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Abstract
Accurately predicting the Indian monsoon is limited by inadequate understand-
ing of the underlying processes, which feed into systematic model biases. Here
we aim to understand the dynamic and thermodynamic features associated with
the progression of the monsoon, using 2016 as a representative year, with the
help of convection-permitting simulations of the Met Office Unified Model. Sim-
ulations are carried out in a 4 km resolution limited-area model, nested within a
coarser global model. Two major processes thought to influence the northwest-
ward progression of the monsoon are: (a) the interaction between the low-level
monsoon flow and a mid-tropospheric dry-air intrusion from the northwest,
and (b) land–atmosphere interactions. We find that the 4 km limited-area model
simulates the mid-tropospheric moistening that erodes the northwesterly dry
intrusion, pushing the northern limit of moist convection northwestwards. The
surface soil moisture also plays a major role at the leading edge of the mon-
soon progression. The heavy rains associated with the local onset wet the soil,
reducing the sensitivity of surface fluxes to soil moisture and weakening the
land influence on further progression of monsoon rains. The 4 km model is
tested with an alternative land-surface configuration to explore its sensitivity to
land-surface processes. We find that the choice of soil and vegetation ancillar-
ies affects the time-scales of soil moisture–precipitation feedback and the timing
of diurnal convection, thereby affecting the local onset. We further compare
these simulations with a parametrized convection run at 17 km resolution to iso-
late the effects of convective parametrization and resolution. The model with
explicit convection better simulates the dynamic and thermodynamic features
associated with the progression of the monsoon.
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1 INTRODUCTION

The Indian monsoon provides water for agriculture, indus-
try and the livelihoods of more than a billion people in
India. Changes in crop yield are directly influenced by
the onset timing and the availability of the monsoon rains
from June to September (Kumar et al., 2004; Auffhammer
et al., 2012). The rain-fed agricultural sector plays a major
role in the Indian economy. Hence, the forecasting of the
Indian monsoon onset and progression is vital as it helps
in water resource management, agricultural planning and
thereby the gross domestic product of the country.

However, most general circulation models fail to accu-
rately simulate the spatial and temporal variability of mon-
soon precipitation as significant systematic biases exist in
these models. Atmosphere-only general circulation mod-
els (AGCMs), forced by observed sea surface tempera-
tures (SSTs), generally simulate excess precipitation over
the equatorial Indian Ocean and orographic slopes, such
as the southern slopes of the Himalayas, and reduced
precipitation over the Indian subcontinent (Sperber and
Palmer, 1996; Gadgil and Sajani, 1998). Several studies
have emphasised the importance of atmosphere–ocean
coupled GCMs (AOGCMs) in simulating monsoon precip-
itation (Wu et al., 2006); however, AOGCMs exhibit biases
similar to those in AGCMs (Annamalai et al., 2007; Sper-
ber et al., 2013). This indicates that the underlying causes
lie within the atmospheric component of the models, while
cold SST biases that arise from coupling act to aggravate
these biases, thus delaying the onset (Levine and Turner,
2012; Levine et al., 2013).

While global models perform reasonably at global
scales, monsoon deficiencies may arise because the mod-
els fail to resolve important local- to-regional-scale pro-
cesses (Karmacharya et al., 2015). Studies using a variety
of global and regional parametrized-convection models (or
alternatively, regional models nested within global mod-
els) have tested the effect of increasing horizontal resolu-
tion. These studies have demonstrated improvements in
the spatio-temporal distribution of Indian monsoon rain-
fall, especially over steep orography such as the Himalayas
and Western Ghats (Ji and Vernekar, 1997; Kumar et al.,
2006; Johnson et al., 2016). However, Johnson et al. (2016)
showed that, while increasing the horizontal resolution
globally from 200 to 40 km in the Met Office Unified Model
(MetUM) has small, beneficial impacts, it does not solve
the monsoon biases that are pervasive in GCMs.

Other findings suggest that many of the local errors are
driven by large-scale remote biases that affect the monsoon
mean state. Levine and Martin (2018) showed that a low
resolution (50 km) RCM, forced at the lateral boundaries
by reanalyses, could simulate monsoon lows and depres-
sions better than a GCM at the same resolution, since the

remote systematic biases are reduced in the RCM due to
the smaller domain size, indicating that the mean state,
more than (or as much as) the resolution, is important
for simulating these phenomena when operating at the
parametrized-convection scale.

A key factor limiting the reliability of the GCMs is
the inability to accurately represent subgrid-scale pro-
cesses. Convection, boundary-layer and land-surface pro-
cesses are parametrized in the GCMs, yet many aspects
of these processes are poorly represented. For example,
parametrized convection results in many days of low rain-
fall accumulation and insufficient frequency of heavy rain-
fall (Yang and Slingo, 2001; Randall et al., 2003; Hol-
loway et al., 2012; Marsham et al., 2013a). Such models
also show biases in the diurnal cycle of deep convection,
with the convective maximum occurring at midday, rather
than late afternoon, as observed (Yang and Slingo, 2001).
A case-study in West Africa using MetUM has shown
that simulations using convective parametrization results
in the largest errors in components of the water cycle,
associated with the diurnal cycle and the location of con-
vection (Birch et al., 2014). Although the MetUM with
parametrized convection reproduces the key rain-forming
sea-breeze circulation over the Maritime Continent region,
the model fails to respond realistically to the sea-breeze
circulation (Birch et al., 2015).

Parametrized convection also introduces some biases
in the response of the atmosphere to land-surface
conditions. Global atmospheric models with convective
parametrization fail to capture the observed preference for
afternoon rain over drier soils (Taylor et al., 2012). Soil
moisture heterogeneity triggers mesoscale circulations,
resulting in convergence and triggering of convection, an
important mechanism that has been observed over India
(Barton et al., 2019). At daily time-scales, parametrized
simulations show enhanced rainfall over wetter soils,
resulting in an erroneous tendency for a positive feedback
in those models (Taylor et al., 2013), which indicates that
typical parametrization schemes might be overly sensitive
to evapotranspiration.

Convection-permitting models do not rely on convec-
tive parametrization schemes and typically allow for a
more accurate representation of the surface and orogra-
phy due to their increased resolution (Prein et al., 2015).
Willetts et al. (2017) showed that, despite the grid spac-
ing exceeding the scale of individual convective clouds,
convection-permitting simulations lead to improvements
in the general rainfall biases over India, with more intense
rainfall and a later peak in the diurnal cycle of convective
precipitation over land. The convection-permitting model
shows greater skill than the global model over East Africa,
especially on sub-daily time-scales and for storms over
land (Woodhams et al., 2018). Over West Africa, it is clear
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that thermodynamic biases from parametrized convection
translate onto the continental-scale monsoon dynamics
(Marsham et al., 2013a). Simulations at 4 km resolution
using explicit convection better capture the rainfall rate
than the 12 km simulations using parametrized convec-
tion, the biases arising mainly from the parametrization
rather than the resolution itself (Holloway et al., 2012).
Convection-permitting models also capture the negative
feedback between soil moisture and convective trigger-
ing, indicating the ability of these models to simulate the
mesoscale circulations that generate convergence (Tay-
lor et al., 2013). Hence, high-resolution simulations with
explicit convection are potentially useful for a better under-
standing of the Indian monsoon and the involvement of
land–atmosphere interactions in its development and pro-
gression.

Modelling land–atmosphere fluxes in a forecast or cli-
mate simulation over a large region is inherently chal-
lenging due to the heterogeneity of the landscape. Surface
fluxes are sensitive to the nature of the vegetation, prop-
erties of the soil, as well as soil moisture, which itself
evolves in response to antecedent rainfall, evaporation
and drainage. Land-surface parametrizations are required
to simulate these processes based on often grossly sim-
plified maps of soil and vegetation. As a result, climate
models struggle to capture realistic evaporation dynam-
ics (Gallego-Elvira et al., 2019), particularly in regions
like India, where irrigation is widespread and profoundly
affects surface fluxes (Bhat et al., 2019).

