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Abstract

Asian monsoon rainfall impacts one third of the global population and predicting its variability and future change is of clear
importance. However, the dynamics of even the climatological monsoon are not fully understood; seemingly unconnected
behaviors and abrupt jumps in rainfall location occur in different regions through the year. Three independent subsystems
have traditionally been considered: the East Asian, South Asian, and Western North Pacific monsoons. These are generally
viewed as passive stationary-wave responses to insolation, but this picture cannot explain the abrupt jumps in rainfall location.
Using model simulations, reanalysis and observations, we show that the complex behavior of all three subsystems in fact results
from active propagation of the summertime ‘stationary’ wave. A continent-scale cyclone first expands northwestwards and then
propagates eastwards via advective and evaporative feedbacks. We propose that the monsoon’s response to forcings may be

understood by considering how this wave interacts with the background state.
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Key Points:

+ Idealized model simulations indicate that the Asian monsoon is not just a passive
response to insolation, but actively propagates eastward.

 Consistent behavior is observed in the JRA-55 reanalysis and CMAP observations,
explaining the regional characteristics of the monsoon.

 This suggests that monsoon change and variability may be understood as change
in how a propagating wave interacts with the background state.
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Abstract
Asian monsoon rainfall impacts one third of the global population and predicting its vari-
ability and future change is of clear importance. However, the dynamics of even the cli-

matological monsoon are not fully understood; seemingly unconnected behaviors and abrupt

jumps in rainfall location occur in different regions through the year. Three independent
subsystems have traditionally been considered: the East Asian, South Asian, and West-
ern North Pacific monsoons. These are generally viewed as passive stationary-wave re-
sponses to insolation, but this picture cannot explain the abrupt jumps in rainfall loca-
tion. Using model simulations, reanalysis and observations, we show that the complex
behavior of all three subsystems in fact results from active propagation of the summer-
time ‘stationary’ wave. A continent-scale cyclone first expands northwestwards and then
propagates eastwards via advective and evaporative feedbacks. We propose that the mon-
soon’s response to forcings may be understood by considering how this wave interacts
with the background state.

Plain Language Summary

Asian monsoon rainfall impacts one third of the global population and predicting
its year-to-year variations and future change is of clear importance. A first step towards
this goal is to fully understand the controls on the monsoon in the present climate. Each
summer, as the Asian continent warms, the prevailing winds abruptly reverse direction
from north-easterly to south-westerly, bringing warm, moist air over the land and caus-
ing the onset of the monsoon rains. However, rain does not arrive and end simultane-
ously across the continent. Instead, seemingly unconnected behaviors and abrupt jumps
in rainfall location occur in different regions through the year. Here, we use model sim-
ulations with simplified continents, alongside observations, to explore the processes re-
sponsible. The monsoon is generally seen as a passive response to the warming of the
summer hemisphere by insolation, but this cannot explain the abrupt jumps in rainfall
location. We show that the complex regional behavior in fact results from the active east-
ward propagation of the summertime circulation. This new picture of the Asian mon-
soons puts regional rainfall in the context of the larger-scale circulation, and may be use-
ful in guiding how we understand the monsoon’s response to global warming and vari-
ations in ocean temperature.

1 Introduction

The Asian monsoon rains arrive in multiple stages, developing first over the Bay
of Bengal, Indochina Peninsula, and South China Sea in mid-May, and then advancing
northwestward over India through June (Wang & LinHo, 2002; Bollasina & Ming, 2013;
Parker et al., 2016). Rain later extends abruptly eastward over the Western North Pa-
cific in mid-late July (Wu & Wang, 2001); the mechanism for the onset of this so-called
marine monsoon has long remained mysterious (Hsu et al., 2014). These differences in
monsoon behavior across the continent (e.g. Fig. 1a) have resulted in the separate study
of three distinct components to the Asian monsoon: the East Asian, South Asian and
Western North Pacific monsoons (Wang & LinHo, 2002). Interannual variability and pat-
terns of future change in these sub-monsoons are key foci of research, motivated by the
significant impacts on global food supply (Gadgil & Gadgil, 2006; Naylor et al., 2007;
Cui & Shoemaker, 2018). However, the interactions and basic climatological evolution
of these systems are still not well understood (Bollasina & Ming, 2013; Hsu et al., 2014;
Parker et al., 2016; Geen et al., 2020). Weak foundations limit our prospects for under-
standing the monsoons’ more complicated aspects and so for predicting their behavior
on both seasonal timescales and in future climates.

