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Abstract This work is the first attempt to produce a
multi-year downscaled regional reanalysis of the Indian
summer monsoon (ISM) using the National Centers for
Environmental Prediction (NCEP) operational analyses and
Atmospheric Infrared Sounder (AIRS) version 5 tempera-
ture and moisture retrievals in a regional model. Reanalysis
of nine monsoon seasons (2003—2011) are produced in two
parallel setups. The first set of experiments simply down-
scale the original NCEP operational analyses, whilst the
second one assimilates the AIRS temperature and moisture
profiles. The results show better representation of the key
monsoon features such as low level jet, tropical easterly
jet, subtropical westerly jet, monsoon trough and the spa-
tial pattern of precipitation when AIRS profiles are assimi-
lated (compared to those without AIRS data assimilation).
The distribution of temperature, moisture and meridional
gradients of dynamical and thermodynamical fields over
the monsoon region are better represented in the reanaly-
sis that assimilates AIRS profiles. The change induced by
AIRS data on the moist and thermodynamic conditions
results in more realistic rendering of the vertical shear asso-
ciated with the monsoon, which in turn leads to a proper
moisture transport and the moist convective feedback. This
feedback benefits the representation of the regional mon-
soon characteristics, the monsoon dynamics and the moist
convective processes on the seasonal time scale. This study
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emphasizes the use of AIRS soundings for downscaling of
ISM representation in a regional reanalysis.
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1 Introduction

The Indian summer monsoon (ISM), apart from being
complex weather pattern, is also one of the most important
components of the global atmospheric general circulation
system. It plays a key role in modulating the weather and
climate in many parts of the globe (e.g. Lau et al. 2000).
Furthermore, the Indian economy is driven primarily by
the agriculture sector that is solely conditioned and con-
trolled by the ISM performance (Gadgil and Gadgil 2006).
Precipitation and circulation processes associated with the
ISM intimately re-enforce each other, i.e. the moist ther-
modynamic processes play a vital role in the ISM perfor-
mance and its characteristics. Krishnamurti and Bhalme
(1976a) reported that the vertical structure of temperature
associated with ISM has a coherent response to precipita-
tion strength in the middle and lower troposphere, while
the vertical structure of water vapour is important for lower
to mid-troposphere instability, mid-troposphere heating
and circulation. This feedback process is inadequate in
many global and regional climate models. Hence, proper
representation of the vertical structure of temperature and
moisture is one of the basic requirements for the climate
models (e.g. Liang et al. 2012) to represent ISM. Otkin
(2012) suggested that an accurate forecast of cloud cover
and precipitation is more likely to occur when the spatial
distribution of temperature and water vapour is accurately
specified in the models. Several studies have pointed out
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that the accurate initialization of high resolution tempera-
ture and moisture profiles are important for improving the
model physics and associated precipitation processes (e.g.
Susskind et al. 2003; Davolio and Buzzi 2004; Fan and
Tilley 2005; Li and Liu 2009; Rakesh et al. 2010; Miyoshi
and Kunii 2012; Singh et al. 2012). Raju et al. (2015a) car-
ried out a detailed assessment of the Weather Research and
Forecasting (WRF) model and found that it could success-
fully represent monsoon elements and convective precipita-
tion zones over the ISM region with some overestimation.
They also reported that the overestimation is due to strong
easterly wind bias, which brings excess moisture from the
western Pacific Ocean and Bay of Bengal (BoB) to the
monsoon core region (MCR). In addition, it is reported that
the vertical baroclinic response of temperature is weaker
in the model compared to the observations, thereby raising
key questions about the representation of moist thermody-
namic processes in the monsoon region.

Fundamentally, the vertical profiles of temperature and
water vapour are poorly sampled by in situ observations.
Hence this deficiency propels the difficulty in modelling
the temperature and moisture fields and the requirement
of accurate initial conditions (e.g. Raymond et al. 2004).
Recent advancements in remote sensing techniques are
beginning to address this issue. One such advancement
is the advent of Atmospheric Infrared Sounder (AIRS)
instrument on board the Aqua satellite, which provides
temperature and water vapour mixing ratio (WVMR) pro-
files in clear to partly cloudy conditions from near sur-
face into the stratosphere (Aumann et al. 2003; Susskind
et al. 2006; Reale et al. 2012) with high vertical resolu-
tion and accuracy. McNally and Watts (2003) showed that
AIRS measurements can improve the prediction of sen-
sible weather elements within a regional model. Le Mar-
shall et al. (2006) found a positive impact on the National
Centers for Environmental Prediction (NCEP) operational
system’s forecasting skill resulting from the assimilation
of AIRS profiles. Xavier et al. (2008) showed that inclu-
sion of temperature and humidity profiles in the model
through a nudging technique improves the representation
of low-pressure systems during ISM. Singh et al. (2008,
2010, 2012) assimilated AIRS retrieved profiles in the
WRF model and showed that AIRS data has significant
impact on the precipitation forecast of different weather
systems. Zhou et al. (2010) reported that the assimila-
tion of AIRS profiles substantially improves precipitation
analyses in global data assimilation and forecast systems.
AIRS profiles can also enhance the characterization of
the thermodynamic environment leading to a more accu-
rate precipitation forecast (Zavodskyet al. 2012). Later,
Reale et al. (2012) showed increment in the global fore-
cast skill by assimilating AIRS temperature profiles. They
also achieved considerable progress in analysis as well as
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forecast of a major precipitation event over the Indus River
Valley up to 7 days. Recently, Raju et al. (2014, 2015¢)
demonstrated significant impact of AIRS temperature
profiles assimilation on ISM circulation characteristics.
However, the impact of assimilating both temperature and
moisture profiles together has not been explored with the
WRF model for ISM and this is exactly what this paper
envisages to undertake.