One of the major features of the Indian monsoon is the
northwestward advance of the rains in a direction perpen-
dicular to the direction of the mean monsoon flow. There
are several theories suggested for this northwestward prop-
agation. Ananthakrishnan et al. (1968) suggested that the
slow seasonal intensification of the monsoon trough and
the associated increase in pressure gradient and frictional
convergence results in this northwestward progression.
Wang (2005) suggested that the meridional progression of
the monsoon is associated with the northward progression
of intraseasonal oscillations. The eastward-propagating
boreal summer Madden–Julian Oscillation (MJO) also has
a substantial influence on the Indian monsoon onset and
progression (Wheeler and Hendon, 2004; Wu et al., 2006).

Using observational and reanalysis data, Parker et al.
(2016) suggested that the northwestward progression of
the monsoon is modulated by mid-tropospheric dry-air
intrusions from the northwest. As the monsoon pro-
gresses, these dry northwesterlies are moistened from
the southeast by shallow cumulus and congestus clouds
which form when convection tries to penetrate the freez-
ing level (Johnson et al., 1996). This increases the relative
humidity (RH) of the ambient air near the freezing level
and results in more cloud formation and deepening of

this high-RH layer, eventually eroding the dry-air intru-
sions from beneath and progressively from the south-
east. Later, Menon et al. (2018) analysed the dry-air
intrusion mechanism in the initialised coupled seasonal
hindcasts of GloSea5-GC2. Analysis of cloud fraction
and specific humidity data from the model supports the
mid-tropospheric moistening mechanism suggested by
Parker et al. (2016). Some studies analyse the relative roles
of large-scale dynamics (such as intraseasonal oscillations
as mentioned in the above paragraph) and atmospheric
moistening by congestus clouds in triggering convection
on diurnal scales (e.g., Hohenegger and Stevens, 2013).
However, in this study we will not discuss the relative roles
of these mechanisms in the onset progression.

Parker et al. (2016) explained that the dry-air intrusion
is removed by the arrival of a moister and warmer airmass.
Volonté et al. (2020) elaborated on this finding by show-
ing that the progression of the monsoon towards northwest
India is a non-steady process which is modulated by the
balance of the interaction between two airmasses with
markedly different moist static energy (MSE), that is, the
northwesterly intrusion of dry air from western and cen-
tral Asia and the moist low-level southwesterly flow from
the Arabian Sea. The local onset of the monsoon is associ-
ated with the progression of the sharp boundary between
these two airmasses, and thus by the passage from low-𝜃e
to high-𝜃e conditions in the local atmosphere. AGCM
experiments in Chakraborty et al. (2006) have shown that
the large-scale monsoon onset over India occurs only
after the surface MSE reaches a threshold value and the
large-scale vertical ascent reaches the mid-troposphere.
This study suggests that the instability of the atmosphere,
and the organised large-scale ascent are two necessary con-
ditions that lead to the Indian summer monsoon onset.
Their experiments removing the west Himalayan orogra-
phy show that the resulting cold-air intrusion makes the
atmosphere more stable, thereby delaying the onset.

Another major feature that could affect the northwest-
ward monsoon progression is the land-surface wetting by
pre-monsoon showers. High-resolution model simulations
using the Advanced Research Weather Research and Fore-
casting Model (ARW-WRF) show that an increase in soil
moisture to the immediate north of the Indian monsoon
onset front, from lighter rains emanating in the anvils of
deep convective clouds, results in an increase in buoy-
ancy and development of new clouds towards the north
of the front which is steered to the north and eventually
to the northwest by a divergent circulation (Krishnamurti
et al., 2012). Hence, this progression is highly sensitive to
the parametrization of soil moisture and non-convective
anvil rains. Land–atmosphere models have suggested that
northern India features strong land–atmosphere coupling
on seasonal scales (Koster et al., 2004).
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As discussed above, it is well established that convec-
tive parametrization has many drawbacks such as produc-
ing rainfall with a diurnal peak too early in the day, which
could exacerbate model biases at different time-scales.
Also, GCMs typically do not include a representation of
irrigation, which is widespread across the Indo-Gangetic
Plains. It is still unclear how the Indian monsoon onset
mechanism behaves at convection-permitting resolutions
and how land-surface inputs will alter the onset processes
in the model. The Interaction of Convective Organisa-
tion with Monsoon Precipitation, Atmosphere, Surface
and Sea (INCOMPASS) project aims to deliver a signif-
icant improvement in the capability of Indian monsoon
forecasting by gathering observational data and by improv-
ing the understanding of physics and dynamics associ-
ated with the Indian monsoon. To this end, we undertook
a field campaign in India (Turner et al., 2020) during
summer 2016, followed by modelling of the 2016 Indian
monsoon using the Met Office Unified Model (MetUM;
Cullen, 1993; Brown et al., 2012). The seamless modelling
approach of the MetUM enables the implementation of
improvements in physical processes, once identified, to a
broad range of spatial and temporal scales (Martin et al.,
2010). We also conducted model experiments with differ-
ent land-surface configurations, to be discussed in this
paper. This study focuses on the local processes that affect
Indian monsoon progression using 2016 as an example,
given the observational and modelling efforts already per-
formed for the year.

Hence, in this study, we compare 2016 monsoon onset
in the MetUM with explicit and parametrized convec-
tion to understand the impact of convective parametriza-
tion, if any. We also compare the onsets under alterna-
tive land-surface specifications to understand the effect
of different land-surface types and associated fluxes in
the progression of the monsoon. We aim to understand
the impact of resolution and parametrization on the role
of mid-level dry-air intrusions and land-surface wetting
on the northwestward progression of the monsoon using
high-resolution, season-long model simulations for 2016.
Section 2 provides a description of the model, the observa-
tional and reanalysis data used and the methods. Section 3
discusses the effect of mid-tropospheric moistening and
land-surface wetting in the progression of the 2016 mon-
soon. Section 4 focuses on the role of the land surface in
the diurnal cycle of precipitation. Results are summarised
in Section 5.

2 DATA AND METHODS

This section describes the model experimental set-up and
the other data and methods used in this study.

F I G U R E 1 The LAM domain, showing orography (colour
shading) from the 4 km model. The back line indicates the
cross-section along which various thermodynamic parameters are
calculated in Figures 6–8. The blue box shows the monsoon core
zone. Nagpur is marked by the red star [Colour figure can be viewed
at wileyonlinelibrary.com]

2.1 Model description
and experimental set-up

All the simulations in this study are based on the
MetUM, a non-hydrostatic fully compressible model
with atmospheric dynamics solved by a semi-implicit,
semi-Lagrangian dynamical core (Davies et al., 2005).
Limited-area model (LAM) simulations were performed
for the summer months of 2016 from 01 May to 30 Septem-
ber 2016 at 4 and 17 km horizontal resolutions for the
Indian region 50◦–100◦E and 5◦N–35◦N (the nested model
domain is shown in Figure 1). The 4 km LAM has a vertical
resolution of 80 levels with a 38.5 km lid, while the 17 km
LAM has a vertical resolution of 70 levels with an 80 km
lid. The model uses a rotated latitude–longitude horizontal
grid with Arakawa C-grid staggering and a hybrid-height
vertical coordinate with Charney–Philips staggering. The
LAM is nested within the global model at N768 resolu-
tion (Δx ≈ 17 km). The driving global model, which is
a prototype version of the Global Atmosphere 7.0 (GA7)
and Global Land 7.0 (GL7) configurations (Williams et al.,
2018), is initialized daily at 0000 UTC from the global anal-
ysis. The LAM is allowed to run freely within the driving
global model. The lateral boundary conditions for the LAM
is provided by the global model, while SSTs are updated
daily using the Operational Sea Surface Temperature and
Sea Ice analysis (OSTIA; Donlon et al., 2012).