Observational data show how the monsoons evolve, but the wide range of processes
at work make it hard to identify mechanisms in these datasets. Idealized modeling com-
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plements the study of observations, allowing continents, orography and physical processes
to be added incrementally. Two idealized modeling approaches have commonly been used
to study the monsoons: aquaplanets (Earth-like planets with an entirely water-covered
surface), to explore controls on zonal-mean tropical rainfall location (Privé & Plumb,
2007) and its seasonality (Bordoni & Schneider, 2008, 2010; Geen et al., 2018, 2019); and
steady-state experiments with continents or localized forcing, to explore controls on the
seasonal-mean summertime stationary-wave pattern (Matsuno, 1966; Gill, 1980; Rod-
well & Hoskins, 2001; Shaw, 2014). However, a unified picture that accounts for both
zonal asymmetries and seasonal evolution is missing, leaving a wide gap in understand-
ing between theories that emerge from highly abstracted simulations and results based
on observations and comprehensive models.

Here we utilize reanalysis circulation and observational rainfall data and idealized
model simulations with simple continents to at last bridge this gap and provide a full
description of how the three-dimensional circulation interacts with moisture. Our find-
ings lead us to question the extent to which the Asian monsoons should be considered
separately, and to which the summertime circulation pattern can be described as a ‘sta-
tionary’ wave. Section 2 describes the simulations performed and datasets used. In Sec-
tion 3 we describe the progression of the monsoon across the continent in the observa-
tions and simulations. Interactions between the circulation and distribution of temper-
ature and humidity are discussed in Section 4. Section 5 explores the implications of our
results in the context of the literature.

2 Methods

2.1 Idealized model simulations

We use the Isca modelling framework (Vallis et al., 2018), which is based on the
GFDL spectral dynamical core, and includes a range of parametrisations for simulating
the atmospheres of Earth and other planets. The set-up used is similar to the Model of
an Idealized Moist Atmosphere (Jucker & Gerber, 2017). The model is configured with
the RRTM radiation scheme (Mlawer et al., 1997; Clough et al., 2005) and simple parametri-
sations of moist physics and convection (Frierson et al., 2006, 2007; O’Gorman & Schnei-
der, 2008). RRTM calculates radiative heating based on the local humidity and temper-
ature every 3600s of model time. As is common in idealized models, clouds are not in-
cluded in the parametrisations of radiation or moist processes. The insolation includes
a seasonal and diurnal cycle, with a solar constant of 1360Wm™2, an Earth-like oblig-
uity of 23.429° and a circular orbit. Simulations are run at T42 resolution, with 40 ver-
tical uneven sigma levels and a 720s time-step. Data is interpolated onto a pressure grid
at 50-hPa spacing during post-processing. A 360-day calendar is used, so that each model
month is 30 days and a year comprises 72 pentads. The model is spun-up for 10 years
and then run for a further 30 years. Data from this 30 year period are then used to pro-
duce a climatology.

Results from three simulations are presented. In the first, half-land, the entire East-
ern Hemisphere is prescribed as land, with a slab ocean with heat capacity equivalent
to a 2m mixed layer depth, and an albedo of 0.325. An evaporative resistance, « is used
to modify evaporation, F, as

E = ap.Clval(gs = 4a) (1)

where pq, |va| and g, are the density, horizontal wind speed, and specific humidity at

the lowest model level respectively. C' is the drag coefficient and ¢ is the saturation spe-
cific humidity at the surface temperature. Over ocean, « is set to 1 and there is no re-
sistance to evaporation; over land a = 0.7. Ocean is modelled with a 20m mixed layer
depth and an albedo of 0.25, with the high value compensating for the lack of clouds in
the model. In the second simulation, simple-Asia, land is further confined to the North-
ern Hemisphere, and an idealized Tibetan Plateau is introduced, with height, z, described
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by (Sauliere et al., 2012):