The paper is organized as follows. Section 2 gives a
detailed description of the model, experimental set up, vari-
ous data sets and methodology. The impact of AIRS pro-
files on model reanalyzed atmospheric states is discussed in
Sect. 3; Sect. 4 explains the possible physical mechanisms,
while summary and concluding remarks are provided in
Sect. 5.

2 Model, data assimilation and methodology
2.1 Model

The WRF model version 3.2.1 (Skamarock et al. 2008)
is used for monsoon representation for the period of
2003-2011. This model is a limited area, non hydrostatic
primitive equation model with multiple options for differ-
ent physical parameterization schemes. It is designed to be
a flexible, state-of-the-art atmospheric model system that is
portable and efficient on available parallel computing plat-
forms. It is suitable for use in a broad range of applications
across the scales ranging from meters to thousands of kilo-
meters. The zonal extent of the model domain is from 30°E
to 180°E and the meridional extent is from 30°S to 40°N
(370 by 198 grid points). The model has a spatial resolu-
tion of 45 km and 40 vertical levels, the highest of which is
located at 50 hPa.

2.2 Data Assimilation

Four dimensional data assimilation (FDDA) technique is
used in the present study for the assimilation of tempera-
ture and moisture profiles of AIRS. The FDDA is a con-
tinuous data assimilation method that relaxes the model
state towards the observed state (Stauffer and Seaman
1990, 1994). Fundamentally, this methodology has its roots
in control theory where an empirical forecast error term is
added to the dynamical constraint, essentially a feedback
control added to the dynamics (e.g. Stauffer et al. 1991,
Lakshmivarahan and Lewis 2011). This method balances
the initial conditions fields geostrophically and hydro-
statically when they are integrated forward. In the analy-
sis, Newtonian relaxation term is added to the prognostic
equations for temperature and moisture using the following
equation,
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where ‘o’ is a prognostic variable, F denotes the normal
tendency terms due to physics, advection, etc. X represents
independent spatial variables and t is time. y° is the obser-
vation vector, H is the operator that projects model forecast
to the observation grid, G is the nudging magnitude matrix,
and W, W, are the spatial and temporal nudging (weight-
ing) coefficients, which are used to map the innovation in
observation space and time to the model grid cell and time
step. The weighting function for W, is obtained based on
Cressman (1959) and for W, is based on Stauffer and Sea-
mann (1990). The radius of influence (time window) is con-
sidered to be about 100 km (12 h). The nudging strength is
3x 1074 57! (e.g. Stauffer and Seaman 1994) and e denotes
observation quality factor. It is important to mention that
the specification of nudging strength is very sensitive in the
model. Stauffer and Seaman (1990, 1994), Stauffer et al.
(1991), Fast (1995), Seaman et al. (1995) did many sensi-
tivity experiments and reported that the nudging strength
of 3x10~* s~ works better. Raju et al. (2014, 2015c¢) also
supported that this choice of nudging coefficient is efficient
for monsoon representation in WRF.

Each observation is ingested into the model at its
observed time and location with proper space—time weights
and the model spreads the information in time and space
according to the model dynamics. The FDDA modifies the
model temperature and moisture profile at every time step,
according to the difference between observed and fore-
casted and attempts to bring the forecast as close as possi-
ble to reality. The set of differences between the model and
observed state is computed at the observational locations
and analyzed back to the grid. Thus, the model equations
assure a dynamical consistency while the observations
keep the model close to the true conditions and make up
for errors and gaps in the initial analysis and deficiencies
in the model physics. This method has several advantages;
first, it is computationally efficient, simple and robust. Sec-
ondly, it allows the model to ingest data continuously rather
than intermittently, with the full model dynamics. A study
by Leslie et al. (1998) reported that the impact of FDDA
is similar to that of four dimensional variational systems,
which is computationally intensive and expensive.

2.3 Data and Methodology

2.3.1 Initial conditions and boundary forcing

NCEP operational analyses regridded at 1°Xx 1° at every 6 h
are used to determine the initial and boundary conditions

for downscaling experiments. This data has been considered
because the observed vertical profiles of temperature and

water vapor over the Indian region used in this analysis are
much less. As suggested by Zavodsky et al. (2012), NCEP
does not contain sufficient information about the vertical
structure of temperature and moisture, thereby limiting their
potential impact on analyses. Therefore, assimilation of
AIRS profiles of temperature and WVMR on NCEP oper-
ational analyses will incorporate the impact. The daily sea
surface temperature (SST, Thiebaux et al. 2003) is used as
the slowly varying lower boundary condition for the model.

2.3.2 AIRS

AIRS has 2378 infrared channels and four channels in vis-
ible and near-infrared. It has provided unprecedented three
dimensional distributions of temperature and moisture
at a global scale, with very high spatio-temporal resolu-
tions (e.g. Parkinson 2003; Fu et al. 2006; Tian et al. 2006;
Wong et al. 2011) over both land and ocean. It has been
proven to be beneficial in identifying the fine thermal and
moisture structure of the atmosphere in a number of studies
(e.g. Wong et al. 2011). Recent release of AIRS V6 data
is covering neural network training based on the European
Centre for Medium-Range Weather Forecasts (ECMWF),
whereas AIRS (Level-3, version-5) is independent and
generate level-by-level error estimates dT(p) for retrieved
quantities, which is used as estimates for quality control.
Since the present study is focused on how independent
profiles of temperature and moisture can impact the ISM
structure and the associated process, AIRS Version 5 prod-
ucts based on retrieval algorithm by Susskind and Reale
(2009) are used. The AIRS data has a twice-daily temporal
resolution and spatial resolution of 45 km. The temperature
(moisture) profiles are available at 24 (12) standard pres-
sure levels between 1000 and 1 hPa (1000-100 hPa). This
product is the most accurate and stable set of hyper-spectral
infrared measurements made in space to date and provides
daily temperature (moisture) profiles at an accuracy 1 K
per 1 km (15% in 2 km). The details on AIRS observations
(vertical resolution and uncertainties) are described by
Aumann et al. (2003). The temperature and WVMR pro-
files are validated for both land and ocean for a broad range
of geographic conditions (Divakarla et al. 2006; Tobin
et al. 2006). These data are continuously assimilated dur-
ing model integration. Prior to data assimilation, all data
underwent a rigorous quality control.

