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Abstract. Monsoon systems around the world are governed
by the so-called moisture-advection feedback. Here we show
that, in a minimal conceptual model, this feedback implies
a critical threshold with respect to the atmospheric specific
humidity qo over the ocean adjacent to the monsoon region.
If qo falls short of this critical valueqc

o, monsoon rainfall
over land cannot be sustained. Such a case could occur if
evaporation from the ocean was reduced, e.g. due to low sea
surface temperatures. Within the restrictions of the concep-
tual model, we estimateqc

o from present-day reanalysis data
for four major monsoon systems, and demonstrate how this
concept can help understand abrupt variations in monsoon
strength on orbital timescales as found in proxy records.

1 Introduction

Monsoon rainfall is the major prerequisite of agricultural
productivity in many tropical and subtropical regions of the
world, and its variability has been affecting the livelihoods
of a large share of the world’s population from ancient civ-
ilizations until today (e.g.Parthasarathy et al., 1988; Kumar
et al., 2004; Auffhammer et al., 2006; Zhang et al., 2008;
Rashid et al., 2011). Proxy records show evidence of abrupt
and strong monsoon shifts during the last two glacial cycles
(Burns et al., 2003; P. Wang et al., 2005; Wang et al., 2008)
and the Holocene (Gupta et al., 2003; Hong et al., 2003;
Y. Wang et al., 2005; Rashid et al., 2011) in India, the Bay of
Bengal, and East Asia. In many instances in the past, peri-
ods of strong monsoon rainfall thus appear to have alternated
with periods of prolonged drought, with comparatively rapid
transitions between the two.

Both spatial patterns and temporal evolution of continen-
tal monsoon rainfall are influenced by a number of physical
processes (Hahn and Shukla, 1976; Webster et al., 1998; Kr-

ishnamurthy and Goswami, 2000; Clark et al., 2000; Srini-
vasan, 2001; Kucharski et al., 2006; Goswami et al., 2006;
Goswami and Xavier, 2005; Dash et al., 2005; Ramanathan
et al., 2005; Wang, 2005; Yang et al., 2007) as well as charac-
teristics of vegetation (Meehl, 1994; Claussen, 1997; Robock
et al., 2003) and topography (Liu and Yin, 2002). Though
these details are crucial for the specific behavior of differ-
ent monsoon systems, and their significance will vary from
region to region, there exist defining processes that are fun-
damental to any monsoon dynamics (e.g.Webster, 1987a,b).
These are the advection of heat and moisture during the mon-
soon season and the associated rainfall and release of latent
heat. While differential heating of land and ocean in spring is
important for the initiation of the monsoon season, land sur-
face temperatures drop substantially after the onset of heavy
precipitation, diminishing the surface temperature gradient.
The monsoon circulation over the continent is thereafter pre-
dominantly sustained by the release of latent heat and subse-
quent warming of the atmospheric column over land (Web-
ster et al., 1998). Using a complex conceptual model,Zick-
feld et al. (2005) found that a monsoon circulation that is
sustained by the moisture-advection feedback can undergo
abrupt changes in response to changes in the land surface
albedo.Knopf et al.(2006) however showed that the thresh-
old albedo in this model is very far away from modern con-
ditions and is highly uncertain due to the dependence on var-
ious model parameters.

Here we apply a minimal conceptual model that comprises
the heat and moisture budgets of an idealized monsoon cir-
culation. It reflects the dominant role of the self-amplifying
moisture-advection feedback during the monsoon season,
which is supported by observations (Levermann et al., 2009).
We show that the model yields a threshold behaviour with re-
spect to the atmospheric humidity over the ocean adjacent to
the monsoon region. Below the threshold, the advection and
release of latent heat are not sufficient to sustain monsoon
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Fig. 1. Geometry of the conceptual model, illustrating windU , pre-
cipitationP , net radiative fluxR, and atmospheric specific humidity
over land (qL ) and ocean (qo).

rainfall over land. It is important to note that globally, rainfall
associated with the intertropical convergence zone will natu-
rally be sustained even without continental monsoon rainfall.
Furthermore, the seasonal reversal of cross-equatorial winds,
driven by the seasonal change in hemispheric insolation, is
not affected by our analysis. The question addressed here
is which conditions are necessary in order to sustain a rainy
season over land beyond the zonal-mean dynamics of the in-
tertropical convergence zone. The basic dynamics captured
in our model thus form a necessary condition for continental
monsoon rainfall to exist.

