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Abstract
The Indian monsoon is a seasonal large-scale circulation system with complex
dynamical and thermodynamic interactions. The physical processes are not fully
understood. In particular, the mechanisms that control the propagation of the
monsoon onset across the Indian continent, against the mid-level wind field,
are debated. The Indian monsoon is poorly represented in weather and cli-
mate models, with persistent systematic errors making it difficult to forecast the
Indian monsoon accurately on subseasonal timescales. A two-layer model based
on moisture conservation with a parameterised flux representing convection is
developed and used to investigate the competition between dry advection in the
upper levels, the rate of moisture replenishment at low levels, and the rate of con-
vection from the lower to the upper layers. In a fixed Eulerian frame, the system
is initialised at an equilibrium representing pre-onset (May) conditions. Then,
changes in the rates of moist inflow and upper-level advection are introduced,
triggering a transition to a new equilibrium, which reflects the full monsoon
state (July–September). The two-layer model reproduces the Indian monsoon
onset and its progression to the northwest, against an imposed 5 m⋅s−1 wind
in the upper layer. Increasing the parameter representing moist inflow induces
a monsoon onset, defined as a threshold of total column moisture, with clear
progression from southeast toward northwest India. A lesser wind speed in the
upper layer, signifying a weakening midtropospheric dry intrusion, allows more
rapid progression of the monsoon onset. A greater upper-level wind speed, asso-
ciated with a strengthening dry intrusion, causes the monsoon onset to retreat.
We can quantify the nature of the monsoon onset by deriving an onset speed and
the time taken for the system to adjust to a new equilibrium, using analytical
theory.
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1 INTRODUCTION

The Indian monsoon is a globally significant meteorolog-
ical event, bringing around 80% of India’s annual rainfall
between the months of June and September. Accurate
prediction of the monsoon onset and associated rainfall
on a regional scale is important for agriculture, indus-
try, and the Indian economy (Kumar et al., 2004; Gadgil
and Gadgil, 2006; Gadgil and Rupa Kumar, 2006). The
monsoon is initiated in May by a change in large-scale
circulation, which allows an influx of moisture from the
Arabian Sea, helping to create an environment favourable
for convection and enhanced precipitation (McGregor and
Nieuwolt, 1998; Zhang et al., 2004; Ding and Sikka, 2006;
Hoskins and Wang, 2006). The monsoon onset, heralding
the start of the rainy season, is typically declared on June 1
in the southwest state of Kerala, with a standard deviation
of 8 days (Joseph et al., 2006). Specific criteria regarding
the rainfall, wind speed/pressure, and outgoing longwave
radiation need to be met before onset is declared in a par-
ticular region (India Meteorological Department, 2016).
Once the monsoon has first onset in Kerala, the onset
progresses from southeast to northwest India over the fol-
lowing 5–6 weeks. The onset progression can be seen from
Figure 1, where the dotted lines represent isochrones of
monsoon onset from climatology. Initially, the onset pro-
gresses rapidly from Kerala to covering all of southern
India in about 2 weeks. Then the advance slows, taking
a further 4 weeks for onset to be declared in the north-
western state of Rajasthan. The onset progresses faster
on the west coast and at the northeastern border with
the Himalayas than over central India. Using the length
of India (≈ 3,000 km) and the time taken for the onset
to progress (≈ 6 weeks), an approximate onset speed of
1 m⋅s−1 can be calculated.

The Indian monsoon system is particularly interest-
ing in that the direction of onset propagation opposes
the mid-level wind field. At the time of monsoon onset,
low-level winds are southwesterly, conveying moisture
from the Arabian Sea. Mid-level winds are northwesterly
and typically dry, with moisture availability being low over
arid northwest India. At higher levels, the Tropical East-
erly Jet forms over north India initially, then spreads across
India as the monsoon develops. Referring to the wind
profile over northwest India shown in Figure 2, strong
northwesterly winds at 400–200 hPa dominate at the time
of onset (May 31). As the monsoon onset progresses to
the northwest, a corresponding decrease in the northwest-
erly wind speed at mid to high levels is observed. For
example, at 400 hPa, the wind speed reduces from approx-
imately 10 m⋅s−1 just before first onset (May 31) to 5 m⋅s−1

at mid-onset (June 15) to 0 m⋅s−1 during the full monsoon
(July 15). In the layer 900–500 hPa, the northwesterly

F I G U R E 1 Schematic showing the progression of the Indian
monsoon onset from southeast to northwest India. The isochrones
(dotted lines) of onset dates highlight the nonlinear nature of the
advance. The location of Kerala, an important landmark for
monsoon onset, is indicated by the white star. The redbox shows the
area used to compute the northwesterly wind profile in Figure 2. A
transect from north to south India is shown by the cyan line.
Satellite image from ArcGIS

F I G U R E 2 Vertical wind profile for northwest India,
averaged over the box 22◦N, 68◦E–32◦N, 78◦E (shown in Figure 1),
produced from ERA-Interim reanalysis (1988–2017). Northwesterly
component of winds averaged over 5-day periods centred on May 31
(first onset, red), June 15 (mid-onset, purple), and July 15 (full
monsoon, black)
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component persists. Near the surface, the northwesterly
wind speed remains small (< 1 m⋅s−1) throughout the
monsoon period.

A theory of the propagation of monsoon onset is
described in Parker et al. (2016) based on observations,
but without quantitative testing. Parker et al. (2016) focus
on the competition between a dry intrusion at mid-levels
and the moistening processes leading to monsoon onset.
Moist inflow at low levels supports shallow convection
over India, eroding the wedge of dry air and encouraging
the advance of the onset to the northwest. There is a sig-
nificant increase in moisture over southeast India, with a
shallow moist layer approximately doubling in extent and
depth between pre-onset and the full monsoon.

A strengthening of the dry intrusion can inhibit the
northwestern propagation of the monsoon onset, insti-
gating dry spells known as monsoon breaks (Krishna-
murti et al., 2010). The role of the mid–upper tropo-
sphere (200–500 hPa) in the strength and variation of the
Indian monsoon is also highlighted by Dai et al. (2013),
specifically referring to the land–ocean thermal contrast
at mid–upper levels. From observational analysis, Saini
et al. (2011) identified large-scale temperature advection
and vertical motion as key factors in determining the
inland development of the monsoon and the strength
of the onset. Bollasina and Ming (2013b) emphasised
the importance of the interaction between soil moisture
and circulation, demonstrating that a northwestward pro-
gression of the monsoon can be simulated through the
evolution of land-surface processes, with other factors
such as sea-surface temperatures and insolation fixed in a
May-like state. The increase in aerosols over recent years,
primarily from biomass burning, has been linked with ear-
lier monsoon onsets (Bollasina et al., 2013). There is some
debate on whether black carbon aerosols act to enhance
or delay the monsoon onset (e.g., Meehl et al., 2008; Mah-
mood and Li, 2013). Although land-surface processes and
aerosol interactions affect the dynamics of monsoon onset,
here we focus exclusively on the role of atmospheric mois-
ture processes.

The complex dynamical nature of the Indian mon-
soon is not well understood and the physical processes are
poorly represented in models, which typically show dry
biases in the northwest and have rain falling too exten-
sively and lightly (Stephens et al., 2010; Lucas-Picher et al.,
2011; Bollasina and Ming, 2013a; Sperber et al., 2013; Kar-
macharya et al., 2015; George et al., 2016; Johnson et al.,
2017; Martin et al., 2017; Goswami and Goswami, 2017).
The skill of prediction of the onset of the monsoon and pre-
cipitation on subseasonal timescales is particularly poor
compared with other global monsoon systems (Bombardi
et al., 2017). Performance of climate models is improv-
ing, with the spatial pattern and timing of monsoonal

precipitation being captured better in the Coupled Model
Intercomparison Project Phase 6 (CMIP-6) multimodel
average compared with the CMIP-5 multimodel aver-
age, although large variability and discrepancy between
individual climate models remains (Gusain et al., 2020).
The spatial resolution, choice of boundary conditions,
and physical representation of convection—explicit or
parameterised—are possible limitations of modelling the
onset and progression of the monsoon (Dirmeyer et al.,
2012; Holloway et al., 2012; Mishra et al., 2014; Birch et al.,
2015; Johnson et al., 2017; Willetts et al., 2017; Gusain
et al., 2020). Clearly, there is a need to define the vari-
ous processes that can influence monsoon onset and to
quantify the effects on the speed of onset progression and
precipitation pattern/rate, through modelling studies and
comparison with observations.

A simple unifying framework is needed to understand
the interacting processes leading to monsoon onset, in
which the strength of individual contributions and their
interactions can be tested and quantified explicitly. Here
we develop a simple dynamically consistent model that
reproduces the propagation of the monsoon onset. The
competition between low-layer moisture supply, parame-
terised moisture transport between layers, and upper-level
advection of moisture is considered. Other effects such
as precipitation and vegetation are neglected at present,
although we aim to include these additional effects in
future work. We use this framework to test the hypoth-
esis presented in the conceptual article by Parker et al.
(2016), namely whether moisture arguments alone can
explain the propagation of the Indian monsoon onset to
the northwest, against the mid-level wind field. The model
consists of two layers, representing the lower and upper
troposphere, in a vertical section running from north-
west to southeast India. The key features are an inflow
of moisture to the lower layer, representing the monsoon
flow, net vertical transport of moisture parameterised sim-
ply in terms of upper- and lower-layer moisture, and an
upper-level wind, representing a northwesterly dry intru-
sion. The representation of the vertical moisture flux and
the parameters controlling the rates of inflow and advec-
tion are to be investigated in relation to different phases of
monsoon onset, using metrics such as onset direction and
speed of onset propagation.