The dynamics of both the driving global model and
the LAM are based on Even Newer Dynamics for Gen-
eral Atmosphere Modeling of the Environment (END
Game; Wood et al., 2014). The driving global model
and the 17 km LAM use a prognostic cloud fraction
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T A B L E 1 Summary of the model
simulations performed, including the
labels identifying the experiments in the
study

Model
Convective
parametrization

Large-scale
cloud scheme

Vegetation
cover data

17 km LAM (LAM17-I) Yes PC2 IGBP

4 km LAM (LAM4-I) No Smith (1990) IGBP

4 km LAM (LAM4-C) No Smith (1990) CCI

and condensation (PC2; Wilson et al., 2008) scheme
whereas the 4 km model uses the diagnostic Smith (1990)
scheme. Boundary-layer turbulence is parametrized using
a blended scheme (Boutle et al., 2014) which combines the
one-dimensional (1D) scheme (Lock et al., 2000) with 3D
Smagorinsky mixing. Stratton et al. (2018) provide more
details of the 4 km model configuration. The major dif-
ferences between the LAM experiments performed are
summarised in Table 1.

The Joint UK Land Environment Simulator (JULES)
model (Best et al., 2011; Clark et al., 2011) is used
to calculate the fluxes of heat, moisture and momen-
tum into the atmosphere. Subgrid-scale heterogeneity is
introduced through a tile approach using nine surface
tiles that includes five plant functional types (PFTs):
broad leaf trees, needle leaf trees, C3 grass, C4 grass,
shrubs and four non-vegetated surface types: urban, inland
water, bare soil and land ice. Surface fluxes are calcu-
lated separately on each tile. Soil processes are calcu-
lated using a four-layer scheme and these four soil layers
have a thickness (from top) of 0.1, 0.25, 0.65 and 2 m.
The hydraulic conductivity of unsaturated soil is calcu-
lated from soil moisture using the Van Genuchten (1980)
relationship.

The land-surface boundary conditions are provided
through the land ancillaries. Two experiments were per-
formed with the convection-permitting 4 km model by
using two different land ancillaries. One simulation used
the land–sea mask, soil properties and vegetation parame-
ters from the International Geosphere and Biosphere Pro-
gramme (IGBP) dataset (Loveland et al., 2000) which has
a resolution of about 1 km globally. The second simulation
used an alternative land-surface configuration from the
European Space Agency Climate Change Initiative (CCI)
ancillaries (Poulter et al., 2015), which has an original
resolution of 300 m. CCI uses up-to-date spatial and the-
matic land cover information that is consistently mapped
over time. In addition, we imposed spatially uniform soils
across the domain. This idealised approach avoids the
development of spurious gradients in surface fluxes associ-
ated with highly uncertain soil properties and their impact
on evapotranspiration in the model. The surface forcing for
the 17 km simulation was provided by the IGBP ancillar-
ies. Table 2 shows parameters which are different between
the two ancillaries.

T A B L E 2 List of parameters which are different in CCI and
IGBP land ancillaries

Land-surface parameters

Volume fraction of condensed water in soil at wilting point of
plants

Volume fraction of condensed water in soil at critical point of
plants

Volume fraction of condensed water in soil at saturation

Clapp–Hornberger “B” coefficient (soil drainage types)

Soil thermal conductivity

Soil hydraulic conductivity at saturation

Soil thermal capacity

Saturated soil water suction

Snow-free albedo of soil

Soil carbon content

Fractions of surface types

Leaf Area Index of plant function types (monthly varying clima-
tology)

Canopy height of plant function types (monthly varying clima-
tology)

Over India (Figure 2), CCI shows a reduction in C3
grasslands compared to IGBP, however C4 grasslands are
more dominant in the CCI ancillary. CCI has more trees
and less bare soil over northwest India near Rajasthan than
the IGBP ancillary (Figure 2). Regions with more C3 and
C4 grass in comparison to trees and bare soil can dry down
faster after a rainfall event, since evapotranspiration decay
time-scales are shorter for grasslands (Martínez-de la Torre
et al., 2019).

2.2 Observational data and methods

In order to compare the model rainfall with observa-
tions, we use a satellite–gauge merged daily precipitation
dataset (Mitra et al., 2009) which merges the Tropical
Rainfall Measuring Mission (TRMM) Multi-satellite Pre-
cipitation Analysis (TMPA) satellite estimates with the
India Meteorology Department (IMD) gridded rain gauge
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3038 MENON et al.

F I G U R E 2 (a–f) Land
cover fractions from IGBP
ancillaries for the plant
functional types broad leaf
trees, needle leaf trees, C3
grass, C4 grass, shrubs and
surface bare soil, respectively.
(g–l) show the differences
between the CCI and IGBP land
fractions (IGBP minus CCI)
[Colour figure can be viewed at
wileyonlinelibrary.com]

dataset. This merged product has a horizontal resolution
of 0.5◦ × 0.5◦. The diurnal cycle of precipitation in mod-
els is compared with the 3-hourly satellite-based rainfall
estimates from the Climate Prediction Center morphing
method (CMORPH; Joyce et al., 2004). Relative humidity
and winds from the ERA-Interim re-analysis dataset (Dee
et al., 2011) for 2016 at different pressure levels are also
used to compare with the model output. ERA-Interim has
a horizontal resolution of 0.75◦ × 0.75◦.

To understand the effect of the land surface on moist
convection, we use evaporative fraction (EF), the ratio of
latent heat to the sum of latent and sensible heat. Evap-
orative fraction is often nearly constant during daytime
(e.g., Gentine et al., 2011). It is therefore a useful diag-
nostic of the partition between sensible and latent heat
fluxes.

3 PROGRESSION OF THE 2016
INDIAN MONSOON

We first analyse the role of model resolution, parametriza-
tion and land-surface boundary conditions in the north-
westward progression of the monsoon.

3.1 Model performance at simulating
progression of the rains

The progression of the 2016 monsoon from the merged
satellite–gauge data is shown in Figure 3a1–i1. Each panel
shows pentad-average rainfall from 01 June to 15 July. Dur-
ing the beginning of the season, the rainfall was mainly
distributed over southwestern India and over the Bay of
Bengal where rainfall was greater than 18 mm⋅day−1. As
the season continued, the rainfall progressed northwest-
ward, covering the whole country by around mid-July. The
climatological monsoon onset date over Kerala (southwest
India) is 01 June, but in 2016, the observed onset was on 08
June. Even though the onset was delayed by a week, with

a rapid progression during the last week of June the mon-
soon covered the whole of the country by around 13 July
(Prasad et al., 2018).

Significant MJO activity was observed in the Indian
Ocean from 12 to 18 June 2016 (Shao et al., 2018); the MJO
is known to perturb the Indian monsoon onset (Wheeler
and Hendon, 2004). Suppressed convection over India dur-
ing 11–15 June was associated with this MJO phase which
enhances convection over the equatorial Indian Ocean and
suppresses convection over India (Figure 3c1).

