence in our approach to studying the
monsoon ISO in this simulation.
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level. The data over the respective regions are normalized with their
respective standard deviation so that only the structure of the distribu-
tions should be compared

3.4 Monsoon intraseasonal oscillations (MISOs)
3.4.1 Timescale isolation: 25-90 day bandpass filter

The MISO includes the 10-20 day westward and 25-90 day
northward ISO propagation during the summer monsoon
season over the MISO region. Along with the difficulties
of simulating this behavior, it is a challenge to isolate the
northward propagation from the westward propagating com-
ponents. The first technique we will employ is to attempt to
eliminate the higher frequency rainfall (3—7days) and 10-20
day westward propagating rainfall by bandpass filtering with
a 25-90 days Lanczos filter to isolate the northward propa-
gation. Figure 3 shows the 25-90 day band-pass filtered nor-
malized rainfall anomalies for the model and observations
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Fig.4 Time series of active and break spells over India. The 25-90
days filtered normalized rainfall anomaly over the Indian region
is used to identify the active and break spells. The blue line repre-

over India for each summer (JJAS) from 1998-2016, which
is the period of overlap of the TRMM observations with the
model run. At some times, the model and observations have
MISO events that align in phase, while at other times, they
do not. The correlation over this time period is significant,
0.61, indicating that approximately 37% of the variance is
explained by the model in this period band. This is a surpris-
ingly high correlation since we previously determined that
there is little model skill in explaining the seasonal mean
rainfall anomalies in this region. This correlation on MISO
timescales suggests that instabilities in the regional broad-
scale atmospheric circulation, which may initiate MISO
events, may be partly controlled by the large-scale atmos-
pheric flows specified at the domain boundaries or by local
SST anomalies that may help to guide some fraction of the
developing model MISOs to follow observations.

We next consider the MISO periods with enhanced rain-
fall and the break spells when the rain is reduced. In Fig. 4,
the black (red) horizontal lines delineate one standard devia-
tion positive (negative) rainfall MISO anomalies as active
(break) days of the monsoon. The model successfully hits
19 peaks of the active spells out of the 34 actual peaks and
19 peaks of the break spells out of the 38 actual breaks. Note
that the model also fell short of additional observed peaks/
troughs of active/break spells, due to lower model precipi-
tation anomalies that did not exceed the threshold criteria
but had the correct phasing. These results suggest that this
model is dynamically capable of simulating certain aspects
of the MISO response over India, suggesting predictable
components that might be exploited in future forecasting
efforts.

We next use the active and break MISO periods iden-
tified in Fig. 4 to produce regional maps of the MISO
structures in these two extreme phases. Figure 5 shows
the bandpass filtered rainfall anomalies averaged together
at each grid point for each day that they exceed the active/
break thresholds for the model and observations. During

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

sents the TRMM rainfall and the red line illustrates the RegCM4.7
simulated rainfall during the summers (JJAS) of the overlapping time
period (1998-2016) of observations and model

the active phase, rainfall anomalies are strongest along
the west coast of India, with a broad swatch of weaker
anomalies extending from central India southeastward
across the BoB. A similar negative pattern prevails dur-
ing the break phase, suggestive of a wavelike response.
The model fails to generate a strong rainfall response in
western India during the active phase, but it successfully
produces rain in central India that extends southeastward
into the southwest BoB. The break phase in the model
also exhibits an opposite structural response pattern as
found in the observations. The model’s orientation of
the broad swath of MISO rainfall, however, is distorted
toward northwest—southeast (clockwise) compared to
observations, which are closer to west—east (Ghosh 2020;
Shahi et al. 2021), and does not extend strongly into the
Andaman Sea like nature. But overall, the model is able
to capture a key aspect of the MISO active phases and
break spells by exhibiting a broadscale regional response
extending from central India across the BoB.

3.4.2 Propagation: phase composites and EEOF analysis

We next attempt to identify the propagation of MISO by
using the timing of the break phases identified in Fig. 4
to form composites for various time lags. Figure 6 shows
composites of the bandpass filtered rainfall anomalies
for 3, 6, 9, 12, and 15 days after the peak break phase in
Fig. 5c. The lag of 15 days is clearly seen as corresponding
to the dominant half-period of MISO (Suhas et al. 2013),
since it visually corresponds to the active phase spatial
pattern in Fig. 5c. We can also clearly see that the transi-
tion of the model MISO from the active phase to the break
phase is associated with a northward propagation of the
anomalies across the BoB and over India. This northward
propagation is further quantified using a Hovmuller dia-
gram in Fig. 7 where rainfall anomalies from Fig. 6 are
zonally averaged across India (70° E-95° E) and plotted as
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Fig.5 Spatial patterns of active and break phases (determined from
Fig. 4) of the summer monsoon in TRMM observation (a, b) and
RegCM4.7 simulation (¢, d) using 25-90 days filtered rainfall. The

latitude versus time lag. Although the zero line of the plot
is slightly nonlinear, the model MISO propagates approxi-
mately 15° latitude over the 15-day lag, yielding a phase
speed of ~1 deg/day (~111 km/day) that is very similar to
observed values during summer (Lau and Waliser 2011;
Sikka and Gadgil 1980).