2 IDEALISED MODEL OF INDIAN
MONSOON ONSET

Figure 3 illustrates the model configuration, which is
based on a vertical section running from northwest to
southeast India (along the red line in Figure 1), taking
x and z axes in the horizontal and vertical directions
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F I G U R E 3 Schematic of the multilayer idealised model of Indian monsoon onset. The x direction is in a transect running from
northwest to southeast India, with the z direction being vertical into the atmosphere

respectively. The atmosphere is split into two layers of
equal depth (i.e., equal mass) at the 500-hPa pressure
level, representing the upper and lower troposphere, with
a ground level to capture surface processes. The upper
layer extends to the top of the atmosphere, which we define
as 50 hPa, in line with some atmospheric weather models.
Taking a moisture-budget approach, we model the evolu-
tion of moisture in each layer by Equations 1a–1c, with
qs, q1, q2 being column-integrated moisture content in the
surface, lower and upper layers respectively. A threshold of
total moisture content (q1 + q2) is used to define monsoon
onset. As the layers are the same depth, column-integrated
quantities are equivalent to layer-mean mixing ratios,
which can be recovered by dividing by the layer height. At
the surface, water can enter or leave the system through
a surface forcing term S, which accounts for the effects
of river run-off and convergence from groundwater flow.
Moisture lost through evaporation E at the surface is
added to the lower-layer moisture budget, and moisture
can be exchanged between the lower and upper lay-
ers through a convective flux function. Precipitation P

occurs in the upper layer only, given that a threshold of
column-integrated moisture content q2 has been reached.
Moisture leaving the upper layer as precipitation is trans-
ferred instantaneously to the surface, so that there is no
residence time in the lower layer.

The horizontal wind field, assumed to be nondiver-
gent, is denoted by u1 and u2, where subscripts 1 and
2 refer to the lower and upper atmospheric layers. The
predominant winds in the lower layer are southwesterly,
bringing moisture from the Arabian Sea, so u1 = (0, v1),
where the y direction is going into the page (Figure 3). Dry
air is advected from northwest India in the upper layer,
with u2 = (u2, 0), competing against the propagation of the
monsoon onset.

𝜕q2

𝜕t
+ u2 ⋅ ∇q2 = +F − P, (1a)

𝜕q1

𝜕t
+ u1 ⋅ ∇q1 = −F + E, (1b)

𝜕qs

𝜕t
= +P − E + S. (1c)
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The flux of water vapour, F, from the lower layer to the
upper layer due to convection must be parameterised. Here
we describe the flux in terms of q1 and q2 alone. In addi-
tion, we need to account for fluxes due to updrafts (linked
with cloud formation) and the compensating subsidence
and downdrafts. When q1 = q2, these two processes can-
not lead to any net moisture flux, and so F = 0. Otherwise,
there will be a downgradient flux, that is, F > 0 when q1 >

q2 and F < 0 when q2 > q1, although the strength of this
flux will depend upon q1 and q2 in a nontrivial way. We
thus use the simple parameterisation:

F = 1
Tconv

(q1 − q2) Φ(q1, q2), where Φ = 1. (2)

The parameter Tconv is the timescale for convective
adjustment, and Φ(q1, q2) is a positive nondimensional
function representing cloud activity. Together, Φ and Tconv
represent the rate of growth of shallow cumulus clouds,
which are required to supply moisture in order to facilitate
the growth of deep, precipitating cumulus clouds (Yanai
et al., 1973). For this study, we use the simple choice Φ =
1, implying that convection is always active (and produc-
ing a deep moisture flux) whenever q1 > q2. The form of
the parameterisation for the convective flux is compara-
ble to that in Muller et al. (2009), where a two-layer model
is used to examine the relationship between precipitation
and total column moisture. Muller et al. parameterise pre-
cipitation, P, in terms of the sum of the moisture content
over lower and upper layers in the troposphere, with a trig-
ger based on a critical threshold of moisture (qc) in the
lower layer: P = (q2 + q1)H (q1 − qc). H is the Heaviside
function. This form of parameterisation, linked to total col-
umn moisture, can be taken as a basis for the form of the
convective flux presented here, where the total column
moisture is used as a proxy for precipitation. A more real-
istic parameterisation of the flux would be modelled on a
tanh-style function where convection switches on once a
critical threshold of moisture is exceeded, and thereafter
the total column moisture would increase monotonically
with Φ, consistent with observations of convective rainfall
(Neelin et al., 2009).

2.1 Reduced two-layer model of Indian
monsoon onset

For the remainder of this study, we consider a reduced
version of this model, spatially one-dimensional but evolv-
ing in time, which shows the advance of the onset
against a constant northwesterly wind in the upper layer.
We evaluate the parameters controlling the onset speed
and direction, focusing on the evolution of moisture in
the upper layer where there is competition between dry

advection and rate of convective flux. Specifically, we sim-
ulate the moistening of the upper layer by shallow and
medium congestus cumulus clouds, which produce little
rainfall. Monsoon onset is declared once the total mois-
ture, q1 + q2, reaches a particular threshold, say q∗. Evap-
oration and surface processes are represented as a sim-
ple relaxation of the boundary layer state. We set P =
0, which is appropriate for the pre-monsoon moistening
period when precipitation is low. We also assume that all
quantities only vary with x and t, that is, taking a verti-
cal slice. Then, the upper-level wind is retained as (u2, 0),
where u2 is constant. However, the lower-level wind (0, v1)
has no direct, advective effect, since 𝜕∕𝜕y = 0. Therefore,
to account for the moisture input from the low-level flow
over the Arabian Sea and surface evaporation, we relax
q1 towards a prescribed qe(x) on a timescale Tmoist. The
governing equations (Equations 1a,1b), on substituting
Equation 2, become

𝜕q2

𝜕t
+ u2

𝜕q2

𝜕x
= + 1

Tconv
(q1 − q2) Φ, (3a)

𝜕q1

𝜕t
+ 1

Tmoist
(q1 − qe) = − 1

Tconv
(q1 − q2) Φ. (3b)

In the absence of advection and moisture replenish-
ment (u2 = 0 = 1∕Tmoist) and taking the simplest case with
Φ = 1, the layers mix according to e−2t∕Tconv . Likewise, in
the absence of convection (1∕Tconv = 0), the lower layer
evolves towards qe according to e−t∕Tmoist .

A lateral boundary condition (Equation 4) is imposed
on the upper layer, accounting for the dry inflow from
northwest India and Pakistan over the Thar desert. At the
northwestern limit of the domain, the air remains suffi-
ciently dry throughout the monsoon period that the lateral
condition is considered appropriate:

q2(x = 0, t) = 0. (4)

The resulting behaviour is dependent upon the
assumed timescales Tmoist and Tconv for moisture replen-
ishment and mixing due to convection. Suitable values
of these timescales can be estimated from knowledge of
weather systems. For example, assuming that the life-
time of these processes is determined approximately by
the efficiency of mixing due to convection, a single con-
vective cloud might last about an hour, a cluster of con-
vective clouds has a lifetime of several hours, and dry
intrusions and storms can persist for several days. The
timescale for water vapour to become vertically mixed in
the clean-air environment surrounding convection is of
the order of days, compared with the convective-scale ver-
tical transport of moisture in clouds taking minutes to an
hour (Tompkins and Craig, 1998). Hence, acknowledging
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that the real timescale for adjustment of moisture may
range from the convective timescale to the timescale of
large-scale flow, we use our model to explore a range of
values:

1∕2 ≤ Tconv ≤ 7 days. (5)

Similar estimates are needed for setting Tmoist. In the
absence of convection, the assumed lower-layer profile qe
is replenished by evaporation from a saturated surface.
For shallow standing water, evaporation is estimated to
moisten a boundary layer on a timescale of hours, whereas
for moist vegetated layers the timescale would be longer,
of the order of several days (Goutorbe et al., 1994). Again,
in the absence of convection, changes to the strength or
humidity of the inflow from the Arabian Sea might adjust
qe on a timescale of days to a week. We thus take

1∕2 ≤ Tmoist ≤ 7 days. (6)

The quantity qe(x) represents an equilibrium state of
the lower layer in the absence of convection. Changing
qe will alter the equilibrium humidity, effectively increas-
ing or decreasing the depth of the lower layer. Here, the
simplest choice of qe = 1 is taken. Further work (Rec-
chia, 2020) investigates profiles of the form 1 − e−x∕L for a
length-scale L, to account for the dryness present in north-
west India, compared with the higher levels of humidity in
southeast India.

For the experiments, the system is initialised in an
equilibrium state, which can be determined analytically
from Equations 3a,3b with 𝜕∕𝜕t = 0. We derive the equi-
librium solutions in the following Section 2.2.

