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Abstract

This paper analyzes the role of ocean—atmosphere processes associated with break days and their impact on dry-land biases
of Indian summer monsoon in Climate Forecast System version 2 (CFSv2)’s sub daily and monthly hindcasts, which are
produced by initializing the forecast system every 5 days in each month from January 1982 to December 2007. Each initial-
ized forecast produces 24 ensemble members and they are characterized by a systematic dry-land bias over central India and
have been interlinked with higher break days in majority of the ensemble members. Analyses on 1545 day band-passed
summer precipitation anomalies indicate that the monsoon intraseasonal oscillations are very weak in Mar- and Apr-initialized
forecasts while they get stronger in May- and Jun-initialized forecasts. The persistent low-level anticyclonic activity in the
Findlater jet in the longer lead months (Mar- and Apr-initialized forecasts) is systematically diminished in the summer fore-
casts that are produced by initializing the forecast system closer to the June—September (JJAS) season (e.g., May- and Jun-
initialized forecasts). This low-level negative vorticity bias extends across central India and diminishes with the systematic
oceanic mixed layer shoaling in the northern Bay of Bengal (BoB) and Indian Ocean (I0). The deeper ocean mixed layer in
BoB and northern IO in conjunction with persistent negative vorticity biases suppresses intraseasonal variability of Indian
summer monsoon rainfall and induces a large number of break days, which lead to the dry-land biases in July and August
in the core monsoon zone. CFSv2-produced Pacific sea surface temperatures exert a strong influence on mixed layer depths
(MLDs) across the basins in Arabian Sea (AS), BOB and IO unlike in observations. The forecasted extended break spells
are systematically and highly correlated with the model produced Nifio3 index while no such strong correlation is found
between total monsoonal break days and ENSO in the observations. The May- and Jun-initialized CFSv2 forecasts reproduce
the Indian summer monsoon rainfall in July—August reliably by reasonably alleviating the ocean—atmosphere coupled biases
relative to earlier initializations.

Keywords CFSv2 sub daily forecasts - Extended break events - Indian Summer Monsoon dry-land biases - Systematic
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is regarded as lifeline for over a billion people by signifi-
cantly affecting agriculture, water resources, hydropower
generation and numerous other socio-economic sectors.
The ISMR directly impacts the Kharif crop season, which
runs from June to October and provides more than 50%
of the total food grain production. Since 2015, the India
Meteorological Department (IMD) has started issuing the
much needed ISMR forecasts based on dynamical fore-
casting efforts (Borah et al. 2013; Abhilash et al. 2014) as
the current generation coupled general circulation models
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(CGCMs) can effectively represent interactions among
land, atmosphere and ocean and include latest data assim-
ilation schemes in initializing forecast systems. These
CGCMs have shown to produce seasonal forecasts with
more realistic ISMR variability compared to the empiri-
cal models, which are commonly used in providing ISMR
seasonal forecasts (DelSole and Shukla 2012; Borah et al.
2013; Abhilash et al. 2014).

The CGCM forecast systems, however, are well known
for their systematic biases in reproducing ISMR on seasonal
scale. Process-based understanding of the seasonal evolution
of ISMR biases in the Coupled Model Intercomparision Pro-
ject Phase 3 (CMIP3) and CMIP5 models have been exten-
sively reported to highlight the large-scale ocean—atmos-
phere biases (Lee et al. 2010; Sperber et al. 2013; Ashfaq
et al. 2016). The intraseasonal variabilities (ISVs) in CMIP5
CGCMs have also been extensively studied as the precipita-
tion corresponding to the ISVs of June—September rainfall is
a major part of the total precipitation variability over Indian
subcontinent (Krishnamurthy and Shukla 2000, 2008; Anna-
malai and Slingo 2001; Zhou et al. 2016). In this study, we
explore the systematic biases in intraseasonal precipitation
and the associated ocean and atmosphere seasonal varia-
tions produced by daily and monthly forecasts of Climate
Forecast System version 2 (CFSv2; Saha et al. 2014). The
CFSv2 seasonal forecasts which are routinely produced for
use in operational products have been extensively studied for
the representation and improvements of seasonal forecasting
capability of ISMR (Jiang et al. 2013; Pokhrel et al. 2013,
2016; Narapusetty et al. 2015). The CFSv2 also produces
sub-daily forecasts and the intraseasonal variability pro-
duced by the CFSv2 sub-seasonal forecasts has been a topic
of active research given the importance of reliably forecast-
ing the active and break spells of ISMR (Sahai et al. 2013;
Abhilash et al. 2014; Goswami et al. 2014; Krishnamur-
thy 2017). Our analysis presented here advance the process
understanding these biases and highlights the role of the
ocean in amplifying the coupled climate forecasts.