5 = 20676%(1/52)670'5(11152)2 (2)
61 = [(xz—wm0)cos(71) + (¥ — yo)sin(y1)]/Ls (3)
6o = [—(z —o)sin(y2) + (¥ — yo) cos(v2)]/ L2 (4)

where zg = 5700m, (zo,y0) = (130.,28.), 1 = —49.5°, vo = —18°, and L; = Lo =
12.5°. To reduce the effect of Gibbs ripples resulting from spectral truncation of the to-
pography, the smoothing of Lindberg and Broccoli (1996) is applied over both land and
ocean. This has the effect of slightly reducing the elevation, but the mountain height is
still sufficient to generate a similar impact on the circulation to that seen in reanalysis.
The last simulation, half-land-sn2, is configured as half-land, but with the orbital period
doubled, so that the seasonal cycle progresses at half the rate, and mixed layer depths
doubled, so that the amplitude of the SST seasonality remains similar. This allows pro-
cesses paced by dynamics to be distinguished from those paced by insolation.

Key elements lacking from our simulations are clouds and a more complex descrip-
tion of land hydrology. In spite of this, the experiments mimic the behavior seen in ob-
servations and reanalysis well (Figs. 1 and 2).

2.2 Reanalysis and observations

The Japanese 55-year Reanalysis (JRA-55; Kobayashi et al., 2015) dataset is used
for winds, specific humidity, temperature and geopotential height. For precipitation, the
CPC Merged Analysis of Precipitation (CMAP; P. Xie & Arkin, 1997) dataset is used,
due to the long record of daily data available. In both cases a climatology is evaluated
using years 1979-2016. Repeating our analysis of the precipitation using the GPCP dataset
(Huffman et al., 2001) for the years 1997-2015, confirmed the choice of dataset does not
influence our results (not shown).

3 Seasonal Progression of Monsoon Rain

Fig. 1a shows Northern Hemisphere monsoon onset timing. The different phases
of monsoon onset (Wang & LinHo, 2002) are apparent from the shading, with a band
of earlier rain across the Indochina Peninsula and up the coast, a delay before the rains
spread northwestward over India, and later onset over the Western North Pacific. The
detailed structure shown in Fig. la is complex, and might be assumed to be the prod-
uct of the configuration of the Asian continent and Indian Ocean basins. Fig. 1b shows
the onset map for the half-land simulation. Despite the lack of meridional asymmetry
or orography, we find that this simple configuration in fact reproduces much of the ob-
served onset structure. A band of earlier onset, oriented from south-west to north-east,
extends from the centre of the continent up to the eastern coastline. Precipitation ex-
pands first northwestward, and later eastward out over the ocean. In the simple-Asia sim-
ulation (Fig. 1c) these similarities are further amplified. The earliest arrival of precip-
itation is now in the areas to the south and east of the Plateau, mimicking the behav-
ior observed over the Bay of Bengal and South China respectively.

Maps of climatological-mean precipitation, and zonal wind and pressure anoma-
lies (Fig. 2) help in understanding the patterns in Fig. 1. As the continent warms in spring
in the half-land simulation, a planetary-scale low-pressure anomaly develops, with an as-
sociated cyclonic flow. This flow strengthens as the land-sea energetic contrast intensi-
fies. By pentad 38 tropical precipitation has moved north over the continent, with the
southwesterly flow generated near the east coast converging moisture into an intense rain-
band with a north-eastward extension over the ocean into the subtropics. From pentads
44-56, the region of most intense convection and, coupled to this, the monsoon cyclone
itself, travel eastward, displaying a wave-like behavior. The result is later monsoon on-
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Figure 1. Northern Hemisphere climatological monsoon onset pentad, defined as the pentad
at which rainfall exceeds the January mean by at least 5mm/day (Wang & LinHo, 2002), evalu-
ated using (a) CMAP data, (b) data from the half-land simulation, (c) data from the simple-Asia
simulation. Black contours show coastlines, and grey contours show 2 and 3km orography con-
tours. Note that in (c) land is confined to the Northern Hemisphere. White indicates areas where

the onset criteria is not reached.