2.2 Equilibrium solution

Analytical solutions can be found for long timescales when
the system has reached a state of convective equilibrium.
A length-scale Lmon, defined in terms of the speed u2 and
timescales Tconv, Tmoist (Equation 7), emerges from the
solutions. This parameter Lmon represents the length-scale
of the monsoon system and has typical values in the
range 500–5,000 km. A similar length-scale is proposed
by Zhou and Xie (2018) to describe the extent of a mon-
soon over an idealised continent, in terms of a balance
between upper-level advection of cool air and a timescale
for convective adjustment to quasi-equilibrium. A key dif-
ference is that Zhou and Xie (2018) use the thermal budget
to derive their model, whereas here we use the water
budget:

Lmon = u2 (Tconv + Tmoist) . (7)

The equilibrium solution for the system of
Equations 3a,3b can be found by setting 𝜕∕𝜕t = 0 and
solving for q1 and q2, with Φ = 1 and qe = 1. These solu-
tions will make up the initial conditions for several of the
experiments conducted. The solutions, in terms of the
length-scale Lmon, are

q2 = 1 − e−x∕Lmon , (8a)

q1 = 1 − e−x∕Lmon

(
Tmoist

Tconv + Tmoist

)
. (8b)

The relative sizes of Tconv and Tmoist only affect the
upper layer q2 as part of the monsoon length-scale
Lmon. If Tconv ≫ Tmoist, then the solution for the lower
layer can be reduced to q1 ≈ 1 − e−x∕Lmon (Tmoist∕Tconv) ≈
1. Conversely, if Tmoist ≫ Tconv, then q1 ≈ 1 − e−x∕Lmon =
q2. When Tmoist = Tconv, the upper-layer solution remains
unchanged, but the lower-layer solution simplifies to q1 =
1 − 1

2
e−x∕Lmon .

At x = 0, representing northwest India, the upper-layer
solution is zero (q2 = 0), but the lower-layer solution
is q1 = Tconv∕ (Tconv + Tmoist), which reduces to q1 = 1∕2
when Tconv = Tmoist. If we consider the limiting behaviour
when x → ∞, then e−x∕Lmon → 0 and thus q2 → 1, q1 →
1. Therefore, with an infinitely large domain at a long
timescale, both the upper- and lower-layer solutions tend
towards the same limiting value.

2.3 Small-time solution

It is difficult to derive solutions analytically for the sys-
tem of Equations 3a,3b representing the reduced two-layer
model, except for the steady-state case. Thus, the solutions
for the time-dependent case will be derived numerically.
In order to understand the behaviour of the system after a
small amount of time, we rewrite q1 and q2 as Taylor series:

q2(x, t) = q20(x) + tq21(x) +
t2

2
q22(x) + … , (9a)

q1(x, t) = q10(x) + tq11(x) +
t2

2
q12(x) + … . (9b)

The lateral boundary condition on the upper layer,
accounting for dry inflow in northwest India, is taken fol-
lowing Equation 4, so that q20 = 0 at x = 0. We set arbitrary
initial conditions on the upper and lower layers, so that
the initial-layer moisture contents are defined as functions
of x:

q2 = q20(x) at t = 0, (10a)

q1 = q10(x) at t = 0. (10b)



RECCHIA et al. 7

Substituting the series for q2, q1 (Equations 9a,9b)
into the system of Equations 3a,3b with Φ = 1, applying
the boundary and initial conditions (Equations 10a,10b)
and equating the powers of t, the series becomes
Equations 11a,11b, where the primes represent a deriva-
tive with respect to x:

q2 = q20 + t
(

1
Tconv

(q10 − q20) − u2q′
20

)
+ t2

2
(
− 2

T2
conv

(q10 − q20) −
1

TconvTmoist
(q10 − qe)

− u2

Tconv

(
q′

10 − 2q′
20
)
+ u2

2q′′
20
)
+ … , (11a)

q1 = q10 + t
(
− 1

Tconv
(q10 − q20) −

1
Tmoist

(q10 − qe)
)

+ t2

2

{(
2

T2
conv

+ 1
TconvTmoist

)
(q10 − q20)

+

(
1

TconvTmoist
+ 1

T2
moist

)
(q10 − qe) −

u2q′
20

Tconv

}
+ … .

(11b)

The small-time deviation from (q1, q2) = (q10, q20) implies
the initial direction of monsoon onset, defined as a thresh-
old of total moisture, which may take the form of a front.1

We undertake experiments beginning from an equilib-
rium state (Equations 8a,8b) in terms of parameters Tconv,
Tmoist, and u2. Then we vary the forcing so the that the sys-
tem is now described in terms of parameters T̃conv, T̃moist,
and ũ2, where the tilde notation represents a change in the
respective parameter. A new equilibrium state is reached,
as modelled by Equations 8a,8b, but now in terms of T̃conv,
T̃moist, and ũ2. The monsoon length-scale changes from
Lmon to L̃mon, as the system transitions from an initial to a
new equilibrium state.

The development of the system after a small time
can be determined using the series in Equations 11a,11b.
The initial conditions (q20, q10) are in terms of initial
parameters Tconv, Tmoist, and u2, whilst the small-time
Equations 11a,11b are in terms of varied parameters
T̃conv, T̃moist, and ũ2. So taking Equations 11a,11b with
Tconv = T̃conv, Tmoist = T̃moist, and u2 = ũ2, with initial

1Note that, unless q10(0) = 0 and q′
20(0) = 0, the terms of order t (i.e., q11

and q21) imply that q2(0, t) ≠ 0, thus violating the lateral boundary
condition. Even if q21(0) = 0, it is likely that q22(0) = 0, implying
q2(0, t) ≠ 0. This anomaly can be rectified by performing a separate
analysis for the combined limit of small x and small t, revealing the
existence of a thin boundary layer that matches Equations 11a,11b, to
the lateral boundary condition. The boundary-layer analysis remains
valid provided that x is not small. The details of this calculation are not
given here: see Recchia (2020).

conditions q20 = 1 − e−x∕Lmon and q10 = 1 − e−x∕Lmon ⋅
Tmoist∕ (Tconv + Tmoist), gives

q2 = 1 − e−x∕Lmon

+ t
(

e−x∕Lmon

Tconv + Tmoist

)(
Tconv

T̃conv
− ũ2

u2

)
+ … , (12a)

q1 = 1 − e−x∕Lmon

(
Tmoist

Tconv + Tmoist

)
+ t

(
e−x∕Lmon

Tconv + Tmoist

)(
Tmoist

T̃moist
− Tconv

T̃conv

)
+ … . (12b)

We can now describe the state of the system initially,
after a small amount of time, and after a long time.
We begin with an equilibrium state (Equations 8a,8b) in
terms of parameters Tconv, Tmoist, and u2. Then we vary
the forcing so Tconv → T̃conv, Tmoist → T̃moist, and u2 → ũ2.
Equations 12a,12b describe the system as it responds to
the change in forcing. The final state of the system is
described by the equilibrium solutions (Equations 8a,8b),
but in terms of parameters T̃conv, T̃moist, and ũ2. From
these expressions for different states of the idealised mon-
soon system, the initial speed with which the monsoon
onset propagates over India can be determined. Also,
we can find the time taken for the monsoon system to
adjust from the initial conditions (representing pre-onset)
to the final equilibrium state (representing the full
monsoon).

2.4 Definition of monsoon onset

The definition of monsoon onset used here is based on the
adjusted total moisture over both layers, using a threshold
of (q1 + q2)∕2 = 0.5. Once the total moisture exceeds this
threshold, it is regarded as the monsoon onset.

The total moisture is a more relevant quantity for
determining onset than solely the upper-level moisture.
Although the threshold value is an arbitrary choice, it is
justified because the direction of propagation and shape of
the onset contour is key. Using a different threshold value
would move the position of the contour spatially, but it
would not alter the shape and direction of travel.

2.5 Initial onset speed

Here, we derive an expression for the initial speed (𝜈)
at which the monsoon onset “front” propagates across
India in our model. Suppose there is some quantity Q(x, t)
with small-time representation Q0(x) + tQ1(x) + … . The
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location at which Q(x, t) = Q∗ is tracked, where Q∗ rep-
resents the threshold of total moisture required for mon-
soon onset. The location is taken as x = x∗ when t = 0,
so Q0(x∗) = Q∗. The subsequent deviation of x from x∗ at
small time is tracked by writing x = x∗ + 𝜈t. Then

Q∗ = Q0(x∗ + 𝜈t) + tQ1(x∗ + 𝜈t) + (t2),
= Q0(x∗) + 𝜈tQ′

0(x∗) + tQ1(x∗) + (t2).

However, since Q∗ = Q0(x∗), we can equate the largest
remaining terms of (t) to give Equation 13:

𝜈 = −Q1(x∗)∕Q′
0(x∗). (13)

Now, Q(x, t) could be taken as q1, q2, or indeed q1 + q2.
The total moisture q1 + q2 is the main focus, due to its
importance in defining monsoon onset, which is taken as
a threshold of the total moisture. We take Q = q1 + q2, and
determine Q0 and Q1 from the appropriate terms in the
sum of Equations 12a and 12b. Thus, Equation 13 for the
onset speed can be rewritten as

𝜈 = −u2 (Tconv + Tmoist)
(Tconv + 2Tmoist)

(
Tmoist

T̃moist
− ũ2

u2

)
. (14)

Note that the onset speed, 𝜈, is independent of x∗ in our
chosen case with qe(x) = 1. However, this is not true when
qe(x) is spatially varying (Recchia, 2020). Furthermore, the
initial onset speed, 𝜈, is independent of the varied con-
vective timescale, T̃conv, which cancels in the addition of
Equations 12a and 12b.

2.6 Adjustment time

The time taken for the system to adjust from its initial equi-
librium to a new equilibrium, Tadj, can be calculated by
dividing the total equilibrium distance travelled, xadj, by
the small-time derived onset speed, 𝜈, which can be calcu-
lated with Equation 14. Thus, x∗ + 𝜈T can be written, with
𝜈 being the onset speed and T representing time. Letting
T = Tadj and L = xadj, cancelling terms and rearranging,
gives the required result.