The seasonal evolution of ISMR biases in CFSv1 and
CFSv2 simulations and forecasts is well documented along
with the indication of delayed onset of the summer monsoon
(Achuthavarier and Krishnamurthy 2010; Lee Drbohlav and
Krishnamurthy 2010; Chaudhari et al. 2012; Goswami et al.
2014; Narapusetty et al. 2015). The typical northward migra-
tion of the Intertropical Convergence Zone (ITCZ) in April,
which impacts the onset of the monsoon, is shown to be
delayed in the CFSv2 monthly forecasts (Narapusetty et al.
2015) and acts to trigger the dry-land biases in conjunc-
tion with systematic bias in low-level wind and sea surface
temperatures (SSTs). Weaker ISVs in CFSv2 daily fore-
casts are also well correlated with enhanced mixed layer
depth (MLD) in Indian Ocean which is consistent with the
weakening of the northward moving monsoon intraseasonal
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oscillations (MISOs) originating in the northern Equatorial
Indian Ocean (Roxy et al. 2013).

A prominent feature of ISMR is the occurrence of active
and break episodes, which strongly influences the ISVs
(Sikka and Gadgil 1980; Krishnamurti and Ardanuy 1980;
Goswami and Ajaymohan, 2001; Rajeevan et al. 2010).
While the frequency and the intensity of the active and
break spells directly impact the excess and deficit of the
average ISMR (Gadgil and Joseph 2003), prolonged break
days are shown to induce stress on the agriculture production
in the Kharif season (Gadgil and Rupa Kumar 2006; Krishna
Kumar et al. 2004; Prasanna 2014).

Given the need for understanding of systematic dry-land
biases in the CGCMs, the break episodes of ISMR (that
can result in continental dryness) provide a possible link-
age between large-scale ocean—atmosphere coupled biases
and the dry-land biases over India. To this end, the primary
objective of this study is to understand the role of break
spells, which are associated with ocean—atmosphere pro-
cesses, on the systematic dry-land biases in ISMR using
CFSv2 produced sub daily and monthly forecasts from
January 1982 to December 2007. The manuscript is organ-
ized as follows: the observational datasets and the CFSv2
hindcasts used in this study are described in Sect. 2; analysis
and results are presented and discussed in Sect. 3 and the
conclusions and future work are summarized in Sect. 4.

2 Description of the forecast system
and observational datasets

Daily and monthly-mean seasonal forecasts used in this
study are obtained from CFSv2 retrospective forecasts (Saha
et al. 2014). Sub-daily forecasts of precipitation and zonal
wind at 850 hPa available at 6 h frequency are aggregated
to daily time-scale and used along with monthly forecasts
of SST, MLDs, zonal and meridional winds at 850 hPa and
zonal wind at 10 m. The forecasts are initialized each month
from January 1982 to March 2011 to produce 9 month-lead
forecasts; however, the sub-daily data is only available till
December 2009. The CFSv2 system produces 24 ensemble
member forecasts for each month, except when initialized
in the month of November, which generates 28 members.
The atmospheric component of CFSv2 is the NCEP Global
Forecast System (GFS) at 0.938° spatial resolution and the
ocean component is the Geophysical Fluid Dynamics Labo-
ratory (GFDL) Modular Ocean Model version 4 (MOM4)
that has a spatial resolution in the zonal direction of 0.5°. In
the meridional direction the resolution is 0.25° from 10°S
to 10°N, progressively decreasing to 0.5° from 10° to 30°,
and is fixed at 0.5° beyond 30° in both hemispheres. In the
coupled framework of CFSv2, the atmosphere and the ocean
components exchange freshwater, heat, and momentum
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fluxes every 30 min during the forecast. For observations,
this study uses APHRODITE precipitation, which is avail-
able from 1961 to 2007 (Yatagai et al. 2012) and CFS rea-
nalysis product (CFSR; Saha et al. 2010) for coherent ocean
and 3-D atmospheric data. The daily and the monthly mean
values of precipitation, ocean MLDs and zonal and meridi-
onal winds at 850 hPa are also obtained from CFSR to esti-
mate forecast biases and perform other analyses. We have
also performed the analysis with MERRAZ2 reanalysis data
and found that the conclusions are not affected by the choice
of reanalysis product. Throughout this paper, a common
timeframe of 19822007 is chosen for the analysis due to
the data availability, and bias is calculated as the difference
between CFSv2 forecasts and corresponding observations
or reanalysis product. The analyses on CFSv2 forecasts that
are presented in Sect. 3 are performed using ensemble mean
state unless specified otherwise.