As the MJO started moving eastwards, the Bay of Ben-
gal became more convectively active (Figure 3d1). After
the MJO moved to the Maritime Continent by around
19 June, a northwest–southeast tilted rain band appeared
over India and the surrounding seas (Figure 3e1). This
is the northward-propagating Oceanic Tropical Conver-
gence Zone (OTCZ) as suggested by Pai et al. (2011), which
propagated further northwards in the following weeks.
This northwest–southeast band is also a signal of the
Boreal Summer Intraseasonal Oscillation (BSISO) which
was active during this period (Fletcher et al., 2020). This
enhanced the northward progression of the monsoon and
contributed to its rapid progression during the last week of
June, irrespective of the delayed onset. A monsoon depres-
sion which was present over the northern Arabian Sea
from 27 to 29 June (IMD, 2016) also contributed to the
heavy rainfall over this region in the 26–30 June pentad
(Figure 3f1).

Another major synoptic feature that affected the pro-
gression of the 2016 monsoon was a low pressure system
that formed over the Bay of Bengal during the end of
June, which later moved over land and became a depres-
sion on 06 July (Turner et al., 2020). During the beginning
of July (Figure 3g1), rainfall was restricted mainly to the
eastern parts of India and the northern Bay of Bengal by
the low pressure system. Heavy precipitation over central
India during 6–10 July was associated with the monsoon
depression. The monsoon progressed further northwest-
wards after the movement of the depression westwards
(Figure 3i1).
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MENON et al. 3039

F I G U R E 3
Pentad-average rainfall from
the beginning of June to
mid-July 2016 from the (a1–i1)
IMD–GPM merged
precipitation dataset, (a2–i2)
17 km simulation using IGBP
land ancillary, (a3–i3) 4 km
simulation using IGBP
ancillary and (a4–i4) 4 km
simulation using CCI ancillary.
LAM4-I and LAM4-C data have
been re-gridded to 17 km
resolution [Colour figure can
be viewed at
wileyonlinelibrary.com]

The 17 km simulation (which uses the IGBP land ancil-
laries) significantly underestimates the total rainfall rate
along the MJO-associated rain bands and in the northern
Bay of Bengal (Figure 3a2–i2).

The monsoon depression is shifted slightly westwards
in the 17 km simulation (Figure 3h2) compared to the 4 km
simulations, making the location of the depression closer
to observations in the 17 km simulations. The intensity
of the rainfall associated with the monsoon depression

is higher in the 17 km model than in the 4 km mod-
els. The peak in daily rainfall during the beginning of
July in Figure 4 over the core monsoon zone was associ-
ated with the monsoon depression. Both the 17 km model
and the IMD merged precipitation capture rainfall peaks
of about 23 mm⋅day−1 associated with the depression,
whereas the 4 km models capture only half of this precip-
itation (about 10 mm⋅day−1). Much of the rainfall associ-
ated with the depression is stratiform due to the presence
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3040 MENON et al.

(a)

(b)

F I G U R E 4 Daily precipitation (mm⋅day−1) during 1 June to 30 September 2016 from the IMD–GPM merged dataset and 17 km, 4 km
IGBP and 4 km CCI simulations averaged over: (a) monsoon core zone (71.5◦–86.5◦E,18.5◦–26.5◦N) and (b) Western Ghats (73.5◦–77.5◦E,
7.5◦–15◦N) regions [Colour figure can be viewed at wileyonlinelibrary.com]

of large-scale low-level convergence (Hunt and Turner,
2017). The model with parametrized convection captures
this rainfall well compared to observations.

The 4 km models with both land ancillaries are able
to capture the northwestward progression of the mon-
soon (Figure 3) and the rainfall associated with the two
major features (MJO and depression). The pentad-mean
rainfall patterns look quite similar in the two experiments
(Figure 3). Figure 4 shows that the evolution of daily
mean rainfall during the monsoon season over the core
monsoon zone and the Western Ghats are very similar in
the two 4 km simulations with different land ancillaries,
however their diurnal cycles are systematically differ-
ent as we shall see later in Section 4. The position of the
depression is shifted slightly eastwards in both simula-
tions (Figure 3h3, h4) compared to the observations. Both
simulations have a negative rainfall bias over the cen-
tral Bay of Bengal and a positive bias over northeastern
India during the beginning of the season compared to
observations (not shown).

It is clear that the models simulate the observed
northwestward progression of the 2016 monsoon quite
well. The 4 km simulations capture the general spatial
pattern of the rainfall better when compared to obser-
vations. The location of the monsoon depression and
associated rainfall are captured well by the model with
parametrized convection, which is remarkable consider-
ing large size of the LAM domain and that the LAM is
free-running within the global model. We now examine
two of the major factors (mid-tropospheric moistening

and land-surface wetting) which could be affecting the
northwestward progression of the monsoon, using 2016 as
an example.

3.2 Mid-tropospheric moistening

As discussed in the Introduction, climatologically the
progression of the Indian monsoon is affected by a
mid-tropospheric dry-air intrusion from the northwest
(Parker et al., 2016). Figure 5 shows the spatial pattern of
dry-air intrusions using the vertical distribution of relative
humidity and winds for 2016 in the reanalysis and models.
At 850 hPa, towards the end of May, winds were west-
erly over southern India, which are the mean monsoon
winds. These winds carry moisture to southern India from
the Arabian Sea, resulting in relative humidity above 60%.
However, the simulations are drier over the eastern parts
of India and northern Bay of Bengal than in the reanalysis.
At 600 hPa, there were strong northwesterly winds of the
order of 5–15 m⋅s−1 that carried dry air (RH < 50%) from
the Afghanistan region, all the way to the Bay of Bengal
(Figure 5a). This represents the mid-tropospheric dry-air
intrusion in 2016, as observed by the research flights of
INCOMPASS (Turner et al., 2020), and is captured by
all the simulations. However, in LAM17-I, these north-
westerlies become zonally oriented over eastern India at
600 hPa, and the dry-air layer over northern Bay of Bengal
at 850 hPa is drier in the 17 km simulation than in the two
4 km models.
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MENON et al. 3041

F I G U R E 5 Mean relative humidity and winds at 600 and 850 hPa averaged over 5-day periods from (a–h) ERA-Interim reanalysis,
(a1–h1) the 17 km model, (a2–h2) the 4 km model with IGBP ancillaries and (a3–h3) the 4 km model with CCI ancillaries. All model data are
re-gridded to the ERA-Interim grid for comparison. Magenta star in (a1) and (b1) shows the location of Nagpur, which is shown here to aid
the explanation of Figure 9 in Section 3.2 [Colour figure can be viewed at wileyonlinelibrary.com]
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In June, the intensity of the dry-air intrusion at 850 hPa
is overestimated (drier) and is more widespread in the
17 km model than in ERA-Interim and the 4 km models.
Towards the end of May, a well-defined cyclonic vortex is
evident at 600 hPa over the eastern Arabian Sea in both
4 km simulations. However, the vortex is located over the
western Arabian Sea and is more meridionally aligned in
both LAM17-I and the reanalysis. Steering of the winds by
this mid-level vortex and the dry-air intrusion results in the
formation of a north–south ridge along the western coast
of India at 850 hPa.

As time progressed, the mid-level dry-air intrusion
receded and the westerlies strengthened in depth from
the lower to mid-troposphere, establishing a strong mon-
soon flow. By around mid-July (Figure 5 last column), the
westerlies over southern India started to weaken and the
northwesterlies at upper levels became northeasterlies
and flowed towards the northwestern Arabian Sea. By
mid-July, the monsoon covered the whole of the country
with relative humidity greater than 60% over most of the
land.

We now look at the detailed thermodynamics of the
2016 monsoon progression and dry-air intrusion in com-
parison to climatology. Figure 6 shows the vertical distri-
bution of several thermodynamic parameters around 20
May, 15 June and 10 July, along a northwest–southeast
cross-section (as shown in Figure 1) from the 4 km simula-
tion that uses IGBP ancillaries. The layers of higher water
vapour mixing ratio (r) near the surface in Figure 6a–c
represent the monsoon layer. As time progressed, the mon-
soon layer extended towards the northwest and deepened
from the southeast. This increase in moisture content
can be explained by the strengthening and deepening of
the monsoon westerly winds and the shallowing of the
mid-tropospheric northwesterlies as the monsoon pro-
gressed. The evaporative fraction (purple line, Figure 6)
increased towards the northwest as the season progressed.
The very high values of EF on 9–11 July (Figure 6c) appear
unrealistic in comparison to observations from a range of
sites across India (Bhat et al., 2019).