The distance travelled by the onset “front”, xadj, is
the difference between the initial location of onset, x∗,
and the location of onset at the new equilibrium, x̃∗,
following a change to one of the parameters. We track the
onset contour, where Q∗ = (q1 + q2)∕2 = 0.5, following the
definition of onset given in Section 2.4. The location x∗ can
be determined from the equilibrium solutions by summing
Equations 8a,8b and rearranging for x∗ in terms of Tconv,
Tmoist and Lmon. The expression for x̃∗ follows in the same

way in terms of T̃conv, T̃moist, and L̃mon. Thus, we find

xadj = x̃∗ − x∗, (15)

= Lmon ln
(

Tconv + Tmoist

Tconv + 2Tmoist

)
− L̃mon ln

(
T̃conv + T̃moist

T̃conv + 2T̃moist

)
. (16)

Now, the final expression for the adjustment time in
terms of the initial parameters Tconv, Tmoist, u2 and the
varied parameters T̃conv, T̃moist, ũ2 can be written:

Tadj =
||||xadj

𝜈

|||| . (17)

3 EXPLORATION OF
ANALYTICAL SOLUTIONS

The relationship between layer moisture content
and distance, in terms of the equilibrium solutions
(Equations 8a,8b), is explored. The two-layer model is
associated with a length-scale, Lmon, which emerges
from the analytical solutions. Section 3.1 investigates the
impact of scaling the equilibrium solutions by the mon-
soon length-scale, Lmon. Another aspect to be explored
is the sensitivity of the equilibrium solutions to the
timescale parameters Tconv, Tmoist. Different regimes
for combinations of long and short timescales can be
categorised.

3.1 Scaling of moisture with distance
at equilibrium

Figure 4a shows the variation of moisture in the upper
(q2) and lower (q1) layers at equilibrium against distance,
x, for Tconv = Tmoist = 1 day and u2 = 5 m⋅s−1 (correspond-
ing to Lmon = 864 km). Also shown for reference is the
total moisture, q1 + q2, and the relaxation profile, qe = 1.
A large domain is shown, although the primary region of
interest is approximately 0 < x < 3,000 km, representing
the length of a transect from northwest to southeast India.

Considering Figure 4a, an adjustment over distance is
observed, from the value set by the boundary condition
(minimum) to the limiting value as x → ∞ (maximum). In
the case qe = 1, at x = 0, we have q2 = 0 and q1 = 0.5 (from
Equations 8a,8b, with Tconv = Tmoist and Equation 4). The
maximum value is 1 for both layers. Depending on the
value of Lmon, and thus Tconv and Tmoist, the distance to
reach the maximum moisture content varies (figures not
shown). As the timescales are lengthened so that Lmon
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(a) (b)

(c) (d)

F I G U R E 4 Variation of layer moisture q2, q1, q1 + q2 with distance x for (a) Tconv=Tmoist = 1 day and (b,c,d) scaled distance x∕Lmon,
where Lmon is the monsoon length-scale: Lmon = u2(Tconv + Tmoist). Panel (b) shows the upper-layer moisture (q2), (c) the lower-layer moisture
(q1), and (d) the total moisture (q1 + q2)∕2, all against (x∕Lmon) for combinations of Tconv, Tmoist. Produced from equilibrium solutions
(Equations 8a,8b), with upper-level wind speed u2 = 5 m⋅s−1 and moisture replenishment (Tmoist) and convection (Tconv) timescales as labelled

is greater, the distance for the layer moisture contents to
reach a constant value increases.

Taking Figure 4a, the x-axis is scaled by the mon-
soon length-scale, Lmon, to investigate whether each of
the lines can collapse to its limiting value at the same
point. Four monsoon length-scales are considered, relat-
ing to four combinations of Tconv and Tmoist, in terms
of days: (Tconv = 1, Tmoist = 1), (Tconv = 1, Tmoist = 7),
(Tconv = 7, Tmoist = 1), and (Tconv = 7, Tmoist = 7). These
pairs of Tconv, Tmoist are denoted in the subplots as Lmon(1,1) ,
Lmon(1,7) , Lmon(7,1) , and Lmon(7,7) , respectively. Figure 4b
shows the upper-level moisture, q2, Figure 4c shows the
lower-level moisture, q1, and Figure 4d shows the total
moisture, halved, all against x∕Lmon.

Solutions for the upper-layer moisture, with qe = 1
(Figure 4b), will always collapse to the same curve when
the x-axis is scaled by Lmon, regardless of the values taken

for timescales Tconv, Tmoist, and thus Lmon. This is evi-
dent from Equation 8a, which shows that q2 is a function
of x∕Lmon alone. In Figure 4c, for the lower-layer mois-
ture, it can be seen that the solutions follow the same
curve when Tconv = Tmoist. Again, this is evident from
Equation 8b, since q1 = 1 − e−x∕Lmon∕2 in the case Tconv =
Tmoist. The total moisture follows the lower-layer mois-
ture, with solutions for the total moisture collapsing on to
the same curve only when Tconv = Tmoist, giving the sim-
plified solution q1 + q2 = 2 − 3e−x∕Lmon∕2. When Tconv >

Tmoist, the solutions for the lower layer and total moisture
lie above the collapsed curve. Conversely, when Tconv <

Tmoist, the solutions for the lower layer and total mois-
ture lie below the collapsed curve. Another point to note is
that the lower-layer moisture (q1) shows a large spread in
magnitude with Lmon, particularly at small (<0.5) x∕Lmon
values.
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3.2 Sensitivity to timescale parameters
at equilibrium

To consider the sensitivity of the system at equilibrium
to timescale parameters Tconv, Tmoist, we take the average
over the domain x0 < x < xL of the layer moisture con-
tents and flux, using Equations 8a,8b. Overbars are used
to denote the domain-averaged quantities. We consider
a large domain, 0 < x < 100,000 km, to show the limit-
ing behaviour (Figure 5a), and a smaller domain, 0 < x <

3,000 km, representing a transect from north to south India
(Figure 5b). The range for both timescales Tconv and Tmoist
is 0–3 weeks. Note that the total moisture (q1 + q2) is
halved and the flux (F) is scaled, in order to show results
on a similar colour scale to the layer moisture, q1, q2.

We can see in Figure 5a thatm when a large domain
in x is taken, q1 → 1, q2 → 1, and (q1 + q2)∕2 → 1 at small
Tmoist, Tconv, in agreement with the limiting behaviour
expected. The total moisture, q1 + q2, scaled by 1/2,
has contours at approximately 23◦, reflecting a greater
dependence on Tmoist compared with Tconv. This can be
seen by adding Equations 8a and 8b, where a factor of 2
emerges for the parameter Tmoist. As Tmoist is decreased,
thereby increasing the moisture inflow, the total moisture
increases at a greater rate than with decreasing con-
vective timescale, Tconv. Generally, the system is more
sensitive to the choice of replenishment timescale, Tmoist,
than convective timescale, Tconv. In the upper layer, q2,
decreasing both timescales Tmoist and Tconv, reflecting an
increase in moisture inflow and convective activity, leads
to more moisture gain in the upper layer. The contours in
the q2 subplot (Figure 5a) are at 45◦ from the horizontal,

meaning that q2 has a linear dependence on Tconv + Tmoist.
The contours for the flux (F) subplot are similar to the
upper-layer moisture, q2. The flux only depends on the
ratio of the upper-level advection, u2, to the size of the
domain, xL. The flux is greatest when the timescales Tmoist
and Tconv are smallest, that is, when the rates of moisture
inflow and convection are highest, as would be expected.
For the lower layer, q1, the moisture content is greatest
when Tmoist < 1 week, irrespective of the value of Tconv.
As the timescale Tmoist is increased towards 3 weeks, cor-
responding to a decreasing rate of moisture inflow, the
amount of moisture in q1 reduces. There is no dependence
of q1 on Tconv for large domains (xL ≫ Lmon), as seen by the
almost horizontal contours in the q1 subplot (Figure 5a).
This highlights the importance of Tmoist in determining
the lower-layer moisture.

We now consider Figure 5b, which shows the domain
averages of the layer moisture contents and flux, over 0 <

x < 3,000 km, representing the length of a transect from
north to south India. For this choice of domain size, we
have xL < Lmon, except at small Tmoist, Tconv (<3.5 days).
It is immediately evident from Figure 5b that there are
large differences in the total moisture content, (q1 + q2)∕2,
as Tconv and Tmoist vary, compared with Figure 5a. The
total moisture increases with decreasing timescale Tmoist,
corresponding to moisture gain in the system when the
rate of replenishment to the lower layer is higher, as
would be expected. However, in relation to Tconv, the total
moisture can increase or decrease. We denote a threshold
T∗

moist (dashed white line), above which the total mois-
ture increases with increasing Tconv and below which
the total moisture decreases with increasing Tmoist. When

(a) (b)

F I G U R E 5 Sensitivity of domain-averaged total moisture q1 + q2, flux F, upper-layer moisture q2 and lower-layer moisture q1 to
varying convective and moisture replenishment timescales, Tconv and Tmoist. u2 = 5 m⋅s−1, qe = 1 and Φ = 1. Panel (a) is averaged over a large
domain 0 < x < 100,000 km, and (b) is averaged over the length of India (north to south) 0 < x < 3,000 km. The dashed white line denotes
the threshold T∗

m, where the system is in a convective regime below T∗
m and an advective regime above T∗

m
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(q1 + q2)∕2 > T∗
moist, the system is in an advective regime,

with the rate of advection out of the upper layer dominat-
ing over the rate of convection from the lower to the upper
layer. Otherwise, when (q1 + q2)∕2 < T∗

moist, the system is
in a convective regime, with the rate of convection domi-
nating over the rate of advection. Here, T∗

moist ≈ 5.5 days.
We suggest that the transition between the two regimes

may be a criterion for the establishment of a stable mon-
soon system. In the pre-onset period, where Tmoist is
high, moist convective events that lead to a drying of
the atmosphere cannot be sustained. Once Tmoist < T∗

moist
(convective regime), convective events act to moisten the
atmospheric column and are likely to be maintained. Fur-
ther details regarding the calculation of T∗

moist are given in
Section 3.3.