2.3.3 Experiment set up and validation

The model set up is similar to Raju et al. (2015a, b). The
model is integrated from 1st May to 1st October for every
year during the study period. The representation correspond-
ing to June to September (JJAS) is used in the present study,
allowing 1 month as a model spin up time. One month spin
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up time is sufficient for the dynamical equilibrium between
the lateral forcing and the internal physical dynamics of the
model (Anthes et al. 1989). In summary CTRL and assimi-
lated experiments (TQEXP) represent two downscaled rea-
nalyses, forced by NCEP boundary conditions and daily
varying SSTs, with the additional assimilation of AIRS
temperature and moisture profiles being performed in the
TQEXP. Therefore, any difference in the representation of
the ISM circulation and structure between the CTRL and
TQEXP can be attributed to the information content of AIRS
retrievals. For the validation, the ECMWF Interim reanaly-
sis (ERAI) data available at a spectral resolution of T255
(approximately 0.7° x 0.7°, Dee et al. 2011) are used dur-
ing the study period. It is the latest global atmospheric rea-
nalysis product with highest accuracy (Lin et al. 2014). Over
land and ocean, daily precipitation estimates provided by the
Global Precipitation Climatology Project (GPCP) at 1°x1°
resolution (Huffman et al. 2001) and Tropical Rainfall Meas-
uring Mission (TRMM) daily precipitation (3B42V6; Huft-
man et al. 2007) data available at 0.25°x0.25° are used.

For the quantitative assessment of representation in
TQEXP compared to CTRL, the statistical scores such as
bias and root mean square error (RMSE) are computed. In
addition, the equitable threat score (ETS) and bias score (BS)
are estimated for rainfall, which is a metric to measure the
model’s ability of categorical rainfall forecast (Anthes et al.
1989). Pattern correlation (PC) over the domain is estimated
for large spatial scale comparative assessment of reanalyzed
mean fields with the observed fields.

Furthermore, to understand the thermodynamical
response, moist static energy (MSE, which is a useful
measure of vertical instability) is estimated using following
equation:

MSE=C,T+g8Z+ Lq )

where T is air temperature, C, is the specific heat of air at
constant pressure, Z is height, g is gravitational accelera-
tion, L is the latent heat of vaporization at 0 °C, and ¢ is the
specific humidity. Precipitable water content (PW) in an air
column is calculated as follow:

PS
/ q dp 3)
P

t

PW =

oQ | =

where Py is surface pressure and P, is pressure at top of the
air column.

In order to quantify the skill of reanalyzed atmospheric
fields due to assimilation of AIRS profiles, Forecast Impact
(FT) parameter is computed (Wilks 2006) using Eq. (4).

RMSE,,
RMSE,.

FI = [1 - ] x 100% 4)
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where, RMSE (RMSEy) is error with respect to observa-
tions for the prognostic variable from CTRL (TQEXP).
The positive (negative) value of FI indicates a reduction
(increase) of error in TQEXP with respect to CTRL. All
the FI scores discussed in this study are significant at 95%
confidence level following Student’s t test.

3 Results

3.1 Impact of AIRS profiles on reanalysed circulation
and moist thermodynamic fields

Spatial distributions of the FI score for low level (850 hPa)
and upper level (200 hPa) winds in TQEXP are presented
in Fig. 1. FI for low level zonal wind (Fig. 1a) shows sig-
nificant positive values over the entire monsoon region.
The highest positive FI score is observed in important
regions such as the Somali coast (about 90%), the Mada-
gascar high and the monsoon trough region (about 85%).
In case of upper level zonal winds (Fig. 1b), FI is posi-
tive over the Indian subcontinent, west Pacific and over
the Arabian Peninsula. It is also observed that FI over the
central equatorial Indian Ocean shows a marginal benefit
in TQEXP (30-50%) over CTRL in the upper tropospheric
zonal winds. Furthermore, FI for the lower and upper level
meridional winds are shown in Fig. Ic, d. The significant
positive values of low level meridional winds over Indian
region, the Western Ghats and southwest Indian Ocean
are evident; however negative FI (about 10-15%) is noted
over the Tibetan region. On the other hand, FI for upper
level meridional winds is positive over most of the oceanic
regions. Overall, the representation of the monsoon circula-
tion is better in TQEXP compared to CTRL.
Fundamentally, the monsoon system is forced by land-
sea thermal contrast and meridional tropospheric tempera-
ture gradients. Therefore, FI is also estimated for low and
mid tropospheric temperature (Fig. 2a, b). The positive
FI is noted over the entire oceanic region and the Indian
subcontinent. However, negative FI values (30-50%) are
found over the west Pacific and Arabian Peninsula coast for
lower tropospheric temperature. Mid tropospheric tempera-
tures display positive FI over the entire Indian Ocean and
Tibetan region, which are dominant heat sources of mon-
soon. Lower tropospheric WVMR (vertically integrated
from surface to 850 hPa) distribution is closer to the obser-
vations over the oceanic region (Fig. 2c) in TQEXP than
CTRL. FI for the upper troposphere (averaged between 400
and 200 hPa) has shown a ratio of 0.4 between the errors
and the FI score is 60% over the Indian subcontinent region
and southern oceanic region compared to CTRL. This anal-
ysis supports that assimilation of AIRS profiles increases
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Fig. 1 Spatial distribution of Forecast Impact score for (a, ¢) low level and (b, d) upper level zonal and meridional winds in TQEXP over CTRL

the model skill for moisture and temperature fields during
the monsoon season.