We now analyse the vertical distribution of RH
(Figure 6d–f), following Parker et al. (2016), as it plays a
significant role in triggering cumulus convection. Around
20 May, a high relative humidity wedge with RH above
50% developed in the southeast between 500 and 600 hPa,
which is the freezing level over India at this time. This
high-RH wedge is associated with detrainment from the
cumulus clouds as the convection tries to penetrate the
freezing level, as suggested by Johnson et al. (1996) and
Parker et al. (2016).

The humid layer was deeper and sloped downwards
towards the northwest in June (Figure 6e), showing a
marked increase in relative humidity at lower levels (e.g.,

800 hPa) associated with winds carrying moisture from the
Arabian Sea towards northwest India. At higher levels, the
dry-air intrusions from the northwest resulted in lower val-
ues of RH (< 30%) in the northwest above 700 hPa. By 10
July, as the monsoon continued its progression, the entire
atmospheric column below 400 hPa over southeastern and
central India showed RH above 60%.

We further examine the vertical structure of the equiva-
lent potential temperature (𝜃e) to understand the evolution
of the dry-air intrusion and mid-tropospheric moisten-
ing. The layer of lowest 𝜃e near 500 hPa around 20 May
(Figure 6g) shows the dry-air intrusion. The dry layer
is deeper towards the northwest. As the monsoon pro-
gressed, this dry layer was moistened from the southeast by
cumulus and cumulus congestus clouds, as is evident from
the increase in mid-level moisture in Figure 6e. However,
this initial moistening at mid-levels (Figure 6d) does not
increase the 𝜃e in the mid-troposphere (Figure 6g). As dis-
cussed in some earlier studies (e.g., Madden and Robitaille,
1970), 𝜃e can be used as an analogue for static stability.
Hence, we can say that the initial moistening at mid-levels
(500–600 hPa) from shallow convection (Figure 6d) does
not change the MSE at these levels. However later, as the
moist monsoon airmass with high MSE reached the dry
layer, the 𝜃e at these levels increased from∼ 340 to∼ 350 K
(Figure 6h, i). As a result, the dry layer became shallower
and was eroded from the southeast by 10 July (Figure 6i).

Saturation equivalent potential temperature (𝜃es) indi-
cates the convective regime. A large vertical gradient in
𝜃es above 850 hPa (Figure 6j) around 20 May was associ-
ated with the low dry-static stability of the dry-air intrusion
from the northwest. As the monsoon progressed, the 𝜃es
near the surface decreased towards the southeast. This
is associated with cooling of the surface and the bound-
ary layer because of increased soil moisture from mon-
soon rains and the depression-associated rainfall. Higher
soil moisture allowed more energy to go into evaporation,
resulting in a cooling of the ground and the overlying
air. Figure 7 shows the difference between LAM4-I and
LAM4-C. The difference between water vapour mixing
ratios (r) from both IGBP and CCI simulations is less than
1 g⋅kg−1 at upper levels, but in July in the boundary layer,
r is about 4 g⋅kg−1 more in CCI than in IGBP at grid points
along the centre of the cross-section. This is consistent
with locally enhanced evaporative fraction in CCI com-
pared to IGBP in the aftermath of rain from the monsoon
depression. Boundary-layer humidity anomalies of simi-
lar amplitude and spatial scale were observed in response
to soil moisture features during the INCOMPASS field
campaign (Barton et al., 2019).

Mid-tropospheric moistening is weaker in LAM4-C
than in LAM4-I in May and June (Figure 7d, e; the
figure shows the values of IGBP minus CCI). This is
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MENON et al. 3043

F I G U R E 6 Northwest to southeast (left to right) vertical sections of (a–c) water vapour mixing ratio (g⋅kg−1), (d–f) relative humidity
(%), (g–i) 𝜃e (K) and (j–l) 𝜃es (K) averaged over 3 days around (a, d, g, j) 20 May, (b, e, h, k) 15 June and (c, f, i, l) 10 July from the 4 km
simulation that uses IGBP land ancillaries. The axis of the cross-section is given in Figure 1. The purple lines in (a–c) show the evaporative
fraction along the cross-section, as measured by the right y-axis in (a). [Colour figure can be viewed at wileyonlinelibrary.com]

also evident from lower values of 𝜃e in LAM4-C, in the
mid-troposphere, along the regions of mid-tropospheric
moistening (Figure 7g, h). Other major differences in both
simulations are in the boundary layer, due to different
land ancillaries in these simulations. 𝜃es near the surface
is lower in LAM4-C towards the southeast, showing an

increase in boundary-layer moisture in this region from
higher evaporative fraction. More details of the evaporative
fraction and land–atmosphere interactions in these simu-
lations are discussed in the next section.

Figure 8 shows the vertical distribution of these
thermodynamic parameters in LAM17-I, which uses

 1477870x, 2022, 747, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4183 by U
kri C

/O
 U

k Shared B
usiness N

A
T

U
R

A
L

 E
N

V
IR

O
N

M
E

N
T

 R
SC

H
 C

O
U

N
C

IL
, W

iley O
nline L

ibrary on [03/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


3044 MENON et al.

F I G U R E 7 As Figure 6, but showing differences between the 4 km simulations using CCI and IGBP land ancillaries (IGBP minus
CCI). The purple lines in (a–c) show the difference in evaporative fraction between the two experiments, as measured by the right y-axis in
(a) [Colour figure can be viewed at wileyonlinelibrary.com]

IGBP land ancillaries. The 17 km model captures the
mid-tropospheric cloud formation around 20 May and its
extension towards the northwest with the progression of
the monsoon. However, the 17 km model is not as good as
the 4 km models in capturing the gradual erosion of the
dry-air intrusions by mid-tropospheric moistening from
the southeast. Mid and low levels are drier on 15 June

than on 20 May (shown by lower mixing ratios) and this
is reflected in the lower values of 𝜃e around 15 June
(Figure 8h). This is also reflected in the larger differences
between 𝜃e and 𝜃es at low levels and is associated with the
higher 𝜃es on 15 June. The lower 𝜃e layer that depicts the
dry-air intrusion is much drier in the 4 km simulation than
in the 17 km simulation in May. Generally, the magnitude
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MENON et al. 3045

F I G U R E 8 As Figure 6, but showing results from the 17 km IGBP simulation. [Colour figure can be viewed at wileyonlinelibrary.com]

of the differences in these thermodynamic parameters are
higher between the parametrized and explicit simulations
at different resolutions, compared to the two explicit 4 km
simulations with different land ancillaries (Figure 7). Even
though the two IGBP simulations use the same land ancil-
lary, the evaporative fraction is lower in the 17 km sim-
ulation towards the southeast than in the 4 km simula-
tion, reflecting the differences in rainfall between the two
simulations.

For a better understanding of the thermodynamics
of the interaction of dry-air intrusions with monsoon
progression, we look further into the time evolution
of some of these thermodynamic parameters at Nagpur
(Figure 9), a location in central India (red star in Figure 1),
following Parker et al. (2016). The local onset of the mon-
soon at Nagpur in 2016 was on 15 June. Until about
20 days prior to the local onset, the atmospheric column
in the 4 km simulation using the CCI ancillary was very
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3046 MENON et al.