This paper is organized as follows: we describe the con-
ceptual model in Sect.2 and analyse its implications in
Sect.3. In Sect.4, the critical threshold is estimated for
four major monsoon regions. In Sect.5, we apply the model
to abrupt monsoon changes on orbital timescales. Section6
concludes.

2 Conceptual model

We use the minimal conceptual model presented byLever-
mann et al.(2009) (see illustration in Fig.1). It is based on
the observation that, during the rainy season, the regional-
scale moist static energy balance of the tropospheric col-
umn over land is dominated by latent heating due to precip-
itation, which is balanced by advective (including synoptic
and small-scale heat transport processes) as well as radiative
cooling. According to NCEP/NCAR reanalysis data (1948–
2007;Kistler et al., 2001), this holds for all major monsoon
regions (Levermann et al., 2009). The moist static energy
balance of the tropospheric column can thus be approximated
by

L · P − εCp U · 1T + R = 0, (1)

where 1T is the tropospheric temperature difference be-
tween land and ocean, andP is the mean precipitation
over land (in kg m−2 s−1). Latent heat of condensation
is L= 2.6× 106 J kg−1 and volumetric heat capacity of air
Cp = 1295 J m−3 K−1. The ratioε =H/L between vertical
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Fig. 2. Seasonal heat flux contributions to the atmospheric column
over four major continental monsoon regions in NCEP/NCAR re-
analysis data (Kistler et al., 2001). Radiative heating of the land
surface in spring enhances sensible heat flux from the ground (“Sen-
sible”). During the rainy season, latent heat release dominates the
heat budget (“Latent”). Radiative heat flux comprises all radia-
tive fluxes in and out of the atmospheric column (“Radiative”).
The excess heat is transported out of the continental monsoon re-
gion through large-scale advective and synoptic processes (“Con-
vergence”). Error bars give the standard deviation from the reanaly-
sis period (1948–2007). See Table1 for the geographical definitions
of the monsoon regions. The red and blue vertical lines emphasize
the months of maximum sensible heat flux and latent heat flux, re-
spectively.

extentH of the lower troposphere and the horizontal scaleL

of the region of precipitation enters due to the balance of the
horizontal advective heat transport and the vertical fluxes of
net radiative forcingR and precipitationP . Note that this is
a model of the monsoon season only, and includes no annual
cycle. The above balance therefore neglects the contribu-
tion from sensible heating, which is important at the onset
stage but relatively weak once heavy rainfall has started to
cool the land surface (Fig.2). Consequently, this model does
not capture any interseasonal or interannual dynamics. In
particular, we take the development of a strong land-ocean
surface temperature contrast during springtime as a given,
and focus on the conditions needed to sustain the resulting
atmospheric temperature contrast1T throughout the mon-
soon season, even after sensible heating from the surface has
become small.

U is generally the rate of air mass exchange between the
land and ocean regions given by the monsoon overturning
circulation. It can be represented by the lower-level wind
strength. Equations are only valid for landward lower-level
winds,U ≥ 0. That means that situations in which no solu-
tion of the model with positiveU can be found will be con-
sidered as a parameter and force combinations for which no
monsoon rainfall can be sustained.
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Fig. 3. Wind U versus temperature difference between land and
ocean region,1T , from NCEP/NCAR reanalysis data, for the ma-
jor monsoon regions of India, the Bay of Bengal, West Africa, and
China (East Asia; see Table1). The correlation coefficientr is indi-
cated, as well as the slopeα of a linear fit through the origin (black
line).

Assuming dominance of ageostrophic flow in low lati-
tudes,U is taken to be proportional to the temperature dif-
ference between land and ocean (Petoukhov, 1982; Webster,
1987a; Brovkin et al., 1998):

U = α · 1T. (2)

Reanalysis data confirm that this is a valid first-order ap-
proximation (Fig.3). Neglecting the effect of evaporation
over land (which will be discussed below) and associated soil
moisture processes, precipitation has to be balanced by the
net landward flow of moisture

ρεU · (qo − qL) − P = 0, (3)

whereqo is the specific humidity over ocean within the lower,
landward branch of the monsoon circulation, andqL is the
specific humidity over land that is advected out of the mon-
soon region. Consistent with reanalysis data (Fig.4) and the-
oretical considerations (Petoukhov, 1982; Petoukhov et al.,
2000), continental rainfall is assumed to be proportional to
the mean specific humidity within the tropospheric column:

P = βqL . (4)