3.2 Spatial distribution of seasonal mean monsoon
features

Spatial distribution of seasonal mean sea level pressure
(SLP) and midtropospheric temperature from CTRL, ERAI
and TQEXP are shown in Fig. 3. CTRL (Fig. 3a), ERAI
(Fig. 3b) and TQEXP (Fig. 3c) produced the meridional
gradient of SLP, the geographical location of surface heat
low and the position of the monsoon trough reasonably
well. However, the southward extension of 1008 hPa iso-
bar is noted in CTRL compared to ERAI, indicating the
underestimation (overestimation) of SLP over the Indian
Ocean (north of 25°N) in CTRL. This asymmetry in SLP
bias suggests that the model suffers from a weak meridi-
onal SLP gradient. CTRL shows (Fig. 3d) large positive
bias (4.7 hPa) and RMSE (6.9 hPa), whereas TQEXP
(Fig. 3e) shows, weak negative bias (—2.2 hPa) and RMSE
(4.2 hPa) over the study area. PC of SLP distribution in
TQEXP (CTRL) with ERAI is 0.94 (0.79). This confirms
that TQEXP could capture better spatial distribution of

SLP than CTRL, supporting better low level monsoon cir-
culation in TQEXP. In addition to that, CTRL and TQEXP
are able to represent mid-troposphere temperature features
over the Tibetan plateau as well as meridional tempera-
ture gradient as in ERAI with higher PC in TQEXP than
CTRL (Table 1). Figure 3f shows the temporal evolution
of tropospheric temperature (averaged between 700 hPa
and 200 hPa) gradient (TTG, Xavier et al. 2007) between
40°E-100°E; 5°N-35°N and 40°E-100°E; 15°S-5°N from
CTRL, TQEXP and ERAI. ERAI shows higher TTG (cor-
responding to higher latent heat release) during the peak
monsoon season compared to that of onset and withdrawal
phase of the monsoon. TTG is underestimated in CTRL
compared to ERAI whereas TQEXP produced a better tem-
poral evolution of TTG. The above analysis confirms that
large scale thermal contrast associated with the ISM is well
represented in TQEXP as in the observations.

Lower troposphere circulation displays strong east-
erly winds south of equator extended up to 30°S and
broader LLJ with south eastward shift in the core along
the Somali coast in CTRL (Fig. 4a, c). Joseph and Siji-
kumar (2004) suggested that the axis of LLJ can get ori-
ented south eastward when the convective heating of the
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Fig. 2 Spatial distribution of Forecast Impact score for a lower troposphere temperature, b midtroposphere temperature, ¢ lower troposphere

WVMR and d upper troposphere WVMR in TQEXP over CTRL

atmosphere is placed at low latitude of the Indian Ocean,
which is also the case in CTRL(Fig. 4a). The easterly
(westerly) bias over the western Pacific to MCR (east
coast of Africa) is mainly due to the unrealistic zonal
pressure gradient in the model which is consistent with
Raju et al. (2015a). On the other hand, in the case of
TQEXP (Fig. 4b) LLJ and cyclonic circulation over BoB
are well structured. The strong easterly winds over south
of the equator is better in TQEXP compared to the CTRL.
In turn TQEXP could enhance the PC for low level mon-
soon circulation with ERAI compared to CTRL (Table 1).
Upper tropospheric (200 hPa) wind distribution from
CTRL, ERAI and TQEXP is shown in Fig. 4d-f. CTRL
(Fig. 4d) represented the upper tropospheric circulation
features such as Tibetan anticyclone, tropical easterly jet
(TEJ) and subtropical westerly jet (SWJ) in agreement
with ERAI. However, Tibetan anticyclonic circulation in
the CTRL is located south of its normal position and the
northward extension of TEJ is confined to 15°N, whereas
it is extended up to 25°N in ERAI. The maximum wind
speed of TEJ is located to the west of the southern tip of
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India in ERAI (Fig. 4f), whereas in CTRL it is extended
up to the east coast of Africa. On the other hand, TQEXP
(Fig. 4e) captured the proper location of Tibetan anticy-
clone, spatial extent of TEJ and SWJ. It indicates that
accurate representations of thermal structure in mid to
upper level are achieved through the inclusion of the
AIRS profiles. However, TEJ is found to be weaker in
the TQEXP than CTRL. It may be due to a mismatch
between thermal winds from the assimilated temperatures
and the winds. Krishnamurti et al. (2005) suggested that
the thermal wind and the pressure gradients are always
weaker than the observed winds for the case of super
geostrophic winds in the model. Hence it causes weaker
upper level winds compared to observations in assimi-
lation experiment. During the monsoon strong easterly
in upper troposphere and westerly in lower troposphere
produces easterly wind shear over the monsoon region,
CTRL and TQEXP represent easterly wind shear (Fig. 5a,
b), however geographical position (zonal distribution)
and strength of the shear in TQEXP (Fig. 5b) is in close
agreement with ERAI (Fig. 5¢). PC for the wind shear
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bias against ERAI (d, e). The temporal evolution of meridional tropospheric temperature gradient (K) during monsoon (f)