F I G U R E 9 Time–pressure section at the grid point closest to Nagpur of (a, d, g) relative humidity (%), (b, e, h) 𝜃e (K), (c, f, i) 𝜃es (K)
with virtual potential temperature 𝜃v overplotted (white contours, K). (a–c) are from the 4 km simulation with CCI ancillaries, (d–f) from the
4 km simulations with IGBP ancillaries, and (g–i) from the 17 km simulation. In all panels, the black dashed line represents the freezing level
(T = 0 ◦C) and the black solid line shows the Lifting Condensation Level (LCL). In (a, d, g) the red lines represent the evaporative fraction,
with axis at right of (g). The profiles are computed for days relative to the local circulation onset at Nagpur on 15 June. [Colour figure can be
viewed at wileyonlinelibrary.com]

dry over Nagpur with RH<40%, which suppressed the
development of deep cumulus clouds. At the end of this
period, a layer of high RH formed near the freezing level
about 20–22 days prior to the monsoon onset at Nagpur
(Figure 9). About 10 days prior to the onset, the evapo-
rative fraction increased and the humid layer extended
towards the surface. This humid layer gradually deepened
and about 15 days after the local onset the entire tro-
pospheric column became humid with relative humidity
exceeding 60%. The LCL lowered in altitude as the mon-
soon progressed in time. The simulation using the IGBP
ancillary exhibits a similar relationship between EF and
LCL, but with differences in timing of high EF/low LCL
periods (Figure 9 second column). However, the 17 km
simulation (Figure 9 third column) shows a deep humid
layer around the freezing level that extends toward the sur-
face (accompanied by an increase in evaporative fraction)
about 25 days prior to the onset. This humid layer later
becomes shallower for a few days and then deepens again
after the onset. This is also evident from the maps of rel-
ative humidity; during 21–25 May, the relative humidity
over Nagpur (denoted by purple star) at 600 hPa is higher
than in the 11–15 June period (Figure 5a1, b1). The LCL is

lower until about 10 days prior to onset; later the LCL rises
to about 600 hPa and again lowers following the onset. The
freezing level is between 500 and 600 hPa in all the sim-
ulations. The evaporative fraction increases following the
onset up to about 20 days and decreases afterwards. This
post-onset increase in evaporative fraction is similar in the
two 4 km simulations, but the increase is higher in the
17 km simulation.

The lowest values of 𝜃e near 600 hPa represent the
dry-air intrusion as mentioned above. Around 10 days
prior to the onset, the EF increased (Figure 9a) and around
that time 𝜃e also increased near the surface (Figure 9b),
consistent with an increase in low-level MSE. This increase
in MSE at low levels could decrease the stability of
the atmosphere, making it conducive for convection, as
suggested by Chakraborty and Agrawal (2017). At the
mid-troposphere, the RH started to increase about 20 days
prior to the onset from detrainment and shallow convec-
tion at the freezing level (Figure 9a). However, this moist-
ening was not associated with an increase in 𝜃e. But as the
local onset approached, the high-MSE monsoon flow acted
to increase 𝜃e through the depth of the entire troposphere,
including the mid-levels. The low-𝜃e layer then became
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MENON et al. 3047

shallower as the mid-tropospheric RH increased, eroding
the dry-air intrusion as the onset approached (Figure 9b,e).
These features are consistent with the theory of Parker
et al. (2016) and the results shown by Menon et al. (2018):
as the onset approaches, shallow clouds started to form
at the altocumulus layer near the freezing level and these
clouds penetrated to higher levels, moistening the tro-
pospheric profile over time, thereby eroding the dry-air
intrusions. The simulation using IGBP ancillaries also
shows a similar vertical structure. However, in the 17 km
simulation, the dry layer of lowest 𝜃e values appears at
Nagpur only about 15 days prior to the onset. The deep
humid layer that is seen about 25 days prior to the onset
in the 17 km simulation as mentioned above, might be
moistening the dry-air intrusions at mid-levels prior to
15 days. From Figure 5 it is clear that in LAM17-I, the
mid-levels at Nagpur are drier during the days closer to the
onset than in May. In other words, in the 17 km simula-
tion, the erosion of dry-air intrusions by mid-tropospheric
moistening is more unsteady than in the two 4 km mod-
els. This sudden moistening and drying in the 17 km
model might be due to the tendency of the convective
parametrization scheme to produce intermittent deep con-
vection with little or no shallower convection in between
(Martin et al., 2017). Stirling and Stratton (2012) also found
such intermittency in convection in the diurnal cycle over
land.

A month prior to the local onset, 𝜃es values were
higher near the surface, but about 10 days prior to the
onset, 𝜃es below 700 hPa started decreasing (Figure 9c,f).
This cooling of low-level air preceding the onset could
result in increasing dry static stability around the onset.
The near-surface 𝜃es reduced by about 20 ◦C following
the onset. Despite the cooling of the low-level air, its 𝜃e
increases since the low-level moisture increases. Widely
spaced contours of virtual potential temperature (𝜃v) near
the surface show the presence of a deep adiabatic layer. Ten
days prior to the onset, the 𝜃v contours started to become
closer together, showing the transition into a pseudoadia-
batic state, as suggested by Parker et al. (2016). IGBP and
CCI 4 km simulations give similar results. The 17 km sim-
ulation does not capture the near-surface decrease in 𝜃es
prior to the onset.

To summarise, both the mid-tropospheric dry-air
intrusion and the moist southwesterly monsoon flow with
markedly larger MSE are important for the progression
of the monsoon, since the onset is characterised by the
𝜃e “jump” that signals the changes in the airmass (as
outlined by Volonté et al., 2020). The 4 km models are
able to capture the thermodynamics associated with this
mechanism, as shown by the time–pressure section at
Nagpur (Figure 9a–f).

3.3 Land-surface wetting
by pre-monsoon showers

We now look into the role of the land surface as the soil
moisture immediately to the north of the onset front could
affect the progression of the monsoon (Krishnamurti et al.,
2012), with an emphasis on the sensitivity of this mecha-
nism to model resolution, convective parametrization and
land ancillaries.

A Hovmöller diagram along a 5-degree meridional
cross-section through central India shows the northward
progression of the monsoon rains (Figure 10 contours).
The surface-layer (0–10 cm) soil moisture clearly responds
strongly to precipitation in both 4 km simulations. How-
ever, in the CCI run, post-rain surface soil moisture is
lower than for IGBP. This is primarily because of dif-
ferences in soil properties between the two simulations,
which affect both infiltration and evaporation. The CCI
run is prescribed with uniform sandy soils with a saturated
hydraulic conductivity an order of magnitude higher than
typical values in the IGBP simulation. This results in more
rapid movement of soil water down the profile after rain.
In addition, the CCI soil also has a lower “critical point”
than typical IGBP soils, and this parameter defines the soil
moisture stress functions used in the model to constrain
evapotranspiration (Best et al., 2011). As a result, surface
fluxes in the CCI simulation are more sensitive to rainfall
when the soils are relatively dry. These two effects combine
to produce the weaker temporal fluctuations in surface soil
moisture evident for CCI in Figure 10, but at the same time,
stronger water fluxes occur both further down into the soil,
and back into the atmosphere.