set over the ocean to the east. Monsoon onset has been noted to occur rapidly compared
to the seasonal evolution of the insolation that drives it (Yin, 1949; S.-P. Xie & Saiki,
1999). To determine whether the wave propagation seen in Fig. 2 is paced by the solar
forcing or by dynamics, we compare the cyclone’s eastward propagation rate over the ocean
in half-land with the half-land-sn2 simulation, in which the year length is doubled so the
insolation evolves more slowly. The slowed forcing delays the development of the land-

sea contrast, and so the low-pressure anomaly. However, the mature monsoon gyre prop-
agates eastward at a similar rate in both simulations (Fig. S1). This suggests that the
summertime ‘stationary’ waves are not in fact stationary, nor simply governed by the
seasonal cycle, but instead self-propagate in part by coupling with convection.

The rightmost column of Fig. 2 shows equivalent maps based on observations and
reanalysis. Again, the low pressure centre and cyclonic flow intensify at the start of the
summer season, drawing precipitation northward off the Equator, and the cyclonic flow
and precipitation later extend eastward. Notable differences to half-land are the delay
in onset over India following the arrival of precipitation over South-East Asia, and the
slower, more limited eastward spread of the monsoon. Data from the simple-Asia sim-
ulation (middle column) suggest these differences relate to the influence of the Tibetan
Plateau on the circulation; mechanisms are explored below.

Overall, the simulations highlight that the spatial and temporal structure of mon-
soon onset is a consequence of how the large-scale cyclonic flow expands over the con-
tinent in summer, with the Tibetan Plateau influencing local characteristics. Timing and
intensity differ regionally, but the Asian monsoons are intrinsically connected.

Onset pentad
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Figure 2. Maps of precipitation (colors), and of 850-hPa wind (arrows) and sea level pressure
(grey contours) anomalies relative to the zonal mean. Black contours show the coastlines, and 2
and 3km orography contours. Left column shows data from half-land, centre column shows data
from simple-Asia, right column shows CMAP and JRA-55 data. Data are climatological means;

the pentads used are indicated by the panel titles.



179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

4 Circulation-Moisture Feedbacks

Monsoon flows involve complex interactions of the tropical overturning circulations
with moist processes and the land surface, so building a conceptual understanding of their
dynamics is challenging. Moist static energy (MSE), h, describes an air parcel’s poten-
tial energy and moist enthalpy:

h=cyT+ gz+ Lygy. (5)

Here, ¢, is the specific heat of air at constant pressure; T" is temperature; g the gravi-
tational constant; z geopotential height; L, is the latent heat of vaporisation of water
and g, is specific humidity. Theory developed in aquaplanets indicates that the subcloud
MSE distribution is strongly tied to the location of ascent in the Hadley circulation, if
two assumptions can be made. First, the zonal-mean overturning circulation is assumed
to conserve angular momentum, with extratropical eddies playing a negligible role. Sec-
ond, in the tropical atmosphere, convection is assumed to occur rapidly and, on aver-
age, maintain a moist adiabatic lapse rate. If these assumptions apply, the divide between
the two Hadley cells is colocated with the tropical maximum in subcloud MSE (Privé

& Plumb, 2007). When this maximum occurs away from the Equator, the strongest con-
vergence and rainfall lie nearby on its equatorward side. The first assumption has been
shown to be particularly relevant to monsoon circulations, which suppress extratropi-

cal eddy propagation to low latitudes (Schneider & Bordoni, 2008). The second assump-
tion, Convective Quasi-Equilibrium (CQE) (Betts, 1982; Emanuel, 1995), is observed in
the Asian monsoon region (Nie et al., 2010). If these ideas can be extended to Earth’s
local tropical overturning, then the MSE budget can be used not just to diagnose where
convection might occur, but to interpret how feedbacks with the circulation influence the
seasonal migration of the ITCZ (Bordoni & Schneider, 2008) and monsoon rain.