Herein,qL can be identified withqL in Eq. (3), because it
only needs to represent a robust measure for precipitation,
not the exact humidity at the level of condensation. Reanal-
ysis data confirm that the correlation betweenP andqL is
rather insensitive to the exact choice of height level, as can
be expected from a strong mixing due to intense convection.
Note that the proportionality constantsα andβ have explicit
physical interpretations.α is essentially a function of the
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Fig. 4. PrecipitationP versus specific humidity over land,qL , from
NCEP/NCAR reanalysis data. The black line shows the result of a
linear regression, the correlation coefficient r is indicated, as well
as the slopeβ (in kg m−2 s−1) and the offset in terrestrial humidity,
qo

L (in g kg−1).

near-surface cross-isobar angle and thereby a function of sur-
face roughness and static stability of the planetary boundary
layer (PBL);β is governed by the characteristic turnover (re-
cycling) time of liquid water in the atmosphere and thereby
determined by static stability and vertical velocity in the PBL
(Petoukhov et al., 2000). While Eqs. (1) to (4) are the basic
relations necessary to capture the moisture-advection feed-
back, Eq. (4) can be made more realistic by considering an
offset inqL , which will be discussed further below.

3 Critical qo threshold for monsoon existence

From Eqs. (1), (3) and (4) it follows that

L βqo =

(
1 +

β

ερU

)
εCp U · 1T −

(
1 +

β

ερU

)
· R. (5)

This equation represents the heat budget of the conceptual
monsoon circulation in terms of latent heat. The two terms
on the r.h.s. represent the loss of heat from the land region
by advection of warm air and by radiation, respectively (note
that R < 0). Their sum must be balanced by latent heat as
provided by the inflow of humid air from the ocean, namely
Lβqo. The term (1 +β/ερU) incorporates the fact that the
latent heat has to be transported from ocean to land by means
of advection; the lower the advective velocityU , the higher
the specific humidityqo that is necessary to provide the re-
quired amount of latent heat to the atmospheric column over
land.
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Fig. 5. Solution structure of the conceptual model as a function of
the non-dimensional parameterl, which is proportional to specific
humidity over the ocean,qo. For illustrative purposes,l is plotted
on the y-axis. The latent heat demand (red line; bold part indicates
the stable branch) results from heat loss due to net radiative flux
(dotted) and advection of warm air out of the land region (dashed).

Using Eq. (2) and the relations u ≡ Uερ/β,
r ≡ R · εαρ/(Cpβ2), and l ≡ (εαρ2Lqo)/(Cpβ), the
non-dimensional form of Eq. (5) is obtained:

l =

(
1 + u−1

)
· u2

−

(
1 + u−1

)
· r (6)

where l is proportional toqo. This is the governing equa-
tion of the conceptual model. Its solution is determined en-
tirely by the only free parameterr. The physical part (l ≥ 0,
u ≥ 0) of the solution of Eq. (6) is shown in Fig.5 for the
caser =−0.05, where the thick red line denotes a stable so-
lution and the thin red line an unstable one. The advective
(dashed line) and radiative (dotted line) terms are also plot-
ted separately to show how the solution is obtained as the
sum of these two contributions (to illustrate this, the figure
is organized with the control variablel on the y-axis). In the
caser ≡ 0, only the advective part of the solution remains
(i.e. the red line would collapse onto the dashed line). The
y-axis in Fig.5 can be interpreted as the demand in latent
heating that results from the loss of heat from the land region
due to radiation and advection.

It turns out that no physical solution exists below a critical
thresholdlc (horizontal line in Fig.5), which corresponds
to a critical value of specific humidity over the ocean,qc

o.
Whenqo falls short of this value, the supply of moisture is
not sufficient to maintain the monsoon circulation driven by
the moisture-advection feedback. No conventional monsoon
circulation can thus develop in a climate whereqo < qc

o.
Equation (6) can also be expressed in terms of non-

dimensional precipitationp ≡ P/(qoβ), which is directly
related to the wind through

p = u/(1 + u). (7)
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Fig. 6. As Fig.5 (red line), but in terms of non-dimensional precip-
itationp, and organized with the control parameterl on the x-axis.

The solution in terms ofp has a similar shape as in terms
of u (Fig. 6), while dimensional precipitationP scales ap-
proximately linearly, withl as long asl is sufficiently above
the thresholdlc (Fig. 7). While we do not expect to find
this quasi-linear relation perfectly reflected in observations,
NCEP/NCAR reanalysis data show that seasonal mean pre-
cipitation and specific humidity over ocean are correlated to
some extent (Fig.8).