3 Results and discussion

3.1 Spatial fidelity of ISMR distribution
in the monsoon core region as produced
by forecasts

The gridded correlation of daily precipitation in the core
monsoon zone during July and August of 1982-2007 with
rest of India is shown in Fig. 1 for observations and Mar- to
Jun-initialized ensemble mean forecasts. The core monsoon
zone is shown with a polygon in each of the subplots of
Fig. 1 and is selected to avoid the Himalayan foothills as
described by Rajeevan et al. (2010: referred to as R2010
hereafter).

Figure la shows the correlation using APHDRODITE
precipitation data. The key features such as negative correla-
tion at foothills and southeast peninsular India match very
closely with R2010’s analysis, which was produced using
gauge data of IMD from 1951 to 2007. The correlations
depicted in Mar- to Jun-initialized July—August forecasts
(Fig. 1b—e) reproduce the key observed features but fail to
capture the severity and extension of negative correlation in
the foothills and southeast peninsula and positive correla-
tion along the Western Ghats in Mar- and Apr-initialized
forecasts. In the forecasts, the stronger positive correlation
is mainly concentrated to the west of the highest positively
correlated area in the observations and fails to replicate the
northwest—southeast tilt (Fig. 1b, c). In the May-initialized
forecasts, the northwest-southeast tilt in the core monsoon
zone, and positive correlations in Western Ghats are better
reproduced than in the Mar- and Apr-initialized forecasts
with a strong indication of negative correlation over the
southeast peninsular India (Fig. 1d).

Compared to the Mar- to May-initialized forecasts, the
Jun-initialized forecasts well replicate negative correla-
tions over the southeast peninsula, much stronger correla-
tion with precipitation in the Western Ghats along with the
northwest—southeast tilt of positive correlations in the core
monsoon zone (Fig. 1e). The negative correlation that is
a key feature in observations (Fig. 1a) has systematically
shifted to northeastward. The systematic negative correlation
to the northeast of the core monsoon zone as produced by
the Mar- to May-initialized forecasts is reduced in the Jun-
initialized forecasts albeit the extent and severity of negative
correlation in the Himalayan foothills is not well reproduced.

3.2 Analysis of break days

The ensemble mean of July—August CFSv2 forecasts initial-
ized in the months of March to June show systematically
higher number of break days than in the APHRODITE prod-
uct (Fig. 2). An earlier pioneering study by Ramamurthy
(1969) identified the break spells based upon the persistent
monsoonal trough over Himalayan foothills for at least two
consecutive days. In this study, the number of break days in
each year is estimated as the days having negative rainfall
anomaly for at least three consecutive days below one stand-
ard deviation (similar to R2010). Throughout the analysis
the daily anomalies are estimated by removing the clima-
tological mean as described by Narapusetty et al. (2009).
The years with higher number of break days in APHRO-
DITE data closely match with the R2010’s analysis based
on July—August rainfall in the years 1951-2007; for exam-
ple the high number of break days in the years 1987, 1993,
2002 and 2005, respectively, closely match with the R2010’s
analysis using IMD precipitation data (Fig. 6b of R2010).
CFSv2 forecasts produce a wide variation in the number of
break days up to 34 days across the years while the break
days in observations maximize at 20. The forecasts show
high numbers of break days in a year when the observations
show relatively fewer break days. In majority of the years,
the Mar-initialized forecasts show higher and Jun-initialized
forecasts show fewer break days (depicted by blue and red
symbols in Fig. 2).