Figure 11 shows the extent to which recent rainfall pat-
terns control the partition between sensible and latent heat
fluxes across the monsoon core zone. During May the soil
is largely dry, and the energy balance is dominated by sen-
sible heat flux (Figure 11b). Any localised showers during
this period, for example on 22 May, create patches of wet
soil which can evaporate strongly for several days. In this
highly water-limited regime, there is a strong control on
EF from recent rain and surface fluxes, as quantified by the
spatial correlation between 3-day antecedent rainfall accu-
mulations and EF (Figure 11a). Note that this correlation
weakens with rainfall accumulation period (not shown)
as the surface dries out. Throughout June, rainfall grad-
ually wets the soil profile, and area-mean sensible heat
flux falls approximately four-fold (Figure 11b). This period
coincides with a pronounced seasonal maximum in spatial
variability in sensible heat flux due to the patchiness of rain
falling on relatively dry soils. However, by July even loca-
tions which have experienced little rain in previous days
can maintain modest rates of evapotranspiration, and this
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3048 MENON et al.

mm day−1

F I G U R E 10 Latitudinal variation of rainfall (mm⋅day−1; contours) and top 10 cm soil moisture (kg⋅m−2; shading with interval
5 kg⋅m−2) averaged over the longitudes 75◦–80◦E for the 4 km simulation using (a) CCI and (b) IGBP ancillaries. The darker (lighter)
contours show higher (lower) rainfall [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 11 Time evolution of (a) 3-day mean rainfall (blue
lines), and the spatial correlation between 3-day antecedent rains
and 0630 UTC (1200 IST) evaporative fraction (red lines); (b)
area-mean sensible heat flux (H, red lines) and spatial standard
deviation of the sensible heat flux (blue lines) from the two 4 km
simulations with IGBP and CCI land ancillaries at 0630 UTC
(1200 IST) over the monsoon core zone. The grey vertical lines
separate the months May, June and July [Colour figure can be
viewed at wileyonlinelibrary.com]

widespread wetting effectively suppresses strong spatial
variations in sensible heat. The transition from high (May)
to low (July) mean sensible heat flux via a regime with
strong spatial variability in surface heating (June) is evi-
dent in both simulations. However, in the CCI simulation
spatial variability in sensible heat almost always exceeds
that in the IGBP run, particularly in the June wetting-up
phase (Figure 11b).

In summary, CCI has stronger flux sensitivity to
antecedent rain when soil is very water stressed (May,
June) and this drives stronger spatial variability in the
sensible heat flux H. In July, CCI still has stronger spa-
tial variability of H than IGBP for much of July which,
accompanied by a much more unstable atmosphere, could
produce more daytime rain. We next try to understand the
effect of these land ancillaries on the diurnal evolution of
moist convection in the two 4 km simulations.

4 EFFECT OF THE LAND
SURFACE ON THE CONVECTIVE
DIURNAL CYCLE

4.1 Diurnal cycle of precipitation

Before looking at the detailed processes on the impact of
the land surface, we summarise the diurnal cycle of rainfall
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MENON et al. 3049

F I G U R E 12 Diurnal cycle in rain (mm⋅hr−1) in CMORPH
analyses, 17 km, 4 km IGBP and 4 km CCI simulations for the
months (a, d) May, (b, e) June and (c, f) July averaged over (a–c) the
monsoon core zone (71.5◦–86.5◦E,18.5◦–26.5◦N) and (d–f) the
Western Ghats region (75◦–77◦E, 8.5◦–14◦N). Only land points are
considered and all the times are in UTC [Colour figure can be
viewed at wileyonlinelibrary.com]

for each of the model configurations for May, June and
July (Figure 12). This is performed over the core monsoon
zone which provides the majority of rain over central India
and in the Western Ghats region of steep orography that
intercepts the monsoon flow as it passes from the Ara-
bian Sea. During May, the diurnal maximum rainfall for
the monsoon core zone in the parametrized simulation is
around 0.2 mm⋅hr−1, consistent with the observed value,
whereas in the explicit simulations it is about 0.1 mm⋅hr−1.
During June, the explicit simulation with CCI ancillaries
simulates a slightly higher diurnal peak than the two IGBP
simulations. The peak precipitation amount in the models
in June is about 0.1 mm⋅hr−1 less than the observed val-
ues. The diurnal cycle of precipitation is largest in July,
compared to the other two months, for the monsoon core
zone.

Over the Western Ghats, which is a region of high orog-
raphy, the diurnal amplitude is larger than in the core
zone. The values of May and July rainfall are comparable in
the parametrized and explicit simulations (0.8 mm). How-
ever in June, the diurnal maximum in the parametrized
simulation is much higher than in the explicit simulations.

In both regions, the model with parametrized convec-
tion (blue lines in Figure 12) peaks too early in time com-
pared to the explicit simulations. This is a common issue
with convective parametrization, as discussed in the Intro-
duction. The parametrized run has a diurnal maximum
at around 0600 UTC during July for the core zone, which

is about 6 hr too early relative to observations. For other
months and over the Western Ghats, the parametrized con-
vection captures a diurnal maximum in rainfall at around
0900 UTC. The timing of the diurnal maximum in the
explicit runs is between 1000 and 1500 UTC, which is
similar to observations.

The diurnal peak in precipitation occurs a few hours
later over the Western Ghats than in the core monsoon
zone in all simulations and the observations (except in
July). This could be because, during the day, the land is
heated faster than the Arabian Sea to its west, which could
trigger onshore winds and increased convective available
potential energy (CAPE), resulting in convective storms
over the mountains to the east in the late evenings. In
the core monsoon region, heating of the land during the
day might be helping the air parcels to overcome the con-
vective inhibition; with the help of increased CAPE, this
could result in the convective peak occurring earlier in the
day.

4.2 Spatial controls on convective
initiation

As discussed above, a major feature of the diurnal peaks of
precipitation over the monsoon core zone (Figure 12a–c)
is that the two explicit simulations have a similar diur-
nal peak in May. Later, in June and July, the peaks
diverge in amplitude with LAM4-C simulating a slightly
higher peak in June and a much higher peak in July
than LAM4-I. Over the Western Ghats, the rainfall diurnal
peaks in LAM4-I and LAM4-C converge from June to July
(Figure 12d–f).

Why do strong differences in the diurnal cycle develop
between the two 4 km runs? To answer this, we look at
where daytime precipitation is triggered in these simula-
tions relative to the spatial distribution of surface fluxes.
We compute the spatial correlation between daytime pre-
cipitation and antecedent EF over sub-areas of the core
zone (by excluding the coastal and high orography areas
to remove their effects on mesoscale precipitation). This
sub-region provides us with 40 1◦ × 1◦ grid boxes to cal-
culate the daily spatial correlations. For each day, we cor-
related the 0600 UTC evaporative fraction in each grid
box to succeeding rains only when (a) there was no rain-
fall on that day prior to 0600 UTC (1130 IST) anywhere
in that region, and (b) it rained at some point from 0700
to 1400 UTC (1230–1930 IST) in at least 25% of the grid
points in a grid box in that region. This process produces
a distribution of up to 40 correlation coefficients per day
which, in the absence of a consistent feedback from EF to
rainfall, would be symmetric about zero. Figure 13 shows
the distribution of correlation coefficients for 19 May to
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F I G U R E 13 Daily spatial correlations between 0600 UTC
evaporative fraction and 0700–1400 UTC rainfall for the period 19
May to 18 July 2016. Each box represents the daily spatial
correlations aggregated over 15 days for the core zone sub-regions.
The whiskers represent 25th and 75th percentiles. The red lines
represent the median and the black diamonds show means for each
15-day period. Grey numbers at the bottom of each box represent
the number of 1◦ boxes sampled in 15-day periods which satisfy the
conditions mentioned in Section 4. A two-tailed t-test is performed
to understand the significance of the mean of these correlations.
p-values are given at the top of each box (black numbers) and those
which are significant at or below the 5% level (0.05) are shown in
bold. (a) is for LAM4-CCI and (b) is for LAM4-IGBP [Colour figure
can be viewed at wileyonlinelibrary.com]

18 July aggregated over 15-day blocks (to increase the data
points in the distribution for more robust statistics). As
we go from the 15-day period centred on 10 June to the
15-day period centred on 25 June, there is a significant
deviation in the mean correlation coefficient from zero
to negative values (significant p-values from a two-tailed
t-test are shown as bold numbers in Figure 13). Later,
during the next 15 days centred on 10 July, the spatial cor-
relation between daytime precipitation and antecedent EF
goes back to zero. This shows that, as the onset approaches
the core zone, the diurnal rains are more frequently trig-
gered over the drier regions by increased sensible heat
flux, which results in this negative correlation; once the
onset is established and the soil gets wetter, the feed-
back weakens, which is shown by the zero correlation
between precipitation and antecedent EF. This is consis-
tent with the observed soil moisture–precipitation feed-
back found by Taylor et al. (2012). Spatial variations in
soil moisture and sensible heat trigger boundary-layer

circulations and cloud development in response to the
diurnal cycle in surface heating, as shown by Barton
et al. (2019) for India and Rieck et al. (2014) for the
midlatitudes.