We can further isolate propagating features of the model
MISO by applying Extended Empirical Orthogonal Func-
tion (EEOF) analysis to the bandpass-filtered model output.
For our model output, two modes (EEOF-1 and EEOF-2,
which form a spatially and temporally lagged pair) dominate
the response and pass the sampling error criterion, while
the rest of the modes are considered noise in this context
(North et al. 1982). Figure 8 shows the evolution of MISO
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positive anomalies (blue) represent wet conditions (active phase)
and the negative anomalies (red) represent the dry conditions (break
phase) during the MISO

EEOF-1 for sequential 3-day lags over 15 days. Note the
strong similarity to the composite results shown in Fig. 5.
A propagating signal is clearly depicted progressing from
Lag-0 to Lag-15 as the active phase moves from the BoB
to central India. Lag-6 to Lag-12 cover the transition period
from the break phase to the onset of the active phase of
the monsoon. The results indicate a 15-day half-period of
MISO, which is consistent with the composite analysis result
and the 25-90 bandpass filtering, as well as observations
(Suhas et al. 2013).

Our final demonstration of the propagating oscillatory
behavior of MISO in the model is through phase space dia-
grams. These are constructed by plotting the two temporal
coefficients of the two dominant EEOF modes against each
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Fig.6 Transition from break to active phase of MISO using 25-90
days model simulated filtered rainfall anomaly (mm/day) for a series
of 3-day lag periods after the peak break phase. Here, (I-II) are the
break days, (III-IV) are the transition from break days to active days
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Fig.8 Evolution of MISO break phase to MISO active phase using EEOF-1 calculated from 25 to 90 day bandpassed RegCM4.7 simulated rain-
fall. Here, I-II are the break days, III-IV are the transition from break days to active days and V-VI are the onset of active days

other over time, as seen in Fig. 9. Oscillatory behavior in
time is represented by a circular trajectory through eight
phases. Oscillatory behavior in space can be associated
with the quadrant of the plot that corresponds to the maxi-
mum rainfall anomaly location in eight different geographic
places (indicated in Fig. 9). Clockwise trajectories indicate
northward propagation. Colors indicate the months of the
summer. Values of the index that lie outside the unit circle
indicate strong MISO activity in the domain. For brevity,
we show only four summers, 1991, 1992, 2004 and 2007.

Each year in Fig. 9 exhibits strong MISO activity
in the model. In general the MISO signal is stronger in
June—July—August, which is when the monsoon advances
and peaks, and weaker in September, which is when the
monsoon retreats. High-amplitude, clockwise, quasi-circular
trajectories are associated with MISO periods of 3045 days,
which is broadly consistent with our previous analyses. The
plot also reveals aspects of the strong intermittency in MISO
throughout any given summer, but also suggests that predict-
able MISO components occur in the model, which could be
exploited in future forecast studies.

@ Springer

3.5 Relationships with other physical variables
3.5.1 Sealevel pressure and 850hPa wind

Previous studies Rao (1976) and Mooley and Shukla (1989)
have suggested a weak-to-deep low-pressure belt over central
India causes weak-to-strong (and prolonged) monsoon peri-
ods in observations. The absence of the low-pressure belt
over India was suggested to cause breaks in the monsoon.
To investigate if this type of relationship holds in the model,
we examined the contemporaneous SLP anomalies, along
with 850hPa wind anomalies, during the phases of model
MISO propagation (Fig. 10i-vi). During the break phases
(Lag 0 and Lag 3) high pressure prevails over the north-
ern part of India covering the Gangetic plains and the wind
circulates westward across central India. During the transi-
tion phases (Lag 6 and Lag 9) strong low pressure develops
over central India and expands northward and over the Bay
of Bengal (Fig. 10iii-iv). These two lags show how SLP
anomalies establish suitable conditions for developing the
active monsoon phases in Lags 12 and 15. During Lag 12
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the low pressure extends throughout the northern Arabian
sea, central India, and the northern BoB (Fig. 10v). This
concentrated low-pressure over the northern BoB is impor-
tant for the advance of the monsoon by its associated winds
guiding the high-moisture air from the BoB to central India.
During the active phase at Lag 15, the low-pressure belt
weakens over India but strengthens over the central BoB
and is associated with India experiencing rainfall stretching
along a rainband from Northwest India to the central BoB
(Figs. 5c, 10vi). These model relations between SLP and
precipitation are broadly consistent with the observational
analysis discussed by Mooley and Shukla (1989).