Table 1 Pattern correlation for various fields between CTRL and
ERAI/GPCP; TQEXP and ERAI/GPCP during 2003-2011

CTRL vs ERAY/ Variable TQEXP
GPCP vs ERAI
0.79 SLP 0.94
0.89 Midtropospheric temperature 0.96
0.73 Low level winds 0.97
0.81 Upper level winds 0.99
0.42 Rainfall 0.76

0.7 Vertical wind shear 0.9

is higher in TQEXP (0.9) than CTRL (0.7) compared to
ERAI. Recently, Reale et al. (2017) showed that small
errors in the vertical shear of wind over the Indian Ocean

could lead to large errors in the atmospheric dynamics,
which eventually can feedback to the associated convec-
tive activities. Overall, the analysis indicates that proper
temperature and WVMR distribution in the model can
be useful for realistic representation of the easterly wind
shear and monsoon convective systems.

Hence, it is now important to examine whether these
developments are translated into the seasonal rain-
fall distribution or not. Figure 5d—f shows the seasonal
mean rainfall over the ISM region from CTRL, TQEXP
and GPCP respectively. The CTRL is able to capture the
major convective centres over the eastern Arabian Sea
(AS), BoB, MCR and South China sea as in the obser-
vations. However, rainfall is overestimated over the AS,
BoB, and southwest Indian Ocean regions. Unrealistic
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lines) respectively from CTRL, ERAI, TQEXP. Wind speeds are shaded

double inter tropical convergence zone (ITCZ) like rain-
fall pattern is evident in CTRL over the tropical Indian
Ocean regions. Such unrealistic double ITCZ like rain-
fall pattern is disappeared in TQEXP, which is one of the
major achievements with the assimilation of AIRS pro-
files. The PC for precipitation is higher in TQEXP than
CTRL (Table 1). It is important to note that precipitation
distribution is near realistic over the Indian land region,
but overestimated over the oceanic regions.

To diagnose the role of various components of mon-
soon for the rainfall biases in CTRL and reduction of
biases in TQEXP are explored. Seasonal mean meridional
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distribution of easterly wind shear, lower tropospheric
specific humidity (averaged from surface to 850 hPa),
TTG (averaged between 600 and 200 hPa) and equivalent
potential temperature (EPT) (averaged between 1000 and
850 hPa) associated with the ISM are shown in Fig. 6 from
CTRL, ERAI and TQEXP. The meridional distribution of
easterly shear (averaged between 65°E and 95°E during
JJAS), which is one of the key parameters for the northward
propagation of the convection (e.g. Jiang et al. 2004; Abhik
et al. 2014) is underestimated over the southern latitudes
(ocean) and overestimated over northern latitudes (land)
in CTRL (Fig. 6a). The weaker gradient of integrated
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specific humidity (Fig. 6b) is one of the prevailing features
in CTRL. Another significant difference is the meridional
tropospheric temperature (Fig. 6¢), which is overestimated
by CTRL. However in TQEXP easterly shear, gradient of
specific humidity and meridional tropospheric temperature
are consistent with the ERAI, this leads to better represen-
tation of lower troposphere EPT distribution (Fig. 6d).

In order to examine the diagnostics for the proper rep-
resentation of moist physics due to assimilation of vertical
moist and thermodynamic profiles, vertically integrated
PW and MSE are studied from CTRL, TQEXP and ERAI
(Fig. 7). In CTRL (Fig. 7a), PW is higher (>60 kg m™2)
over the land region along with adjacent oceanic regions.

In TQEXP (Fig. 7b) the spatial distribution of PW shows
maxima over head BoB, north eastern India and MCR as
in ERAI (Fig. 7c). In general, higher values of PW lead
to excess MSE at lower troposphere, supporting unstable
boundary layer, convective ascent and excess rainfall (e.g.
Emanuel et al.1994; Sabin et al. 2013). The representation
of instability in TQEXP (Fig. 7b) is consistent with ERAI
whereas CTRL represents stronger instability compared
to ERAI (Fig. 7a). In addition to this vertically integrated
moisture transport and moisture flux divergence are exam-
ined in CTRL, TQEXP and ERAI (Fig. 8). The strong-
est moisture convergence is observed in BoB and South
China Sea region during monsoon. CTRL (Fig. 8a) shows
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higher moisture transport all the way from AS, BoB and
land region. Unrealistic convergence of moisture flux is
seen over AS and along the west coast of India. TQEXP
produces moisture transport similar to ERAI (Fig. 8b, c),
which in turn helps to better represent of the moist dynam-
ics and associated precipitation processes over convective
regions in the model.