Although strictly it is the subcloud MSE that is connected to the distribution of
precipitation in the tropics (Privé & Plumb, 2007) because the tropical atmosphere is
close to CQE, the column-integrated MSE strongly reflects the low-level distribution (not
shown). The vertically-integrated MSE budget has the advantage of indicating how the
column is fed MSE by surface heat fluxes:

ey = _0h _0h _Oh —
rralie Fnet—{uax}—{vay}—{wap}—V~{hv} (6)
E = c¢,T+gz+ Lyq, (7)

Fnet LH + SH + Rtoa + Rsurf' (8)

Here, £ is the sum of internal, latent and potential energy and ¢, is the specific heat of
air at constant volume. u, v, and w are the zonal, meridional, and vertical wind speeds,
and v is the horizontal wind vector. Fj,e; is the net flux of energy from latent, LH, and
sensible, SH, heat fluxes, and radiative fluxes at the top of atmosphere, R;,,, and sur-
face, Rgyry (sign convention is that fluxes directed into the atmosphere are positive). Over-
bars indicate the local climatological pentad mean, and primes deviations from this. Curly
brackets indicate column-mass integrals: {X} = fo * Xdp/g, where p; is surface pres-

sure. Eq. 7 describes how the internal energy of a column of air is affected by the net
diabatic heat fluxes into the column, advection of MSE by the climatological mean flow,
and transient eddy fluxes of MSE. The lefthand columns of Figs. 3 and 4 show column
integrated MSE (shading) and precipitation (blue contours), confirming that the trop-

ical precipitation tends to lie just equatorward of the peak in column-integrated MSE,
even when zonal asymmetries are included. The contribution from eddies was found to

be comparatively small in magnitude and is not presented here.

The MSE budget of the half-land simulation (Fig. 3) shows how the cyclonic flow
over the continent advects warm, humid air and evaporates moisture, producing the wave-
like behavior seen in Fig. 2. In Fig. 3a (pentad 32) the meridional peak in MSE and the
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Figure 3. Maps of the column integrated MSE and the terms in the MSE budget (see Meth-

ods) for the half-land simulation. Black contours indicate the coastline. Blue contours in the
lefthand column show precipitation, with interval 5mm/day. The terms and pentads shown are

indicated by the column and row titles, respectively.
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ITCZ are still near the Equator. The land has warmed in the Northern Hemisphere and
a cross-equatorial circulation has begun to develop here, as indicated by the slight north-
ward displacement of the ITCZ. Over land, the net energy fluxes into the column (F,.t)
act to increase the MSE of the column further (Fig. 3b), while near the Equator, the merid-
ional circulation advects cooler, drier air up the MSE gradient, resulting in a net cool-
ing (Figs. 3d&e). The result is a northward advance of the MSE peak and ITCZ by pen-
tad 38 (Fig. 3f). These processes at work over the land are similar to those that have
been identified in aquaplanet simulations (Bordoni & Schneider, 2008). However, in con-
trast with the aquaplanet, the cyclonic monsoon flow forced by the warm land gener-

ates southwesterly wind anomalies over the coastline at ~ 20°N (Figs. 2a&d). These
advect MSE down-gradient, warming and moistening the air columns over the ocean at

~ 30°N, and extending the MSE maximum eastward (e.g. compare Figs. 3a,f&k). Ac-
companying this, the precipitation near the coastline migrates off the Equator, and the
low-pressure anomaly and monsoon cyclone extend eastward. Once the monsoon west-
erlies extend over the ocean, these generate enhanced evaporation (Fig. 31 and see Fig.
S2). This results in higher MSE over the ocean compared with the land. The westerlies
are now advecting lower MSE air up-gradient, resulting in cooling over the coastline (Fig.
3m). As a result, in this simulation a MSE peak detaches from the coastline and migrates
eastward through the remainder of the season.