The subplots for q2 and F in Figure 5b follow the same
pattern as for Figure 5a, with both quantities increasing
linearly with decreasing Tmoist and Tconv. The contours for
the lower layer, q1, in Figure 5b are arranged in a radiat-
ing pattern. A longer convective timescale, Tconv, meaning
a slower rate of moisture being transported to the upper
layer, allows more moisture to accumulate in the lower
layer. In contrast, a longer replenishment timescale, Tmoist,
leads to a reduction in moisture in the lower layer as the
rate of moisture inflow is reduced. For very small Tmoist,
Tconv (black segment in contour plot), the behaviour for
xL ≫ Lmon, as in Figure 5a, is recovered.

3.3 Quantifying advective
and convective regimes

T∗
moist is interpreted as the threshold between two regimes.

Below T∗
moist, convection dominates over advection, with

higher convective activity leading to moisture gain in the
system. Above T∗

moist, upper-level advection dominates,
with higher convective activity being linked with moisture
loss. Shifts in regime in the model represent periods of
increased/decreased moisture inflow to the Indian mon-
soon system. For example, a strengthening of the Somali
Jet would increase the moisture inflow from the Arabian
Sea (decreasing Tmoist), thereby shifting below T∗

moist and
being in a convection-dominant regime.

To derive an expression for the threshold T∗
moist

(Equation 18), we take the derivative of the domain-
averaged total moisture with respect to the convective
timescale, 𝜕(q1+q2)

𝜕Tconv
, at Tconv = 0. A nondimensional parame-

ter,𝜙, is introduced to simplify the calculation. We find the
value of 𝜙 using the Newton–Raphson iteration method:

T∗
moist =

xL

u2𝜙
, where 𝜙 ≃ 1.256. (18)

From Equation 18, we can see that T∗
moist scales with the

upper-level advection, u2, for a given domain size, xL. This
is shown visually in Figure 6. When the upper-level advec-
tion is roughly halved (Figure 6a), the threshold T∗

moist is
approximately doubled, effectively increasing the area that
the convection-dominant regime occupies. This is reversed
in Figure 6b, with doubling u2 giving a halved T∗

moist.
Increasing the upper-level advection gives an increased
area of the advection-dominant regime. To summarise,
given a domain size of xL = 3,000 km and values for the
upper-level advection, u2, we calculate T∗

moist:

• with u2 = 2 m⋅s−1, T∗
moist ≃ 14 days,

• with u2 = 5 m⋅s−1, T∗
moist ≃ 5.5 days,

• with u2 = 10 m⋅s−1, T∗
moist ≃ 3 days.

(a) (b)

F I G U R E 6 Sensitivity of domain-averaged total moisture q1 + q2 to varying convective and moisture replenishment timescales, Tconv

and Tmoist: (a) u2 = 2 m⋅s−1 and (b) u2 = 10 m⋅s−1. Domain 0 < x < 3,000 km, with qe = 1 and Φ = 1. The dashed white line denotes the
threshold T∗

m, where the system is in a convective regime below T∗
m and an advective regime above T∗

m
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4 NUMERICAL SOLUTIONS
The system of Equations 3a,3b is regarded as a model of
monsoon onset, where the onset is modelled as a thresh-
old of total moisture, q1 + q2. We solve Equations 3a,3b
numerically with Φ = 1 and qe = 1, varying the rates of
moisture inflow (Tmoist) and advection (u2) in turn, to
isolate the effect of each parameter on the speed and pro-
gression of the monsoon onset. The two experiments are
initialised in an equilibrium state representing pre-onset
conditions using Equations 8a,8b, with parameters Tmoist,
Tconv, and u2, and monsoon length-scale Lmon. After
initialisation, the system is now described in term of
parameters T̃conv, T̃moist, and ũ2, with associated mon-
soon length-scale L̃mon. The initial onset speed and time
of adjustment from one equilibrium (pre-onset) to a new
equilibrium (full monsoon) can be diagnosed numerically
(Section 4.1), as well as analytically (Sections 2.5 and 2.6).
The numerical results will be compared and contrasted
with the analytical theory.

To solve Equations 3a,3b withΦ = 1 and qe = 1 numer-
ically, a fourth-order accuracy Runge–Kutta scheme is
used to step the quantities q2 and q1 in time. An equispaced
finite-difference grid of second-order accuracy is used to
approximate the first spatial derivative 𝜕∕𝜕x. The grid in x
has 128 points and the code is run for 5,000 time steps with
an interval of 500 s.

The format of the figures showing the results of the
experiments is similar to Figure 5, with contoured subplots
for lower-layer moisture q1, flux F = (1∕Tconv) (q1 − q2)Φ
(whereΦ = 1), upper-layer moisture q2, and total moisture
(q1 + q2)∕2. Here, the total moisture has been halved and
the flux scaled, so that all subplots can use the same lev-
els and colour scale. The x-axis is the distance across India,
from northwest (x = 0 km) to southeast (x = 3,000 km)
India. The y-axis shows time (weeks). The experiments are
run for a sufficiently long time for a new equilibrium to
be reached—approximately 4 weeks. The Indian monsoon
usually takes 6 weeks to progress over all of India.

The definition of monsoon onset follows Section 2.4,
using a threshold of total moisture, (q1 + q2)∕2 = 0.5,
which is illustrated as a black contour in the follow-
ing figures. Once the total moisture reaches this 0.5
threshold (dimensional units of kg⋅m−2), ideally close to
x = 3,000 km (southeast India), it is regarded as mon-
soon onset. We expect to see the black contour travelling
towards x = 0 over time, showing the progression of mon-
soon onset from southeast to northwest India.

4.1 Diagnosing onset speed
and adjustment time numerically
A moisture-based integral method is used to diagnose the
time at which the system reaches a new equilibrium. The

integral (I(t) in Equation 19) is constructed to equal 1 at
t = 0, then decrease over time, tending to zero as t → ∞.
The integral is evaluated at each time step. The adjustment
time is taken as the time at which the value of the integral
drops below a particular threshold, say qthreshold. We inte-
grate over x̃′∗ − x′∗, where x′∗ is related to the initial location
of onset and x̃′∗ is related to the final location of onset. The
distance x̃′∗ − x′∗ is a 100 km wide strip, which encompasses
and tracks the onset contour. Taking a wider area is more
robust than using a single contour and allows for different
monsoon length-scales to be taken into account. qinitial(x)
and qfinal(x) refer to the total moisture in the initial and
final equilibrium states, known analytically, whilst q(x, t)
is the time-evolving total moisture, derived numerically.

Tadj ≡ t when I(t) < qthreshold, where

I(t) = 1
x̃′∗ − x′∗∫

x̃′∗

x′∗

|||| q(x, t) − qfinal(x)
qinitial(x) − qfinal(x)

|||| dx. (19)

Another method based on the location of the onset
contour (x∗) was also tested, using the expression (x∗ −
x∗final)∕(x∗initial − x∗final). However, using the location of a sin-
gle contour was deemed more sensitive and less robust
than the moisture-based integral method.

To diagnose the onset speed, we divide the adjust-
ment distance xadj (Equation 16, derived analytically from
the equilibrium solutions) by Tadj, which is determined
numerically following Equation 19. Note that a negative
value of onset speed is expected, indicating a direction
towards negative x, reflecting the real-world onset travel-
ling from southeast to northwest India.

5 EXPERIMENT I: INCREASING
THE RATE OF MOISTURE INFLOW

At pre-onset (early May), the low-level southwesterly
winds increase in speed and depth, bringing an influx
of moisture to southeast India, triggering monsoon onset
(June). In our model, the effect of increasing the monsoon
flux and the depth of monsoon flow can be tested sepa-
rately, gauging the response of the monsoon onset. The
depth of monsoon flow can be varied through the choice
of qe, which we do not consider here. The monsoon flux
is determined by the rate of replenishment, occurring on
timescale Tmoist. Decreasing Tmoist means a greater amount
of moisture inflow (higher monsoon flux) from more moist
low-level flow and/or increased surface evaporation. The
importance of lower tropospheric humidity, which dom-
inates total column water vapour (Holloway and Neelin,
2009; 2010), in convective onset has been well studied (e.g.,
Schiro and Neelin, 2019).
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T A B L E 1 Configuration of parameters for varying Tmoist

experiment

u2 (m⋅s−1) Tconv (days) Tmoist (days) ̃Tmoist (days)

5 7 7 3.5

5 2 2 1

5 1 7 3.5

Here, several different options for decreasing the
timescale of replenishment are investigated. All other
quantities, such as upper-level advection, u2, are kept con-
stant once the system has been initialised, with only the
timescale of replenishment, Tmoist, being varied to T̃moist.
The combination of timescale values to be tested, within
the range noted in Equation 6, is summarised in Table 1.
Firstly, initialising with convective (Tconv) and replen-
ishment timescales (Tmoist) of 7 days, the replenishment
timescale is then halved to T̃moist = 3.5 days. This effec-
tively doubles the moisture inflow to the system, which
would be expected to trigger monsoon onset and transition
to a full monsoon state. The choice of 7 days is at the higher
end of the range given in Equation 6 and corresponds to
an advective regime (Section 3.3), as Tmoist > T∗

moist. In this
scenario, we would expect a change from the advective
regime to the convective regime.