The frequency distribution of break days at vari-
ous periods shows that the forecasts produce more high
(3—6 days) and low frequency (> 10 days) break spells
(Table 1). The discrepancy in the lowest duration of break
spells (3—4 days) between the observations and forecasts
is well expected and easily understood from persistent
anticyclonic biases in forecasts over the core monsoon
zone (Narapusetty et al. 2015). Longer break spells are
especially higher in Apr- and May-initialized forecasts
while JUN-initialized forecasts show no break event with
durations beyond 10 days compared to the earlier initial-
ized forecasts. The mean and standard deviation of break
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Fig. 1 Gridded correlation of
the core monsoon zone (shown
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in polygon in all the plots)

with the entire subcontinent

in July—August of 1982-2007
in a APHRODITE data, and
CFSv2 forecasted July—August
by initializing in the beginning
of b March, ¢ April, d May, and
e June
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days in July—August of 1982-2007 are 6.2 and 5.5 days
from APHRODITE data. The May- and Jun-initialized
CFSv2 forecasts show comparable days of average break
events, while all the CFSv2 forecasts show larger standard
deviation (Table 2). The mean and the standard deviation
gradually decrease from Mar- to Jun-initialized forecasts
except the Apr-initialized forecasts, which show higher
mean and variations than the March initialized forecasts.
This is reminiscent of the higher skill of some longer lead
forecasts compared to the shorter lead forecasts (Chatto-
padhyay et al. 2015).
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The systematically higher break spells produced by
ensemble mean forecasts can be traced back to majority
of the individual ensemble members forecasting longer
break spells. The probability among the 24 ensem-
ble members to reproduce total break days longer than
15 days in each of March to June forecasted July—August
months is shown in Fig. 3. The X-axis shows the number
of ensemble members that agree with the event of produc-
ing higher than 15 break days in the July—August fore-
casts. In general the concurrent observations show much
lower than 15 break days (as shown on Y-axis) while most
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Fig.2 Total number of break days in July and August of 1982-2007
using the APHRODITE precipitation product as shown in grey bars,
March- to June-initialized CFSv2 forecasts for the same months in
blue, magenta, green and red diamond symbols

of the Mar- to Jun-initialized ensemble forecasts produce
higher than 15 days of break during July and August
months. In particular, of all the available ensemble com-
binations, the Mar-initialized forecast ensembles gener-
ally produce higher than 15 break days (red line in Fig. 3)
while the concurrent observations show a much lower
number of break days. APR- to Jun-initialized forecasts
show that when observations are closer to break peri-
ods of 15 days, more than 9 ensemble members forecast
more than 15 break days. While MAR-, May- and Jun-
initialized forecast ensembles show a systematic tendency
to generate longer break periods, Apr-initialized forecast
ensembles do not show such a consistency (green line in
Fig. 3), although most of the ensemble members show
more than the observed break days. The inconsistency of
Apr-initialized ensemble forecasts show a larger disagree-
ment among the ensemble members indicating a higher
ensemble spread. Indeed, the Apr-initialized forecasts
show marginally higher ensemble spread for July—August
forecasted precipitation for several years compared to the

Table2 Mean and standard deviation of break events in July—August
of 1982-2007

Dataset Mean (in days) Standard
deviation (in
days)

APHRODITE 6.2 5.5

Monthly initialized CFSv2 forecasts

March 6.9 8.8
April 8.3 13.9
May 6.0 8.9
June 5.9 6.5

Event: Monsoon break > 15 days during July and August
30 T T T T T

——Mar-Initialized
—— Apr-Initialized
——May-Initialized
——Jun-Initialized

n
o
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Fig.3 Probability of March- to June-initialized forecast ensembles
agreeing on having monsoon break events longer than 15 days during
July—August of 1982-2007 shown on the X-axis and the concurrent
observation averages are shown on the Y-axis

other initialized months (grey shading in Fig. 4b shown
for the year 1999). Higher initial error can be expected to
grow into larger biases over longer lead times.