3.3 Temporal evolution of monsoon features over MCR

Apart from mean features, it is important to study the tem-
poral evolution of monsoon features over the MCR. Fig-
ure 9a shows the temporal evolution of low level zonal
wind averaged over the MCR. In CTRL, westerly winds
are underestimated throughout the season and unrealis-
tic easterlies are present from August onwards. In case of
TQEXP, the seasonal evolution of zonal wind is westerly
throughout the season and greater than 4 ms~! until the
second week of August and then gradually decreases as
reported in ERAI with temporal correlation coefficient of
0.93 (0.86 in CTRL). In addition to the winds, the TQEXP
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displayed better structure of vorticity evolution over the
MCR (Fig. 9b) including peak and the withdrawal phase
of the monsoon. TQEXP shows higher temporal correla-
tion coefficient (0.9) than CTRL (0.7). Temporal evolution
of tropospheric temperature in CTRL displays warm bias
(1.5 K) during the entire monsoon season (Fig. 9¢), how-
ever, TQEXP displays a cold bias with respect to ERAL
Vertically integrated (surface to 400 hPa) WVMR (Fig. 9d)
is overestimated by CTRL, whereas TQEXP could provide
the proper evolution of tropospheric water vapour through-
out the season with correlation coefficient of 0.97. Thus, by
assimilating AIRS profiles one could considerably improve
the temporal evolution of monsoon associated fields over
the MCR in the model. This may lead to a proper temporal
evolution of rainfall in the model. Figure 9¢ shows the tem-
poral evolution of precipitation from CTRL, TQEXP and
GPCP. CTRL overestimates precipitation (7 mmd~") during
the peak monsoon months (July and August). This bias can
be explained by unrealistic moisture transport from BoB
and the Philippine Sea by easterly winds. Lucas-Picher
et al. (2011) found that such biases in precipitation over the
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ISM region is one of the concern in many regional models.
It is important to note that TQEXP could bring down the
dominant positive bias of precipitation to 1.5 mmd~".

3.4 Vertical structures of dynamic and thermodynamic
parameters over MCR

This section describes the vertical structures of the ther-
modynamic (temperature, WVMR and MSE) and dynamic
(zonal, meridional winds, vorticity and divergence) param-
eters associated with ISM precipitation over the MCR.

3.4.1 Temperature, moisture and moist static energy

The mean vertical profiles of temperature from CTRL,
TQEXP and ERAI (right panel in Fig. 10a) display simi-
lar pattern in the vertical structure. The seasonal evolution
of vertical temperature anomalies is compared with rain-
fall over MCR (the temperature and rainfall anomalies are
obtained by removing their seasonal mean). The boundary
layer is warmer (1.5-2 K) in the observations during the
first three weeks of June whereas the middle to upper trop-
osphere is cooler (1-1.5 K). While during July and August,
strong warming from middle to upper troposphere and the
corresponding cooling in the atmospheric boundary layer

60E <7OE 80E 9OE

100E 110E

is evident in CTRL, TQEXP and ERAI, which is consist-
ent with the precipitation variability. However, CTRL pro-
duces stronger mid tropospheric temperature anomalies
than ERAI, which is consistent with the inherent wet bias
induced latent heating. On the other hand, the boundary
layer warm bias is due to the underestimation of evapora-
tive cooling. TQEXP produced proper vertical thermal
structure and its seasonal evolution corresponding to the
rainfall over the MCR. Importantly, the baroclinic response
of temperature is better portrayed in TQEXP compared to
that of CTRL (weaker during July and August). FI for tem-
perature supports the reduction in bias by 60-70% in the
boundary layer and upper troposphere over the MCR.

The mean vertical structures of WVMR associated
with the monsoon in CTRL and TQEXP are consistent
with ERALI for the entire troposphere (Fig. 10b). However,
CTRL shows a dry (wet) bias at the surface to lower tropo-
sphere (mid to upper troposphere) over MCR as compared
to ERAL FI of WVMR shows higher skill (FI of 50-70%)
in the middle to upper troposphere, whereas the skill is
relatively less in the surface (10%) and lower troposphere
(30-40%). The WVMR anomalies in CTRL and TQEXP
are negative until the third week of June and the verti-
cal extent is up to 200 hPa, while it has strong positive
anomalies during July and August. But CTRL has higher
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Fig. 8 JJAS mean vertically integrated moisture transport (shaded;
Kg m~! s71) and moisture flux divergence (contours; Kg s™!) from a
CTRL, b TQEXP and ¢ ERAI The arrows shows the moisture com-
ponents QU and QV

WVMR with higher than observed vertical extent. Overall
the CTRL displays a wet bias during the peak monsoon,
on the other hand, the higher WVMR loading seen in the
lower to middle troposphere is reduced in TQEXP and the
vertical extent of WVMR anomalies are comparable with
ERAI Further, MSE analysis associated with monsoon
rainfall processes over MCR reveals that the mean ver-
tical structure of MSE is captured in CTRL and TQEXP
(Fig. 10c). However, MSE is underestimated in the upper
boundary layer to the free troposphere in CTRL (Fig. 10c)
but TQEXP overestimates MSE in the lower troposphere.
Observations show that MSE decreases with height in
the low to mid troposphere over MCR, which is underes-
timated by the CTRL. This indicates that CTRL is more
unstable during the convective phase in the lower to mid
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troposphere, potentially pumping up moisture to the deeper
extent resulting in a positive precipitation bias and higher
MSE anomaly than in the observations.

3.4.2 Zonal and meridional wind

Figure 11a shows the vertical distribution of mean zonal
wind and time-height cross section of zonal wind anoma-
lies superimposed by rainfall anomalies over the MCR
from CTRL, TQEXP and ERAI. CTRL displays weak
westerly (easterlies) wind in the boundary layer (upper
troposphere, Fig. 11a). This suggests weak mean monsoon
zonal flow in the entire troposphere and weak vertical shear
of zonal wind. On the other hand, TQEXP shows strong
westerlies (easterlies) in the lower troposphere (upper trop-
osphere) as in ERAI During the withdrawal phase of the
monsoon, lower tropospheric easterly anomalies and upper
tropospheric westerly anomalies appeared in the CTRL and
are stronger than TQEXP and ERAI Thus, TQEXP shows
quite a realistic evolution of vertical structure of zonal
wind (zonal shear) over the MCR. Overall the modifica-
tion in the zonal circulation in the model is (about 60-70%)
obtained due to the inclusion of AIRS profiles.