Next, timescales at the lower end of the range are
considered, corresponding to a convective regime. We ini-
tialise with Tconv = Tmoist = 2 days and reduce the replen-
ishment timescale to T̃moist = 1 day, remaining in a con-
vective regime. Finally, an asymmetric configuration is
investigated, with Tconv = 1 day and Tmoist = 7 days ini-
tially, then, as before, halving the replenishment timescale
to T̃moist = 3.5 days. If unequal values for the convective
and replenishment timescales are to be considered, then
it could be argued that the convective timescale should
be taken as shorter than the replenishment timescale. It
is dependent on the definition and/or measurement of
either timescale. For example, in our asymmetric case, the
replenishment timescale is taken to reflect changes to the
Somali Jet, which brings a large moisture influx over the
Arabian Sea. Variations in such a robust air current may
occur over timescales of a week or more. In contrast, the
convective timescale is chosen to represent shorter-lived
events, up to a day, such as formation of convective clouds.

5.1 Numerical results

Solving the system with parameters as per Table 1, for the
caseΦ = 1, qe = 1, gives rise to Figure 7. Most importantly,
each panel in Figure 7 shows a monsoon onset (black
line) defined on a moisture threshold of (q1 + q2)∕2 = 0.5,

(a)

(b)

(c)

F I G U R E 7 Effect of doubling moisture inflow by reducing
the relaxation timescale from Tmoist to T̃moist, on lower-layer
moisture q1, upper-layer moisture q2, flux F, and total moisture
q1 + q2, using Equations 3a,3b, with Φ = 1, qe = 1, and
u2 = 5 m⋅s−1, from initial conditions (Equations 8a,8b). (a) Tconv=7
days, Tmoist=7 days, and T̃moist=3.5 days. (b) Tconv=2 days, Tmoist=2
days, and T̃moist=1 day. (c) Tconv=1 day, Tmoist=7 days, and
T̃moist=3.5 days. Dashed white lines indicate initial (Lmon) and final
(L̃mon) monsoon length-scales. The black contour at
(q1 + q2)∕2 = 0.5 indicates the monsoon onset “front”
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which travels from southeast to northwest (i.e. in decreas-
ing x direction) India, against a northwesterly wind of
5 m⋅s−1 in the upper layer.

The lower-layer moisture, q1, behaves similarly for all
cases, with increasing moisture content over time until
the new equilibrium is reached. This is to be expected,
given that the parameter being varied, Tmoist, represents
the moisture flow or monsoon flux into the system, which
is being increased. The lower-layer moisture is greatest
towards southeast India (x = 1), reflecting the real-world
monsoon system. The adjustment time and distance are
both smaller at low x and larger at high x, increasing
proportionally so that the onset speed remains constant.
When the initial replenishment timescale, Tmoist, is shorter
(Figure 7b), the lower-layer moisture adjusts faster and
over a shorter distance.

The flux, F, increases rapidly at first, responding to the
sudden variation of Tmoist, then decreases over time as a
new steady state is reached, and the difference in mois-
ture content between the layers remains constant. This
pattern is easier to see in Figure 7a, as the initial increase
is very fast in Figures 7b,c. Physically, the sudden increase
in moisture could correspond to a short, intense, rainfall
event. The flux is greatest towards small x values, where
q1 − q2 is greatest, due to the lateral boundary condition
on the upper layer (q2 = 0 at x = 0).

The upper-layer moisture evolution, q2, looks approxi-
mately like the lower layer, moistening over time to reach
the new equilibrium state and increasing in moisture con-
tent with increasing x. Close to x = 0, the upper layer is
kept dry by the boundary constraint, representing the dry
mid–upper level flow from the northwest. For Figure 7a,
the upper layer is significantly less moist than the lower
layer, due to the longer convective timescale (Tconv = 7
days), meaning that less moisture is transported from the
lower to the upper layer. Note that there is also advection
in the upper layer, acting to remove moisture out of the
domain at the southeastern edge.

The total moisture, (q1 + q2)∕2, follows the lower and
upper-layer moisture, increasing with t and x. The mon-
soon length-scales, Lmon1 and Lmon2 , illustrate the distance
the contours travel in order to move from one equilib-
rium to a new equilibrium. The black contour, delineating
monsoon onset, begins in the range x = 2,000–3,000 km
for Figure 7a,c, which is approximately southeast India.
For these parameter choices, the adjustment time between
equilibria, representing the time taken for the onset to
progress over India, is approximately a week. Although
this is considerably faster than the observed monsoon
onset, which takes about 6 weeks to progress over India,
we interpret the timescale of the monsoon in our model
as a response to a change in forcing, rather than rep-
resenting the entire timescale of monsoon onset. The

real-world monsoon onset progresses in a series of stages
(Volonté et al., 2020), with bursts of synoptic activity as
a response to step changes in forcing. Additionally, the
onset in the model travels around 1,000 km, compared
with 3,000 km (distance over India). For Figure 7b, the
onset contour starts at x = 1,000–2,000 km, which is fur-
ther northwest than the observed monsoon onset. The
monsoon length-scales are also shorter and closer together
here, when Tconv and Tmoist are of order 1–2 days. The
adjustment time (2–3 days) and distance (<500 km) for
Tconv = Tmoist = 2 days is much smaller than for the other
cases or the observed monsoon.

Empirically, it seems that the onset speed (𝜈), that
is, the average speed of progression between the initial
equilibrium and the new equilibrium, remains approxi-
mately independent of x for a given set of parameters. The
distance and time of adjustment, xadj and Tadj, between
the states of equilibrium increase proportionally when
contours towards the southeast, at higher x values, are
considered.

To quantify monsoon onset, we diagnose the adjust-
ment time, Tadj, and onset speed, 𝜈, following Equation 19,
with qthreshold = 0.3 (i.e. 70%). The system is somewhat
sensitive to the choice of qthreshold, with different thresh-
old values scaling the numerical results by a constant
factor. Figure 8 shows the convergence of Equation 19
with time in weeks. The time needed for the system to
adjust to the new equilibrium is the point at which the
curves cross the threshold line, qthreshold. The cases where
Tconv and Tmoist are longer, of order 7 days, take longer
to converge and thus give longer adjustment times, irre-
spective of T̃moist. The quickest to converge is Tconv = Tmoist
= 2 days.

5.2 Application of analytical theory

Calculating the speed of onset 𝜈 from Equation 14, with
T̃conv = Tconv and ũ2 = u2:

𝜈 = −u2 (Tconv + Tmoist)
(Tconv + 2Tmoist)

(
Tmoist

T̃moist
− 1

)
,

for T̃moist ≠ Tmoist. (20)

If T̃moist < Tmoist, as in these experiments, then 𝜈 < 0,
corresponding to contours moving to the left (i.e., towards
northwest India), as expected. The distance travelled by
contours from an initial to a new equilibrium, xadj, from
Equation 16, is

xadj = −u2
(

Tconv + T̃moist
)

ln
(

Tconv + T̃moist

Tconv + 2T̃moist

)
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F I G U R E 8 Convergence of moisture-based integral I(t)
(Equation 19) against time, t, for moisture replenishment timescale
varying from Tmoist to T̃moist. Φ = 1, qe = 1, and u2 = 5 m⋅s−1.
Adjustment time Tadj is the time t at which the value of the integral
(y-axis) drops below the threshold, qthreshold.

+ u2 (Tconv + Tmoist) ln
(

Tconv + Tmoist

Tconv + 2Tmoist

)
. (21)

Similarly, the adjustment time, Tadj, from Equation 17,
is

Tadj = T̃moist

(
Tconv + 2Tmoist

Tmoist − T̃moist

){(
Tconv + T̃moist

Tconv + Tmoist

)
× ln

(
Tconv + T̃moist

Tconv + 2T̃moist

)
− ln

(
Tconv + Tmoist

Tconv + 2Tmoist

)}
.

(22)

Note that this adjustment time is independent of the
upper-level wind speed, u2. The contour speed (𝜈) and
adjustment length (xadj) are both proportional to u2, but
this dependence cancels out when calculating the adjust-
ment timescale, Tadj. For particular cases, Equation 22 can
be simplified further. For instance, if an asymmetric case
where Tconv ≪ Tmoist is considered, then

Tadj = 2T̃moist ln 2 ≃ 1.4 T̃moist, for
Tconv ≪ Tmoist and Tconv ≪ T̃moist. (23)

5.3 Comparison

Figure 9 shows the results of applying the analytical the-
ory and using numerical techniques to determine the
adjustment time, Tadj (Figure 9a), and the onset speed, 𝜈
(Figure 9b), against T̃moist. Equations 20 and 22 are used
to determine the onset speed, 𝜈, and the adjustment time,
Tadj, analytically, whilst Equation 19 is used for the numer-
ical results.