Table 1 Frequency distribution  py 500 (days) APHRODITE March-initial-  April-initial- May-initial- Jun-initialized
of break spells as a percentage ized ized ized
of the total number of break
days 34 43 70 57 67 62
5-6 23 18 10 13 26
7-8 23 5 10 3 9
9-10 10 3 10 7 3
11-12 0 5 7 0
13-14 0 0 3 0
>15 0 0 0 0
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Fig.4 CFSv2 forecasted ensem-

(a) MAR-initialized JJAS

(b) APR-initialized JJAS

ble mean daily precipitation
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3.3 Intraseasonal variability in CFS forecasts

The daily mean precipitation produced by CFS forecasts is
systematically lower than observations in any year. As an
example, Fig. 4 shows the ensemble mean and spread of
daily precipitation averaged over central India (16°-26.5°N;
74°-87°N) for JJAS as produced by Mar- to Jun-initialized
forecasts for 1999. On average the MAR- and APR-initial-
ized ensemble mean forecasts produce precipitation below
5 mm day~!, which is much lower than the observations.
The May- and Jun-initialized forecasts exhibit more realis-
tic precipitation, however, in all the forecasts the amplitude
of intraseasonal variability is much smaller compared to
APHRODITE, partially due to the ensemble average. The
Mar- to May-initialized forecasts severely underestimate the
precipitation at the beginning of the summer mainly due to a
systematic delay in the monsoon onset, which is confirmed
with monsoon index as proposed by Wang et al. (2009; not
shown).

The MISOs are examined by producing the 15-45 day
anomalies in the CFSv2 forecasts by band-passing the
precipitation data for JJA in all the years (see Fig. 5). A
Hovméller diagram constructed over central India (16°-
26.5°N) depicted for longitudes 70°-85°E shows much
stronger MISOs with a slight northwest-southeast tendency
(color shading in all the subplots of Fig. 5) in the obser-
vations. Intraseasonal variability is much weaker in the
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Days since June 15t of 1999

MAR- and APR-initialized forecasts with a clear hint of
slower propagation of MISOs (the contours in Fig. 5a, b lag
behind the color shading) with no sign of a northwest tilt of
the anomalies. The May-initialized forecasts show improve-
ment in the strength of MISOs compared to the Mar- and
Apr-initialized forecasts the Jun-initialized forecasts show
further improvement in ISVs compared to observed variabil-
ity (Fig. 5d). Figures 4 and 5 reveal that the CFSv2 forecasts
systematically improve the total and intraseasonal variability
when initialized closer to JJAS.

3.4 Ocean-atmosphere processes and intraseasonal
variability

Several studies show that the local net flux heating, vertical
diffusive mixing, Madden Julian oscillations, Findlater jet
variations and salinity stratification control the MLDs in the
IO, AS and BoB (Waliser et al. 2003, 2004; Vinayachan-
dran et al. 2012; Drushka et al. 2012, 2014; Li et al. 2016,
2017). While Pacific ocean variability has shown to have
little impact on the MLDs (Keerthi et al. 2013), there has
been a discernible relationship between ENSO and intrasea-
sonal variability over the IO, BOB and AS (Feng et al. 2015;
Chen et al. 2016; Liu et al. 2016; Wu and Cao 2017; Zhou
et al. 2017). Figure 6 shows the biases in the MLDs and
low-level winds at 850 hPa for July—August of 1982-2007
produced by CFSv2 forecasts for various initialized months.
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Fig.5 Contours show
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(a) MAR-—Initialized

15-45 day band-passed anoma-
lies of CFSv2 forecasted ensem-
ble mean daily precipitation

(in mm day™") averaged over
latitudes 16°-26.5°N for June
to August in 1999 produced by
initializing at the beginning of
a March, b April, ¢ May and

d June. In all the subplots the
color shading represents the
same precipitation anomalies
using APHRODITE product for
the same time
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All CFSv2 forecasts show strong positive MLD biases in the
equatorial IO (EIO), AS, and BoB.