4 Estimation of the critical threshold qc
o

The critical value of the control variablel, or equivalently
qo, together with the associated value of a given dependent
variable (e.g. wind, precipitation, or temperature gradient),
defines the critical point, e.g., [lc, uc] (or [qc

o, uc]). The criti-
cal point will vary for different monsoon systems. It is deter-
mined by the non-dimensional radiationr via

−u2
c (2 uc + 1) = r. (8)

The criticall can then be computed from

lc = 2 uc (uc + 1)2, (9)

and the critical humidity thresholdqc
o via the definition

of l. Within the limitations of this minimal conceptual
model, we estimateqc

o for four different monsoon re-
gions. We use seasonal mean precipitationP , radiation
R, land-ocean temperature difference1T , and specific
humidity over oceanqo from the NCEP/NCAR reanalysis
to compute time series forα(t) = (LP +R)/(εCp1T 2),
β(t) = ((LP +R) · ρP )/((LP +R)qoρ − Cp1T P), and
r(t) =R · εα(t)/(Cpβ(t)2), assuming applicability of the
model and stationary statistics within the observational
period (1948–2007). Because the observational period is
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Table 1. Regional definitions used for data analysis. Monthly-mean NCEP/NCAR reanalysis data has been averaged over the indicated re-
gions and seasons;land andoceanindicate that only terrestrial or oceanic grid points have been considered, respectively; and1T =TL − To.
The bottom row lists the values for the dimensionless parameterε that have been used in the estimation of the critical threshold (see Sect.4).

Quantity INDIA B. O. BENGAL W. AFRICA CHINA (EASM)

P , R, qL (land) 70–90◦ E 80–100◦ E 15◦ W–10◦ E 100–120◦ E
5–30◦ N 15–30◦ N 2–14◦ N 20–32◦ N

qo (ocean) 65–78◦ E 80–100◦ E 20–15◦ W, 2–14◦ N; 105–115◦ E
5–30◦ N 10–20◦ N 5◦ W–10◦ E, 2◦ S–7◦ N 15–25◦ N

TL (land) 70–90◦ E 80–100◦ E 10◦ W–10◦ E 100–120◦ E
5–30◦ N 15–30◦ N 0–20◦ N 20–32◦ N

To (ocean) 65–78◦ E 80–100◦ E 10◦ W–10◦ E 105–115◦ E
5–30◦ N 10–20◦ N 10◦ S–5◦ N 15–25◦ N

U (westerly) 65–78◦ E 80–100◦ E 20–10◦ W
5–30◦ N 15–30◦ N 5–14◦ N

U (southerly) 5◦ W–10◦ E 100–120◦ E
2◦ S–5◦ N 20–32◦ N

Monsoon season Jun–Aug Jun–Aug Jul–Sep Jun–Aug

ε 4.5× 10−3 2.3× 10−2 1.7× 10−2 6.7× 10−2
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Fig. 7. As Fig.6, but in terms of dimensional precipitationP . The
shape of the solution is different than in terms ofp, because the
relation betweenp andP depends onl. Units on the y-axis are
arbitrary.

subject to significant anthropogenic global warming, we
remove a linear trend from all reanalysis data to get a closer
approximation of a stationary climate. Fromα(t), β(t) and
r(t), qc

o can then be obtained for each year via Eqs. (8), (9)
and the definition ofl. Note thatqc

o is independent ofε, the
only quantity that is not constrained by data. The resulting
qc

o distribution (Fig.9, blue) is much lower than the observed
distribution ofqo (black) in the Bay of Bengal, West Africa
and China, while in India the distributions are closer. The
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Fig. 8. Correlation between precipitation and specific humidity
over the ocean from NCEP/NCAR reanalysis data. Black lines
show the result of a linear regression; the correlation coefficients
are indicated.

blue pin marks theqc
o estimate that is obtained from the

time-mean valuesα(t), β(t) andR(t).
The spread in the distribution ofqc

o is due to substantial
variability in α(t), β(t) and r(t) throughout the reanalysis
period. The interannual variability in the dimensional net
radiationR is about 15–20% during the reanalysis period,
depending on the region. On longer timescales,R can be
expected to be rather stable because of the negative long-
wave radiation feedback according to the Stefan-Boltzmann
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(blue) and including the effect of a minimum terrestrial humidityqo

L
required for the onset of precipitation (red). The black histogram
shows the observed distribution ofqo. Pins mark the estimates ob-
tained from time-mean parameter values.

law. However, the factorsα andβ may also vary over time.
Moreover, in reality the basic relations of Eqs. (2) and (4)
are blurred by higher-order physical processes that are not
represented in our idealized model, limiting our ability to de-
termineα andβ (cf. Figs.3 and4). Depending on the rela-
tive importance of actual variability and observational uncer-
tainty, the distribution ofqc

o can be interpreted either (i) as
a noisy estimate of a stationary critical threshold, or (ii) as a
probability distribution of an interannually varying threshold.