(a)

(b)

F I G U R E 9 Comparing the numerical and analytical
derivation of (a) adjustment time, Tadj, and (b) onset speed, 𝜈, for
varying timescales of moisture replenishment, T̃moist. Φ = 1, qe = 1,
and u2 = 5 m⋅s−1

Firstly, considering the adjustment time, it can be seen
in Figure 9a that Tadj is (approximately) linearly related to
T̃moist, such that Tadj ∝ T̃moist. This suggests that a higher
rate of moisture inflow, that is, a smaller T̃moist, corre-
sponds to a faster adjustment time (Tadj). In the asymmet-
ric case (with Tconv = 1, Tmoist = 7), this is in agreement
with Equation 23. The derived expression estimating Tadj
from analytical theory (Equation 22) agrees well with the
numerical results. This gives confidence in our under-
standing of the system. The adjustment times for each of
the parameter combinations are all below 8 days, com-
pared with the observed monsoon, which takes 6 weeks
to transition from first onset to the full monsoon. We sug-
gest interpreting Tadj as an adjustment time of the system
to changes in the dynamic and thermodynamic forcing.
For example, the monsoon system can respond to small
differences in the circulation pattern or higher moisture
input following a rainfall event (i.e., changing T̃moist), on a
timescale of several days to a week.

Secondly, looking at Figure 9b, the onset speed is close
to zero when T̃moist → Tmoist and increases when T̃moist
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decreases. Note that the negative value of onset speed is
indicating the direction, from southeast to northwest India
(i.e. decreasing x direction). The rate of increase in speed
becomes greater towards T̃moist = 1 day. This is particularly
evident in the analytical theory. Considering the analytical
expression for onset speed, Equation 20, it can be seen that
𝜈 → 0 as T̃moist → Tmoist, and 𝜈 → −∞ as T̃moist → 0. The
numerical results mostly agree with the analytical results,
except in terms of onset speeds where T̃ < 1 day. In terms
of the real-world monsoon, speeds of <5 m⋅s−1 are more
rational, indicating that timescales of Tmoist = 7 days and
T̃moist = 3–4 days are more representative.

We conclude that the analytical expressions for
onset speed, 𝜈 (Equation 20), and adjustment timescale,
Tadj (Equation 22), are useful predictors of the actual
behaviour.

6 EXPERIMENT II: VARYING
UPPER-LEVEL ADVECTION

Here, the role that the dry intrusion from northwest India
plays in moderating the onset of the monsoon is investi-
gated. These dry intrusions can slow the progress of mon-
soon onset, leading to monsoon breaks and potentially
drought (Bhat, 2007; Krishnamurti et al., 2010; Parker
et al., 2016). Conversely, a weakening dry intrusion would
allow the monsoon onset to propagate to the northwest at
a greater speed. Using our model, the effect a dry intru-
sion has on the monsoon onset can be tested by varying the
upper-level advection, u2, to ũ2. Table 2 summarises the
parameter configurations that will be investigated. Firstly,
the system will be initialised with Tconv = Tmoist = 7 days
and u2 = 5 m⋅s−1, then the strength of the upper-level
advection will be increased to ũ2 = 7.5 m⋅s−1, indicating a
strengthening dry intrusion. The second configuration is
similar, but the upper-level advection is halved. Finally, a
reduction of the upper-level wind speed is considered, in
an asymmetric case, with Tconv = 1 day and Tmoist = 7 days.

6.1 Numerical results

The system is solved with parameters as per Table 2.
Figure 10 shows the results. An onset propagating from

T A B L E 2 Configuration of parameters for varying u2

experiment

Tconv (days) Tmoist (days) u2 (m⋅s−1) ũ2 (m⋅s−1)

7 7 5 7.5

7 7 5 2.5

1 7 5 2.5

(a)

(b)

(c)

F I G U R E 10 Effect of varying upper-level advection from u2

to ũ2 on lower-layer moisture q1, upper-layer moisture q2, flux F, and
total moisture q1 + q2, using Equations 3a,3b, with Φ = 1 and qe = 1,
from initial conditions (Equations 8a,8b). (a) Tconv=7 days, Tmoist=7
days, u2=5 m⋅s−1, and ũ2=7.5 m⋅s−1. (b) Tconv=7 days, Tmoist=7 days,
u2=5 m⋅s−1, and ũ2=2.5 m⋅s−1. (c) Tconv=1 day, Tmoist=7 days,
u2=5 m⋅s−1, and ũ2=2.5 m⋅s−1. Dashed white lines indicate initial
(Lmon) and final (L̃mon) monsoon length-scale. The black contour at
(q1 + q2)∕2 = 0.5, indicates the monsoon onset “front”
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southeast to northwest is shown by the black contour
when the upper-level advection is decreased, for example,
in Figures 10b,c.

However, when the upper-level advection is increased,
for example, in Figure 10a, a front travelling in the reverse
direction (i.e., northwest to southeast) is observed. This
highlights the role that dry intrusions can play in halting
the progress of the Indian monsoon, potentially leading to
monsoon breaks (Bhat, 2007; Krishnamurti et al., 2010).

Considering Figure 10a, it can be seen that the
lower and upper moisture, and hence the total mois-
ture, decreases over time until a new equilibrium state
is reached. It is particularly evident in q2. This is not
surprising, as the strong upper-level advection acts to
remove moisture at the southeastern edge of the domain.
In both the upper and lower layer, there is a moisture
gradient from northwest to southeast, with moisture con-
tent increasing with increasing x. The flux increases at
a reasonably fast rate initially. This is in response to the
reduction of moisture in the upper layer as advection
strengthens. Then, the flux decreases more gradually to its
steady-state value. For the total moisture subplot, a reverse
onset is observed, with the total moisture decreasing, as
upper-level advection is dominant over the timescale of
moisture inflow or convection. The monsoon length-scale,
Lmon, increases.

For the cases with a southeast to northwest propagating
onset, Figure 10b,c, the lower, upper, and total moisture
contents all increase at a similar rate over time. Weaken-
ing of the upper-level winds allows moisture to accumulate
in the layers. The adjustment time and distance, based
on the black contour, from the initial to the new equi-
librium are similar for these cases, taking 1–2 weeks to
progress about 1,000 km. Moreover, the adjustment time
and distance for Figure 10a seems comparable to that of
Figure 10b, albeit in the opposing direction. The system
adjusts faster and the onset travels a shorter distance than
the observed monsoon. The upper-level moisture, q2, is
zero at the northwest limit, due to the boundary condi-
tion. When Tconv = Tmoist = 7 days, the low-level moisture
is fairly high at low x. For Figure 10b,c, the flux for x >

3,000 km decreases over time. At lower x values, the con-
tours for the flux decrease below the new equilibrium
value, then increase slightly.

Applying the convergence test (Equation 19), with
qthreshold = 0.1, the adjustment time and onset speed can be
determined. The results of this test are shown in Figure 11.
Note that several other combinations of parameters have
been included, compared with Table 2. The shortest adjust-
ment times and fastest convergence are seen with Tconv =
Tmoist = 2 days. However, the choice of ũ2 has a significant
impact here, with ũ2 = 10 m⋅s−1 converging much faster
than ũ2 = 2 m⋅s−1.

F I G U R E 11 Convergence of moisture-based integral I(t)
(Equation 19) against time, t, for varying upper-level wind speed
from u2 to ũ2. Φ = 1 and qe = 1. Adjustment time Tadj is the time t
at which the value of the integral (y-axis) drops below the threshold,
qthreshold

6.2 Application of analytical theory

The speed of onset 𝜈, on varying the upper-level wind
speed from u2 to ũ2, is determined from Equation 14:

𝜈 = (Tconv + Tmoist)
(Tconv + 2Tmoist)

(ũ2 − u2) , for ũ2 ≠ u2. (24)

The distance travelled by contours from an initial to a
new equilibrium, xadj, from Equation 16, is

xadj = (ũ2 − u2) (Tconv + Tmoist) ln
(

Tconv + 2Tmoist

Tconv + Tmoist

)
.

(25)
Thus, the adjustment time, from Equation 17, is given

by

Tadj = (Tconv + 2Tmoist) ln
(

Tconv + 2Tmoist

Tconv + Tmoist

)
. (26)

Note that this adjustment time, for varying u2, is in fact
independent of u2 itself. For this experiment, Tadj depends
only on the combination of the replenishment and convec-
tive timescales. Also, if the timescales of convection and
replenishment are of a similar magnitude, then

Tadj = 3Tmoist ln
(3

2

)
≃ 1.2 Tmoist, for Tconv ∼ Tmoist.

(27)

6.3 Comparison

The results of determining the adjustment time, Tadj,
and onset speed, 𝜈, numerically, compared with the
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analytic derivation, are shown in Figure 12 against vary-
ing upper-level wind speed, ũ2. Numerical quantities are
determined using Equation 19. Equations 24 and 26 are
used to find the adjustment time and onset speed following
the analytical theory.