However, as the initialized month for forecast gets closer
to JJA, the biases become smaller in the key regions, where
the major influences on the intraseasonal variability in
the precipitation originate from (Sikka and Gadgil 1980;
Krishnamurti and Ardanuy 1980; Yasunari 1980, 1981;
Goswami and Ajaymohan 2001; Krishnamurthy 2016).
For instance, the MLD biases in Mar- to Jun-initialized
forecasts for July—August systematically decrease in the
EIO (2°-10°N; 70°-85°E) and northern BoB (14°-18°N;
86°-92°E) and in the AS off the Kerala coast. The interan-
nual time series of MLDs in the EIO and BoB from CFSR
and the CFSv2 forecasts reveal that the MLDs reduce

=

“2IIIis .-—0.5

-3 -2

systematically from Mar- to Jun-initialized July—August
forecasts (not shown). The deepening of mixed layer in the
EIO has been shown to suppress the MISOs (Roxy et al.
2013) while the precipitation in the northern BoB is shown
to positively correlate with precipitation over central India
(Meehl et al. 2012). Role of the ocean in intraseasonal pre-
cipitation is also shown to be dominant off the west coast of
India (Xi et al. 2015). CFSv2 forecasts also show negative
vorticity biases in the Findlater jet in the northern AS. MAR-
initialized forecasts show stronger negative vorticity biases
that stretch from AS to northern India and positive biases
over southern tip of India (Fig. 6a). This negative vorticity is
reduced over India in Apr- to Jun-initialized forecasts along
with increased positive vorticity over the Western Ghats (not
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Fig.6 Biases in mixed layer
depths (m) in colors and

850 hPa winds (m s™) as
arrows for averaged July—
August forecasts as reproduced
in CFSv2 obtained by initial-
izing at the beginning of a
March, b April, ¢ May and d
June months

shown). The forecast biases at intraseasonal timescales are
consistent with these vorticity biases (Goswami and Xavier
2005) and may be related to the coupled biases in the so-
called Central Indian Ocean mode that is recently proposed

Fig.7 Biases in SST (colors)
and 10-m zonal winds (m s™")
for July—August as reproduced
in CFSv2 seasonal forecasts
obtained by initializing the
model at the beginning of a
March, b April, ¢ May and d
June months
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(Zhou et al. 2016). But this needs further analysis which is
beyond the scope of the present study.

Figure 7 shows the biases in SSTs and 10 m zonal winds
for July—August of 1982-2007 as produced by CFSv2

(b) APR-Initialized

20N

< >

15N -

10N

.

5N -
(c) MAY-Initialized

20N

(d) JUN—Initialized

15N

10N -

5N

1

oo
o
=1

90E 100E

80E 90E 100E

1 2

—0.45-0.4-0.35-0.3-0.25-0.2-0.15-0.1-0.050.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45



Ocean-atmosphere processes associated with enhanced Indian monsoon break spells in CFSv2...

forecasts by initializing the model from March to June.
The CFSv2 July—August forecasts are marked by nega-
tive SST biases over the EIO, AS and BoB. The negative
biases decrease over BoB from MAR- to JUN-initialized
forecasts albeit the SST biases are not reduced in the EIO
(not shown). The SST and MLD biases are very coherent
and reduce systematically from MAR- to JUN-initialized
forecasts. In the head Bay as well as central BoB (85°-95°E
and 5°-25°N), the general tendency is that the positive SST
bias is strongly correlated with negative MLD biases. The
CFSv2 forecasts are marked with stronger negative SST
biases and positive MLD biases as the model is initialized
farther from the summer season (e.g., March). In the head
Bay region (above 20°N), the increase in the positive SST
bias is correlated with a negative MLD bias and the spatial
correlation reaches —0.54 in Jun-initialized forecasts. This
relation is also pronounced in 5°-20°N, where the SST bias
systematically positive from Mar- to Jun-initialized forecasts
and the MLD biases are reduced with spatial correlation
reaching up to —0.7. The negative correlation between the
SST and MLD biases in the BoB suggests to be driven, in
part by the wind biases (Fig. 6).

Figure 8 shows the vertical gradient of potential tempera-

tures [%] as produced by CFSv2 forecasts and CFSR down
to 100 m in BoB, AS and IO basins. The Mar- to

Fig.8 Vertical gradient of

(a) 5°N-20°N; 80°E-90°E

May-initialized forecasts exhibit systematic stratification
biases; whereas the Jun-initialized forecasts are very similar
to the vertical gradients produced by CFSR in all the basins.
The evolution of vertical temperature gradients produced by
the forecasts differs with CFSR data more strongly in BoB
and AS regions and marginally in the southern IO basin. The
stratification biases in BoB are coherent with the enhanced
Rossby wave dynamics in July and August forecasts pro-
duced as a result of wind biases originating in the West
Equatorial 10 in the CFSv2 forecasts (Narapusetty et al.
2015) and the likely deficiencies in capturing the tempera-
ture inversions and the barrier layer structure in this fresh-
water-forcing-dominated basin (Howden and Murtugudde
2001).