Mean vertical profiles of meridional wind and time
height cross section of meridional wind anomalies asso-
ciated with the rainfall over MCR from CTRL, TQEXP
and ERAI are shown in Fig. 11b. The time mean vertical
structure of meridional wind in the CTRL displays slightly
strong southerlies (weak northerlies) in the lower and upper
troposphere (mid troposphere) than in ERAIL Thus, the
model overestimates meridional wind shear compared to
ERAI. However, the meridional wind shear in the TQEXP
is more realistic than CTRL with 50-65% of FIL. This
enhancement in the circulation representation is consist-
ent with Raju et al. (2015b, c) where temperature profiles
from satellite observations are assimilated. Figure 11b (left
panel) shows the temporal evolution of meridional wind
and precipitation anomalies from the model and ERAL
CTRL shows negative wind anomalies until the end of July
with a vertical extent up to 300 hPa, while the rest of the
season it is positive. TQEXP displays positive wind anoma-
lies in the lower troposphere as in ERAI till the mid August
and is negative rest of the season.

3.4.3 Vorticity and divergence

CTRL underestimates cyclonic vorticity in the lower to mid
troposphere even though it has excess tropospheric heating.
Strong positive vorticity anomalies are evident during the
peak monsoon phase, whereas negative vorticity anomalies
are seen during the onset and withdrawal stages in ERAI,
CTRL, and TQEXP (Fig. 11c). Moreover, these anomalies
are overestimated during the peak phase of the monsoon in
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Fig. 9 Temporal evolution of
area averaged: a low level (at
850 hPa) zonal wind (ms™"),

b relative vorticity s, ¢
tropospheric temperature (K),

d vertical integrated WVMR
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CTRL. In contrary, strong low level cyclonic vorticity up
to 500 hPa and anticyclonic vorticity aloft are evident in
the TQEXP and ERAIL TQEXP produced proper seasonal
evolution of both the cyclonic and anticyclonic response
compared to CTRL. Mean profiles of divergence and time
height cross section of its anomaly associated with rainfall
anomalies are shown in Fig. 11d. Time mean divergence
profiles in ERAI display strong low level convergence and
mid to upper tropospheric divergence. CTRL shows slight

15JUL  1AUG  15AUG  1SEP  15SEP  30SEP

overestimation in the low level convergence than ERAI,
while TQEXP overestimated divergence at mid tropo-
sphere. Time height cross section of anomalous divergence
over MCR (corresponding to rainfall) reveals strong upper
level divergence and low level convergence during the peak
monsoon months in the CTRL (Fig. 11d). Low level diver-
gence and upper level convergence anomaly during the
onset and withdrawal phases of monsoon are properly pro-
duced in the TQEXP than CTRL. Hence the time evolution
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Fig. 10 Time-height cross section (JJAS) of anomaly (shaded, left
panels) and mean vertical profiles (right panels) over MCR from
CTRL (black), TQEXP (red) and ERAI (blue) for a temperature (K),

of divergence structure is more realistic in the TQEXP. Our
results corroborate that continuous assimilation of tempera-
ture and WVMR profiles can yield better representation
of vorticity and divergence of monsoon circulations fields
over MCR.

3.5 Assessment of moist convection over the MCR
This section assesses the longitude-height cross section of

specific humidity and MSE over the MCR region (Fig. 12).
In general the zonal gradient of specific humidity is positive
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5

MSE (*10° J m™)

b WVMR (g Kg™') and ¢ moist static energy (x10° Jm™2). Rainfall
anomaly (mm d™!, solid line and scales at right) overlaid on time-
height cross section (left panels)

(higher in the east and lower in the west) and vertical extent
of moisture (>14 g Kg™!) is higher in the east than the
western flank of MCR (Fig. 12¢). This east-west gradi-
ent of the specific humidity is weaker in CTRL (Fig. 12a).
Nevertheless, it is noted that a sharp zonal gradient of spe-
cific humidity is evident in the TQEXP (Fig. 12b). The ver-
tical extent of specific humidity is improved in the TQEXP.
The convective instability in the MCR can be inferred
from the vertical structure of MSE (e.g. Sabin et al. 2013).
ERALI shows sharp zonal gradient in the MSE with higher
magnitudes in the eastern flank and lower magnitudes in
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Fig. 11 Time-height cross section of anomaly (shaded, left pan-
els) and mean vertical profiles (right panels) over MCR from CTRL
(black), TQEXP (red) and ERAI (blue) for a zonal wind (ms™!), b
meridional wind (ms™"), ¢ relative vorticity x10°s7h, d divergence

the western flank of the MCR (Fig. 12). This fascinating
structure (strength and location) is well captured in the
TQEXP whereas it is weak or absent in the CTRL. Time
evolution of MSE over MCR (Fig. 12d) displays gradual
increase from the monsoon onset onwards, is broadly cap-
tured by CTRL, TQEXP and ERAI. However, the amount
of instability produced is higher in CTRL as compared to
ERAI, while TQEXP shows moist instability similar to that
of ERAI, particularly during the peak monsoon months. It
is also noted that the TQEXP underestimates MSE at the

Divergence(x10™ see™)

-25 -2 -15 -08 -0.2 0.2 038 1.5 2 25

(x10° s71). Rainfall anomaly (mm d™!, solid line and scales at right)
overlaid on time-height cross section (left panels) from June to Sep-
tember

initial stage of monsoon evolution. Thus, the temporal evo-
lution of MSE is better represented in TQEXP over MCR.