Fig. 4 shows the MSE budget for the JRA-55 data, with CMAP precipitation over-
plotted in the lefthand column. Similar processes are seen to those identified in the ide-
alized simulation: MSE increases over land and the MSE maximum then propagates east-
ward via downgradient MSE advection and evaporation of moisture by the monsoon west-
erlies (Fig. S3). However, some key differences are also evident. MSE increases first over
the Indochina Peninsula and its westward spread is delayed. These effects appear to be
predominantly generated by the interaction of the Tibetan Plateau with the circulation,
with the MSE budget of the simple-Asia simulation, Fig. S4, showing similar behavior.
At the beginning of the season (e.g. pentads 22-28) the Plateau generates southward flow
on its Western side (Fig. 2c & f). This southward flow results in adiabatic descent, as

indicated by the positive contribution of the — {E%Z} term over India, Fig. 4e. This sug-
gests that the earlier onset over the Bay of Bengal compared with India is not simply
determined by enhanced moisture availability over the warm sea surface, but more by

the delay of monsoon onset to the west due to the interaction of the westerly jet and the
Tibetan Plateau.

The orography also influences the eastward propagation of the monsoon. In JRA-
55, the Tibetan Plateau induces a stronger pressure anomaly than is forced in half-land
(compare Figs 2a&b). In this simulation, the monsoon cyclone still expands eastward
(rightmost column of Fig. 2), but travels more slowly and does not fully detach from the
continent as seen in half-land for two reasons. First, the mechanical diversion of the wind
around the orography forces a fixed low pressure centre which anchors the monsoon cir-
culation. Second, the Indian ocean to the south retains heat for longer than the South-
ern Hemisphere land in the half-land simulation, so the MSE gradient reversal and ad-
vective cooling by the zonal flow seen in Figs. 3mé&r do not occur (Figs. 4mé&r and Figs
S4mé&er).

5 Discussion

Previous studies have considered the eastward progression of the monsoon as a pas-
sive response to delayed warming of the Western North Pacific SSTs (Wu & Wang, 2001;
Wu, 2002; Hsu et al., 2014). Our simulations suggest a new perspective, that the mon-
soon circulation is a low-level planetary-scale cyclone, which expands northwestward and
self-propagates eastward at a rate set by feedbacks from advection of MSE and wind-
induced evaporation rather than by the solar forcing (see Fig. S1), whilst modifying the
local Hadley and Walker circulations. Combined with interactions with the Tibetan Plateau,
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276 these feedbacks result in the zoo of regional behaviors that are observed over Asia through

o771 the summer season. These results allow us to paint a new, unified view of the Asian mon-
278 soons, combining two seemingly opposing viewpoints. Monsoons were long considered

279 as a large-scale sea breeze (Halley, 1686). In contrast, more recent theoretical work in

280 aquaplanets has highlighted the role of land as a low thermal inertia surface in the mon-
281 soon, with land-sea contrast deemed non-essential for some basic monsoon-like behav-

28 ior, such as the abrupt jumps in precipitation and changes in prevailing wind seen in the
263 South Asian monsoon (Bordoni & Schneider, 2008). Our findings here bring the focus

284 back onto land-sea contrast as an essential component of the large-scale Asian monsoon.
285 This convectively-coupled dynamical perspective provides a holistic explanation for
286 the northwestward propagation of the monsoon rains over India (Bollasina & Ming, 2013;
287 Parker et al., 2016) and the formation of the marine monsoon over the Western North

288 Pacific (Wu & Wang, 2001). The understanding of the mechanisms governing the cli-

289 matological Asian monsoon developed here provides a framework for explaining its pat-
200 terns of variability and change: by altering the prevailing wind and temperature patterns,
201 modes such as ENSO, or forcings from CO, and aerosols, will alter how the monsoon

200 wave propagates throughout the season. In addition, we note that southwest-northeast

203 bands of earlier onset are also seen around North America and over Africa, although more
20 limited in extent (Fig. 2). Our half-land simulation is not specific to Asia, and it is likely
295 that similar processes are important in other monsoon systems, providing a fundamen-

206 tal picture of a ‘generic monsoon’. Last, of broader relevance, our results highlight a need
207 to step beyond seasonal means when studying the large-scale circulation.
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Figure S1.  Hovmoller plots at 18.14°N, showing propagation of the monsoon wave in (a)
half-land and (b) half-land-sn2. The solid lines have the same gradient in both plots, i.e. show

the same rate of propagation, while the dashed line in (b) shows a propagation rate half that of

the solid line.
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for fluxes directed into the atmosphere.
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Figure S3. As Figure S2 but for the JRA-55 reanalysis dataset.
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