3.5 ENSO remote teleconnections

Majority of the studies have concentrated on the relation
between ENSO and IOD, which peaks in the boreal fall,
while the interannual variability of coupled ocean—atmos-
pheric fluxes and the IO SSTs during summer are in part
controlled by ENSO through the atmospheric bridge
(Klein et al. 1999; Alexander et al. 2002; Lau and Nath
2000, 2003). The MLD in IO is partly controlled by
atmospheric bridge-induced local radiative and evapora-
tive flux feedbacks (Murtugudde and Busalacchi 1999;
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Murtugudde et al. 2000; Waliser et al. 2003, 2004). In
the CFSv2 forecasts, the positive MLD biases in the 10
basin stem from the low-level atmospheric wind biases
in the western IO that grow with the lead time of the
forecasts (Chowdary et al. 2015; Narapusetty et al. 2015).
The ENSO-related increase in the anomalous easterlies in
the IO basin and the strengthened descending branch of
Walker circulation are also driving forces for the MLD
biases in the CFSv2 forecasts (Achuthavarier et al. 2012;
Jiang et al. 2013). Figure 9 shows the correlation of Nifio3
(SST anomaly averaged over 90°W—-150°W and 5°S-5°N)
with MLDs in July—August averaged forecasts and obser-
vations. Compared to observations, the forecasts show an

Fig.9 Correlation between
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opposite relationship between Nifio3 and MLDs in the AS
and IO basins. In northern AS, observations are marked
with negative correlations off the coast of the Arabian
Peninsula and positive correlations off the west coast
of India, whereas, the Mar- to May-initialized forecasts
exhibit correlations opposite in sign. However, only the
Jun-initialized forecasts have similar correlations in the
AS in observations. Over the 10, the forecasts show a
tripole zonal structure of nifio3-MLD correlations with
positive correlations south of Sri Lanka, negative correla-
tions in the EIO and positive correlations in southeastern
10, whereas the observations show exactly opposite signs
for this tripole structure of correlations. Observations
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show a weak negative correlation in the northern BoB
followed by a weak positive correlation off the coast of
southern India, whereas the Mar- to Apr-initialized fore-
casts show strong positive correlations throughout the
basin and the May- to Jun-initialized forecasts reproduce
the correct sign of correlations coherent with observa-
tions. These correlations suggest that the MLDs produced
by the forecasts in the AS, IO and BoB are excessively
influenced by Pacific Ocean SSTs.

Table 3 compares the total number of break days in
MAR- to JUN-initialized July and August forecasts with
CSFR data in El Nifio years. Except for the years 1982
and 1987, the CFSv2 forecasts consistently produce
higher number of break days. The increase of break days
in ENSO years is coherent with the findings by Dwivedi
et al. (2015), which show that the increase in break spells
is associated with the ENSO induced large-scale temper-
ature shifts in the troposphere coupled with late onset
and early withdrawal of the monsoon. The current study
shows that the AS, IO and BoB basins in CFSv2 forecasts
are strongly influenced by Pacific SSTs along with sys-
tematic delay in monsoon onset. Though the delay in the
monsoonal onset is argued to be affected by the northward
propagating activities (Zhou and Murtugudde 2014), it is
unclear if such a relation exists in CFSv2. It is nonethe-
less apparent that the wind biases that are stronger in the
beginning of the monsoon further lead to feedbacks that
actually weaken the moisture transport throughout JJAS
(Narapusetty et al. 2015; Ramakrishna et al. 2016; Pathak
et al. 2017). Among the Mar- to Jun-initialized forecasts,
there are no clear systematic higher break days attribut-
able to a particular initialized month; however, the JUN-
initialized forecasts produce lower break days than the
Mar- to May-initialized forecasts in four out of the nine
ENSO years (i.e., 1986, 1997, 2004 and 2006).