The mean correlations are significant at 95% confi-
dence levels for the 15-day period from 18 June to 2 July,
which covers the period of monsoon onset over the core
zone. During 2016, the monsoon onset over the core zone
was between 15 and 26 June according to IMD (2016).
Also, from Figure 11 it is clear that the rainfall over the core
zone started to increase from 18 June. This means that the
effect of soil moisture heterogeneity on diurnal rainfall was
more prominent during the arrival of the onset. The soil
properties of CCI result in stronger spatial variability in
sensible heating than IGBP, which will favour earlier trig-
gering of convection in CCI, consistent with its enhanced
daytime rainfall (Figure 12). The CCI simulation contin-
ued to produce more spatial variability in sensible heat flux
than IGBP for much of July, and it is these same periods
that are responsible for the enhanced rainfall diurnal cycle
evident in Figure 12. It is only during the monsoon depres-
sion and its aftermath that both the mean and spatial
variability in sensible heat flux becomes weak in both mod-
els, and this coincides with damped daytime precipitation
(not shown).

5 SUMMARY

Models used for monsoon forecasting exhibit systematic
biases. Previous studies have shown that many of these
biases develop quickly, and are not improved substantially
by increased model resolution. This suggests that they may
be related to poor parametrization schemes. Parametriza-
tions of convection, boundary-layer and land-surface pro-
cesses are highly sensitive to large-scale drivers and under-
lying surface conditions which may not be well-known
or represented. Such parametrizations, in their current
formulations, may also be unable to represent detailed pro-
cesses such as the diurnal cycle of convection and the
effect of the land surface on convective triggering. Study-
ing the processes in detail at convection-permitting scales,
despite not properly resolving convective processes, may
improve understanding and ultimately be beneficial for
the improvement of models and thereby for monsoon fore-
casting. In this study, we have documented the nested
suite experiments performed using the MetUM under
the INCOMPASS project to understand the physics and
dynamics behind the northwestward progression of the
monsoon. Understanding the advance of the monsoon is
necessary for understanding and correcting some of the
known biases in weather and climate models. Nested suite
simulations were carried out at 4 and 17 km horizontal
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resolutions and the 4 km simulation was also tested with
two different land ancillaries.

The interaction between mid-level dry-air intrusion
from the northwest and monsoon flow with high MSE
is an important control on the local onset and advance
of the monsoon. Parker et al. (2016) and Menon et al.
(2018) showed that, as the onset progresses northwest-
wards, the mid-tropospheric dry layer is moistened from
below by detrainment from shallow cumulus and conges-
tus clouds from the southeast. These clouds form when
convection tries to penetrate the freezing level, as shown
by Johnson et al. (1996). The dry layer becomes much shal-
lower towards southeast India, making the profile closer
to moist adiabatic, providing favourable conditions for
deep cumulus convection. Increased moistening of the free
troposphere thereby pushes the northern limit of moist
convection northwestwards.

We have observed this dry-air intrusion in 2016 during
the field campaign. The nested suite simulations in this
study show that the 4 km models using explicit convection
better capture the role of mid-tropospheric dry-air intru-
sions in the northwestward progression of the monsoon
than the 17 km model with parametrized convection, since
convection plays a major role in this process. The 4 km
models with explicit convection appear to represent the
dry-air intrusion and the gradual moistening of the tropo-
sphere as the monsoon onset progresses. The 17 km model
with parametrized convection does not capture well this
gradual erosion of the dry-air intrusion of 2016. It rather
shows a nonlinear moistening of the mid-troposphere as
the monsoon progresses.

The model with explicit convection also throws light
onto the role of land-surface interactions in the progres-
sion of the monsoon. During the local onset of the mon-
soon over a particular region, the onset or pre-monsoon
showers result in an increase in soil moisture heterogene-
ity which increases the spatial variability in evaporative
fraction. Increased gradients in sensible heat generate
daytime mesoscale circulations which favour earlier trig-
gering of rain. However, when the soil becomes wetter
in July, the evaporative fraction becomes less sensitive
to soil moisture. The 4 km models capture this effect of
pre-monsoon showers on soil moisture and convective
initiation along the leading boundaries of the monsoon
progression.

In the 4 km simulations, the strength of the soil
moisture–precipitation feedback depends on the soil and
vegetation ancillaries used. LAM4-I and LAM4-C feature
different time-scales of evaporative response to rainfall.
LAM4-C has a strong but short-lived evaporative response,
whereas LAM4-I has a more muted and slower build-up of
evaporation as the monsoon progresses. As rain is patchy
and the surface is initially dry in the convergence zone,

the soil moisture heterogeneity created by antecedent rains
translates to stronger spatial variability in EF and H in
LAM4-C compared to LAM4-I. This spatial variability
in the surface fluxes feeds back on the timing of diur-
nal convection through generation of circulations, which
bring forward the triggering of convection to earlier in
the day in LAM4-C. Barton et al. (2019) finds enhanced
rains over the drier surfaces, which is physically con-
sistent with an earlier onset of convection over locally
deeper boundary layers, probably driven by mesoscale cir-
culations. Hence identifying and using better land-surface
ancillaries is essential for the improvement of monsoon
forecasts. However, the effect of model resolution and
convective parametrization is dominant.

From the arguments made in this study, we propose the
following summary regarding the two mechanisms in the
progression of the monsoon:

1. The mid-tropospheric moistening plays a major role in
the progression of the monsoon.

2. Land-surface wetting moistens the boundary layer and
helps in the initial progression of the onset rains. How-
ever, once the rainfall wets the soil over appreciable
depth, surface fluxes become less sensitive to the vari-
ations in soil moisture, and mid-tropospheric moisten-
ing plays the major role in further progression of the
monsoon. This could be tested in further experiments,
beyond the scope of this study, in which evapotranspira-
tion responses to soil moisture variations are switched
off (e.g., set to a constant), to test for any impact on
monsoon progression.

In this study, we have not found any obvious evi-
dence linking the land surface to moistening the upper
levels of the free troposphere on a large scale, but it does
not rule out that mechanism. Chakraborty and Agrawal
(2017) showed that an increase in moisture near the sur-
face increases low-level MSE, which decreases the stability
of the atmosphere and makes it conducive for convection.
We have clear evidence from this study and from Barton
et al. (2019) that the land surface is moistening the bound-
ary layer, which further moistens the free troposphere via
detrainment from shallow convection.

Encouragingly, the initial results from this study sug-
gest that the spatial pattern of the monsoon progression
and the dynamics associated with the dry-air intrusions
and land-surface processes are better represented in the
4 km model with explicit convection than in parametrized
convection at 17 km. A proper understanding of the con-
vective life cycle of monsoon precipitation and its evolu-
tion during the monsoon onset is a prerequisite for eventu-
ally improving parametrization schemes. High-resolution
simulations for multiple years would also be beneficial
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for checking the statistical significance of the mechanisms
highlighted in this study.
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