The analytical theory (Equation 26) gives the adjust-
ment time, Tadj, independently of the upper-level advec-
tion, u2, ũ2, which can be seen in Figure 12a. The numer-
ically derived adjustment time, however, is not indepen-
dent of the upper-level wind speed, ũ2. We see that the
numerically derived adjustment time increases nonlin-
early as the upper-level wind speed is decreased. Thus,
for ũ2 ≥ 6 m⋅s−1, the numerical and analytical adjustment
times agree reasonably well, but for ũ2 < 6 m⋅s−1, they
diverge. In the numerical case, as ũ2 → 0 m⋅s−1, Tadj →
∞, meaning that the system takes increasingly longer
to respond as the upper-level advection is reduced. For
the analytical results and the numerical results for ũ2 ≥
6 m⋅s−1, the adjustment time is approximately 1.2Tmoist,

(a)

(b)

F I G U R E 12 Comparing the numerical and analytical
derivation of (a) adjustment time, Tadj, and (b) onset speed, 𝜈, for
varying upper-level wind speed, ũ2. Φ = 1, qe = 1, and u2 = 5 m⋅s−1

when Tconv ∼ Tmoist (following Equation 27). Generally,
the system responds on a faster timescale to changes in
the thermodynamic forcing (T̃moist) than to changes in the
dynamic forcing (ũ2).

In terms of onset speed, 𝜈, there is an approximately
linear relationship between 𝜈 and the upper-level wind
speed, ũ2 (Figure 12b). Larger deviations from the initial
upper-level wind speed, u2 = 5 m⋅s−1, correspond to faster
onset speeds, as implied by Equation 24. When ũ2 > u2, the
onset speed is positive, indicating a direction of travel from
northwest to southeast (monsoon retreat), and when ũ2 <

u2, the onset speed is negative, indicating a direction of
travel from southeast to northwest (monsoon onset). There
is good agreement between numerically and analytically
derived onset speeds, except at low ũ2 (< 3 m⋅s−1). Fur-
thermore, the calculated onset speeds are representative of
the onset speed of the real-world monsoon. We highlight
the importance of upper-level advection in moderating the
progress of the monsoon onset.

7 CONCLUSIONS

A two-layer model of the atmosphere based on moisture
conservation was introduced, describing a vertical transect
running from northwest to southeast India (x-direction),
along which the monsoon onset can propagate. The
(reduced) two-layer model consists of a pair of coupled
partial differential equations that describe the evolution
of the lower- and upper-layer column-integrated moisture
contents, q1(x, t) and q2(x, t). The simplicity of the model
allows the relative roles of convection, low-level moisture
replenishment, and upper-layer advection to be evaluated
explicitly in the context of monsoon onset. This is a novel
approach for studying and quantifying the effect of these
key physical processes on the onset and progression of the
Indian monsoon.

In the lower layer, the evolution of moisture, q1(x, t),
is determined by the horizontal wind field, including
low-level moist inflow from the Arabian Sea, evaporation
from the surface, and loss of moisture to the upper layer
through a (parameterised) vertical convective flux. The
process of low-level inflow is parameterised as a relax-
ation of the lower layer to a prescribed profile qe(x), where
qe(x) is interpreted as an equilibrium state in the absence
of convection. The relaxation occurs on a timescale Tmoist.
The vertical convective flux is parameterised as a down-
gradient flux: F = (q1 − q2)Φ(q1, q2)∕Tconv, where Φ is
a nondimensional function representing cloud activity
and Tconv is the timescale for convection. Values for the
timescales Tmoist, Tconv are explored, in the range 1/2–7
days. The upper-layer moisture content, q2(x, t), is affected
by the horizontal wind field, primarily northwesterly dry
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advection (u2), the rate of convection, and the frequency of
precipitation. At the northwestern boundary of the tran-
sect (where x = 0), a completely dry inflow was imposed,
so that q2(x = 0, t) = 0.

Analytical solutions can be derived for the steady-state
two-layer model. This allows the limiting behaviour of
layer moisture (q1, q2) to be described on short and long
timescales (Tconv, Tmoist), as well as at short and long dis-
tances (x). From these equilibrium solutions, a natural
monsoon length-scale (Lmon) emerges as a combination of
the timescales and upper-layer wind speeds, so that Lmon =
u2 (Tconv + Tmoist). On exploring the variation of layer
moisture (q1, q2) with distance (x), we find that solutions
scale with x∕Lmon. The upper-layer moisture, q2, exhibits
universal behaviour on scaling with x∕Lmon, for all choices
of timescales Tconv, Tmoist. We also see universal behaviour
for the lower layer (q1) and total moisture (q1 + q2) when
scaled by x∕Lmon, but only in the case where Tconv = Tmoist.

We considered the sensitivity of the system at equi-
librium to the moisture replenishment and convective
timescales, Tmoist and Tconv. We find that the system is
more sensitive to the choice of Tmoist, which represents
the low-level physics (advection and evaporation), than
the convective physics Tconv. The importance of Tmoist in
determining the lower-layer moisture content, q1, is also
highlighted. Two regimes for the steady-state total mois-
ture (q1 + q2), domain-averaged over India (∼ 3,000 km),
have been identified. When the total moisture is below a
threshold T∗

moist, it is in a convective regime, with the rate
of convection dominating over the rate of advection out
of the upper layer. Otherwise, when q1 + q2 > T∗

moist, it is
in an advective regime. The threshold T∗, which can be
derived, is inversely proportional to the upper-level wind
speed, u2, for a given domain size. For a domain represent-
ing a north–south transect across India (3,000 km) and an
upper-level wind speed u2 = 5 m⋅s−1, we have T∗

moist ≃ 5.5
days.

Using the reduced two-layer model, experiments are
conducted to investigate the effect of varying parameters
on the propagation of the monsoon onset. Experiments
are initialised in an equilibrium state with Tconv, Tmoist, u2,
and monsoon length-scale Lmon, then we vary the mois-
ture replenishment timescale to T̃moist and the upper-level
advection to ũ2 in turn, until the system adjusts to a new
equilibrium state, with a new monsoon length-scale L̃mon.
Changing each of these parameters induces monsoon
onset, which we define as a threshold of total moisture—a
proxy for total column water. For an onset propagating
from southeast to northwest India, Lmon > L̃mon.

Experiments with the reduced two-layer model
demonstrate that doubling the rate of low-level moisture
flux (by halving Tmoist) produces a monsoon onset that
propagates from southeast to northwest India. Decreasing

the upper-layer advection (u2) allows the monsoon onset
to progress at a faster speed to the northwest, whilst
increasing the upper-layer advection can result in a mon-
soon retreat, where the onset front travels in the reverse
direction (i.e., to the southeast). This is representative of
northwesterly dry intrusions, which are linked with active
and break phases during the monsoon as they strengthen
or weaken.

Although analytical solutions are not easily derived
for the time-evolving system, a combination of alternative
methods, including small-time solutions, scaling argu-
ments, and numerical solutions, allows the nature of the
onset transition to be understood. These have enabled
expressions for the initial speed (𝜈) of the onset contour
and an adjustment timescale (Tadj) to be derived. We com-
pare expressions derived analytically and numerically,
finding that our theoretical understanding agrees well
with the numerically derived solutions. The timescale of
adjustment (Tadj) is the time taken for the system to tran-
sition from one equilibrium (pre-onset) to a new equilib-
rium (full monsoon). The reduced two-layer model takes
1–2 weeks to adjust to a new equilibrium, compared with
the observed monsoon onset, which takes approximately 6
weeks to travel from southeast to northwest India. In terms
of the real-world monsoon, Tadj can be interpreted as the
time taken for the monsoon system to adjust to changes in
the dynamic and thermodynamic forcing. These changes
in forcing occur over time and are linked to bursts of synop-
tic activity. What we study here is not the whole onset, but
the processes of response to changes in forcing. Variations
in the large-scale circulation or a higher rate of evapora-
tion following a rainfall event can affect the upper-level
advection (u2) and moisture inflow (Tmoist) on a timescale
of several days to a week. The calculated onset speeds are
generally < 5 m⋅s−1, comparable to observed speeds.

It is interesting to note that, for the experiments
increasing low-level inflow (Tmoist to T̃moist) and varying
upper-layer advection (u2 to ũ2), the analytically derived
adjustment timescale (Tadj) depends only on the combina-
tion of the replenishment and convective timescales, and
not on the initial upper-layer wind speed u2.

The reduced two-layer model represents an Eulerian
view of the evolution of key processes—low-level moist
inflow, upper-level advection, and convection—along
a vertical cross-section extending from northwest to
southeast India. Each of these experiments, varying the
processes noted above, reflects changes observed over
India around the time of onset, May–June. Changing each
of the key parameters causes the system to transition from
one equilibrium (pre-onset) to a new equilibrium (full
monsoon). Considering the small-time solutions and using
scaling arguments, explicit expressions for the onset speed
and time of adjustment between equilibria can be derived.
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This means the relative importance of each parameter can
be assessed. It is found that the adjustment timescale for
varying the upper-level advection is in fact independent
of the upper-level advection, and that the system is more
sensitive to changes in the low-level moisture inflow than
the rate of convection. We can also interpret the model in
a Lagrangian sense, to explain the shape of the isochrones
in Figure 1 around the west coast. Moving from offshore
to inland, the moisture replenishment timescale (Tmoist)
increases, with the reduced moisture availability causing
the monsoon onset to retreat to the southeast (e.g., June
10 isochrone in Figure 1).

Further work would involve validating the reduced
two-layer model against a numerical weather prediction
model, such as the Weather Research and Forecasting
(WRF) model (as in Recchia, 2020). Questions are raised
on how to derive equivalent parameters, such as a con-
vective timescale, from a numerical weather prediction
model. The two-layer model could also be adapted to
investigate other global monsoons, including the West
African monsoon.
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