3.5.2 Regional component of the Hadley cell

We next considered the relation between the model MISO
propagation and the regional component of the Hadley Cell
(RCHC). The regional meridional overturning mass stream
function is used to define the RCHC during the MISO phases
to consider its impact. The summer (JJAS) mean RCHC is
shown in Fig. 11a. The anomalies from the seasonal mean
RCHC during MISO for the break phase (Lag 0) and active
phase (Lag 15) are shown in Fig. 11b, c. The anomalies in
the RCHC are surprisingly nonlinear in that they do not mir-
ror each for the break and active phases. During the break
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phase, the main part of the RCHC is positioned closer to the
equator. The high-pressure zone over the northern tropical
region (Fig. 11b) is associated with this equatorial shift in
the Hadley circulation during the break conditions over the
Indian subcontinent. During the active phase, the low pres-
sure over the Indian region and the northern tropic (Fig. 11c)
is associated with northward shifts of the monsoonal RCHC.
The results for the RCHC are generally consistent with those
found for the SLP changes in the previous section.

3.5.3 ITCZ location and width

As a final link between background climate conditions
and MISO development, we investigated links between
the positioning and width of the model ITCZ during MISO
phases. A previous study by Hari et al. (2020) shows that
the northward propagation of the ITCZ region is linked
with rainfall strength over India. The position of the ITCZ
indeed shifts northward in the model during the active
MISO phase and the ITCZ width expands on its northward
side over southern India (Fig. 11c). The position of the
ITCZ shifts southward in the model during the break phase
while the ITCZ width expands slightly on the southern
side (Fig. 11b). These changes in the model ITCZ width
and position are associated with the strengthening and
northward shifting in the RCHC over India during the
active phase of MISO. This northward movement of the
ITCZ over the Indian monsoon region, therefore, provides
favorable conditions for the active part of MISO to propa-
gate northwards. The reverse situation prevails during the
model break periods. The results of this ITCZ analysis are
consistent with the observational analysis of Hari et al.
(2020) and the previous sections relating SLP and RCHC
to the model MISO phases.

4 Summary and conclusions

We have analyzed a regional atmosphere model, freely
evolving from 1979-2016 while forced by observed remote
boundary conditions and local SST, for its ability produce
northward propagating monsoon intraseasonal oscillations
(MISO). The model, which is the latest version of RegCM4
run at 25 km resolution, produces organized northward
propagating precipitation anomalies in the 25-90 day period
band, with a dominant MISO period of 30 days (Figs. 6, 8)
and a propagation speed of 1 deg/day (Fig. 7). The model
MISO (Figs. 5c, d, 6, 8) broadly resembles the observa-
tions (Fig. 5c, d), but model precipitation bands are rotated
slightly clockwise. The model MISO rainfall patterns are
then linked to large-scale atmospheric model variables, with
low SLP anomalies over India and the BoB favoring active
phases of MISO. The low SLP patterns are then linked to

northward shifts over India of both the regional component
of the Hadley Cell (RCHC) and ITCZ position and width
(Fig. 11).

We also found that the total simulated seasonal (JJAS) mean
rainfall anomalies over India are not significantly correlated
with observations (Fig. 2), indicating that intrinsic variations
in the regional model atmosphere dominate most of the pre-
cipitation variability aggregated over daily to seasonal time-
scales. But we surprisingly found that a significant fraction of
the model MISO are correlated (0.61) to observations (Fig. 4)
when bandpassed to the 25-90 day period band. Since the
model is remotely forced by atmospheric observations (EIN75)
at very distant boundaries, this suggests some aspects of the
large-scale circulation or the local SST anomaly must be caus-
ing the initiation of at least some of the model MISO events.
This hypothesis needs to be tested in future simulations that
can compare the results with runs where the local SST anom-
aly is set to zero and runs with the remote atmospheric bound-
ary conditions set to climatology. Additionally, an ensemble of
runs should run for the control case and for the experimental
cases in order to quantify the level of intrinsic variability in
MISO generation in the model compared to the boundary-
forced part of the MISO initiation.

RegCM has been frequently used to study the Indian mon-
soon, but very little attention has been given to investigating
the MISO of the Indian summer monsoon or their predictabil-
ity. This study shows that predictable components of MISO
clearly arise in the model system and suggests that forecast-
ing experiments for MISO with specified initial conditions in
RegCM4.7 may be fruitful for quantifying the level of skill.
On another positive note, the structure of the statistical dis-
tributions of daily rainfall anomalies in key regions of the
domain are quite similar with observations (Fig. 3). However,
we also identified serious model biases in mean seasonal rain-
fall (Fig. 1) and the magnitude of MISO-related precipitation
anomalies along the western coast of India (Fig. 5) that need to
be ameliorated before making convincing progress in regional
MISO modeling with RegCM4.7. The results of this study
may help in targeting such attempts for model improvements
in both uncoupled atmosphere and coupled atmosphere—ocean
mode.
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