4 Conclusions

The main goal of this study is to elicit the ocean—atmos-
phere processes in AS, 10 and BoB basins associated with
extended break spells and their influence on the dry-land
bias during ISMR, particularly in July and August as pro-
duced by CFSv2. The CFSv2 hindcasts in the summer
months of 1982-2007 at sub-daily and monthly resolutions
obtained by initializing in March to June are examined for
understanding how the higher number of break events con-
tribute to the precipitation deficits in ISMR. Several system-
atic biases in CFSv2 forecasts contributing to the dry-land
bias are analyzed in this study.

The key features of ISMR’s spatial distribution such
as negative correlations of the core monsoon zone with
the southern peninsula and the Himalayan foothills, posi-
tive correlations along Western Ghats and northwest-
southeast tilt of precipitation are missing in the CFSv2
summer forecasts produced by initializing in March to
May. However, the Jun-initialized forecasts partially cap-
ture these important features suggesting that the spatial
distribution of forecasted precipitation over India could
be improved. Most of the ensemble forecasts initialized
in March to May produce more break days while the
concurrent observations show a much lower number in
majority of the years. The total as well as intraseasonal
component of the precipitation is found to be very weak
in all the CFSv2 forecasts except in the JUN-initialized
forecasts, which show a promising rendition of strength
and variability. The ocean—atmosphere biases that lead to
the systematic dry-land bias in CFSv2 forecasts have been
extensively studied elsewhere (Narapusetty et al. 2015).
In this study, the weaker intraseasonal variability in pre-
cipitation is found to be sensitive to the persistent nega-
tive vorticity over northern AS in conjunction with biases
in the Findlater jet and MLDs in the northern BoB and

Table 3 Total break days in

July—August of ENSO years in anomaly (CFSR)

Year Standardized NINO3

Break days

Mar- to Jun-initialized forecasts CE’Sv2 forecasts CFSR
and CFSR
Mar Apr May Jun
1982 2.03 0 0 0 3
1986 0.45 12 3 21
1987 1.08 10 0 4 15 17
1991 0.53 0 3 0 3 0
1994 0.51 0 4 3 0
1997 3.06 9 21 29 8
2002 1.05 14 15 21 27 20
2004 0.55 23 27 19 8 9
2006 1.05 18 33 11 7 0
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Fig. 10 Schematic diagram of
bias propagation that leads to
dry-land biases over central
India in CFSv2 forecasts
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EIO. The negative vorticity biases in the AS extend over
to central India in the Mar- and Apr-initialized forecasts
while systematically reduce in May- and Jun-initialized
forecasts. The Mar- and Apr-initialized forecasts produce
deeper MLDs in July and August in the northern BoB and
EIO, which act to suppress the intrasesasonal variability
and increase the total number of break days, which in turn
contribute to the dry-land biases. However, the May- and
Jun-initialized forecasts reproduce realistic shoaling of
the mixed layer and hence forecast stronger intraseasonal
variations. This study reveals that the May- and the Jun-
initialized forecasts reproduce the instraseasonal and the
total ISMR in July and August reliably by alleviating the
ocean—atmosphere coupled biases and the associated feed-
backs. There are consistent biases in the vertical struc-
ture in the ocean as expected. Candidates for the upper
ocean bias include a deficient representation of mixing
and errors in freshwater forcing among others (Howden
and Murtugudde 2001; Jochum and Potemra 2008; Jochum
et al. 2013). Figure 10 synthesizes the pathways of bias
propagation that lead to the dry bias over central India.
Narapusetty et al. (2015) showed the evolution of ocean-
atmospheric biases that lead to the deficit in ISMR in the
seasonal forecasts produced by CFSv2. The schematic
diagram here depicts the pathways that lead to dry bias
over central India by enhancing the number of break days
coupled with the delay in the monsoon onset.

The role of ENSO and Atlantic zonal modes (Pottapinjara
et al. 2014, 2016) on shoaling the mixed layers in the CFSv2
simulations and forecasts should provide more insights on
the potential sources of biases as well as on the ways to
improve prediction skill of intraseasonal variability, espe-
cially during the non-ENSO years. Such a study is underway
and the results will be reported elsewhere.
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