3.6 Statistical skill scores for rainfall

Previous analysis indicates that the assimilation of tem-
perature and water vapour profiles in models had a sig-
nificant impact on the thermodynamic variables associ-
ated with the ISM. Thus, it is important to verify whether
these results supported by the statistical skill scores for
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Fig. 12 Longitude-height cross section of specific humidity (g Kg™!; shaded) and moist static energy (x10° Jm~=2; contours) averaged between
16°N and 28°N latitudes from a CTRL, b ERAI and ¢ TQEXP. d Temporal evolution of moist static energy over MCR during monsoon

Table 2 Bias and RMSE for

blas - Experiment Bias (mm d~1) RMSE (mm d~})
model daily rainfall against to
TRMM observed rainfall over MCR WGR BoB EIO MCR WGR BoB EIO
different regions
CTRL 0.72 4.8 9.2 -6.2 2.31 7.04 10.5 6.2
TQEXP 0.43 4.6 9.5 6.8 2.11 6.25 10.8 9.5

rainfall. The RMSE and bias of CTRL and TQEXP rain-
fall over different regions are given in Table 2. TQEXP
reports lesser RMSE and bias over MCR, Western Ghat
region (WGR) compared to CTRL, however RMSE over
the EIO and BoB is found to be higher in TQEXP than
CTRL. To examine the performance of the model in rep-
resenting the frequency of rainfall occurrence events for
particular precipitation threshold, BS and ETS are com-
puted against TRMM observations based on the contin-
gency approach (Colle et al.1999; Wilks 2006). These
statistical skill scores are computed for different thresh-
olds such as low (<5 mm), moderate (5-20 mm) and high
rainfall (>20 mm) categories, which are displayed in the
Table 3. Over MCR and WGR, skill scores are better for
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Table 3 Statistical skill scores (ETS and BS) for model daily mean
rainfall against to TRMM observed rainfall over MCR for low, mod-
erate and high rainfall categories

Zone Rainfall Equitable threat score  Bias score (BS)
categories (ETS)
CTRL TQEXP CTRL TQEXP
MCR <5 0.14 0.16 1.22 0.78
5-20 0.17 0.22 0.69 0.4
>20 0.04 0.12 2.22 1.06

all type of rainfall categories in TQEXP compared to
CTRL. In the case of BoB and EIO, these skill scores got
better only for lower categories, but not for moderate and
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high rainfall events. Thus, the rainfall analysis benefits
from temperature and moisture information offered by
AIRS.

4 Possible physical mechanisms

Previous section demonstrated that assimilation of AIRS
profiles produces near realistic monsoon features in the
downscaled products. This development is due to proper
representation of the spatial and temporal coverage of tem-
perature and moisture fields, which played a key role in
the representation of the baroclinic structure of the mon-
soon. Secondly, continuous assimilation of temperature
and moisture profiles leads to proper temporal evolution
of dynamic and thermodynamic structures such as easterly
wind shear, lower tropospheric specific humidity, tropo-
spheric temperature gradient and EPT associated with the
ISM. The detail analysis revealed that the discrepancies of
easterly shear due to improper thermal/pressure gradients
during ISM lead to misrepresentation of monsoon dynam-
ics in CTRL. This discrepancy leads to excess moisture, the
release of additional latent heat, which ultimately results
in improper tropospheric temperature gradients and feed-
back to the monsoon circulation. While in TQEXP, a real-
istic thermal gradient over the monsoon domain produces
proper spatial and temporal distribution of heat, moisture,
circulation and its associated processes. The realistic rep-
resentation of monsoon circulation helps better moisture
transport resulting proper moist convective feedback. In
addition to that, better representation of monsoon circula-
tion and converging zones leads to an accurate easterly
shear and moist instability structures in TQEXP. Accord-
ing to Krishnamurti et al. (1976b), the proper TT gradient
(Fig. 6¢) can lead to better reproduction of vertical easterly
wind shear (Fig. 6a), which imposes the meridional extend
of ISM. Reale et al. (2017) reported that the proper east-
erly shear can lead to more realistic convective processes
and feedback to associated dynamics. This mechanism
helps to improve monsoon representation at regional scale.
Therefore, the present study emphasize that the incorpora-
tion of AIRS soundings is highly useful for the better rep-
resentation of the monsoon system due to the systematic
tropospheric thermal and moisture structure in the model,
thereby, providing a good opportunity to identify the moist
thermodynamic physical response in the model convective
parameterization schemes.

S Summary and concluding remarks

The study examined the impact of assimilation of AIRS
temperature and water vapour profiles on the ISM in WRF

model. The assimilation of these profiles had a significant
impact on the ISM representation due to their better repre-
sentation of thermodynamic structure in the model. Specifi-
cally, the advantages of AIRS data ingestion are summa-
rized as follows: it resulted in (1) the realistic representation
of strength and location of monsoon elements, (2) disap-
pearance of the unrealistic double ITCZ like rainfall pattern
due to proper monsoon circulation, (3) better representation
of the meridional distribution of temperature, water vapour,
MSE and wind shear, (4) proper vertical structure of mois-
ture, vorticity, divergence and vertical velocities. Further,
assimilation of satellite retrieved temperature and water
vapour profiles could significantly modify the moist physi-
cal processes and the associated rainfall over MCR. The
ingestion of AIRS profiles enhances the realistic spatial
distribution of precipitation and statistical skill scores over
the land regions as compared to the skill scores in CTRL
experiment. It also allowed a realistic representation of the
thermal structure and its influence on the moisture conver-
gence associated with spatial distribution of precipitation
patterns (through dynamic interactions of deep convection
with the atmospheric boundary layer). This further reiter-
ates the importance of representing the heating distribution
which is responsible for the accurate ISM structure in any
regional model. Our results advocate that the AIRS retriev-
als would be of great benefit for process based studies and
for the preparation of regional reanalysis in downscaling
context.
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