In order to obtain more realistic estimates ofqc
o, we extend

Eq. (4) by an offsetqo
L that terrestrial humidityqL needs to

exceed before precipitation is initiated (as suggested by the
correlation in Fig.4):

P = β
(
qL − qo

L

)
. (10)

After replacingqo by (qo − qo
L) in the definitions ofl andp,

the non-dimensional Eqs. (6)–(9) remain unchanged.
As above, we estimateqc

o for this refined version of the
model, obtaining the parameterqo

L from linear regression of
the corresponding reanalysis data (Fig.4). Note that, due to
Eq. (10), qc

o now also depends onε. ε is generally of the or-
der of a few kilometers (H ) over hundreds of kilometers (L),
but only loosely constrained by the approximate extents of
the monsoon regions. Within reasonable bounds, we choose
ε such thatα(t) matches theα that we observe as the slope
of the linear regression betweenU and1T shown in Fig.3
(see Table1). The results forqc

o are shown in Fig.9 (red),
where again the pin marks the estimate from mean quanti-
ties. The consideration of the offsetqo

L generally yields a
distribution ofqc

o, which is narrower and closer to, while still

160 170 180 190 200 210 220

0

5

P
 (m

m
/d

ay
)

time (kyr BP)
160 170 180 190 200 210 220

−11

−9

−7

δ
18

O
 (0

/ 0
0,

 V
P

D
B

)

Fig. 10. Grey: Speleothemδ18O record from central China, used
as EASM proxy for the penultimate glacial period, where more
negative values indicate stronger rainfall (Wang et al., 2008). The
record is smoothed with a 5-point running average, and dating errors
(±2σ ) are shown for selected dates (grey horizontal bars). Red: Re-
sult of the conceptual model for EASM precipitationP in response
to qo variations driven by northern hemisphere (65◦ N) summer in-
solation, assuming a hysteresis of 0.5 g kg−1 width. For illustration,
we setP to zero during periods when no monsoon circulation exists
according to the model.

clearly seperate from, the present-day range ofqo. Only for
the Indian region, the distribution ofqc

o overlaps with that of
the observedqo; however, when considered pointwise,qc

o(t)

is still lower thanqo(t) for all years.

5 Application to past abrupt monsoon changes

Wang et al.(2008) presented a speleothemδ18O record
from central China that testifies to several large and per-
sistent changes in the strength of the East Asian sum-
mer monsoon (EASM) during the penultimate glacial pe-
riod. These changes are in phase with, but much more
abrupt than, precession-dominated oscillations in the North-
ern Hemisphere summer insolation (NHSI): while the lat-
ter follow a quasi-sinusoidal cycle, the form of the mon-
soon changes rather resembles that of a step-function, with
variations around either a strong or a weak mean state, fol-
lowed by a comparatively rapid transition into the other state
(cf. Fig. 2b inWang et al., 2008). This behaviour is especially
apparent before about 160 kyr BP (Fig.10, grey line) and
suggests that non-linear processes inherent to the monsoon
system might have amplified changes in external forcing. In
particular, the abrupt transitions might have been triggered
by the mean insolation, crossing a certain threshold that sep-
arated two different states of the monsoon circulation.

Our conceptual monsoon model offers a simplified but ro-
bust mechanism to explain such sort of behaviour. It shows
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(solid), wherer(t) is the estimate from NCEP/NCAR reanalysis
data, andσ denotes a standard deviation. Bold lines indicate the
upper, stable branch. The valuer(t) − σ/2 =−106.5, which corre-
sponds to a critical thresholdqc

o = 8.0 g kg−1, is used for the com-
parison of the model with EASM proxy data. Vertical dashed lines
mark qc

o and qc
o +1q , where we choose1q = 0.5 g kg−1 as the

width of an assumed hysteresis that is thought to appear when the
threshold is crossed from either side (illustrated by arrows).

that the moisture-advection feedback implies a thresholdqc
o

that seperates two regimes: one where a conventional mon-
soon circulation can exist, and one where it cannot. We there-
fore speculate that orbital-timescale variations in NHSI and
the associated surface temperature changes might have af-
fected evaporation at the ocean’s surface, such that average
humidity over the ocean persistently crossed the threshold,
thus critically altering the moisture supply for the adjacent
monsoon region and triggering a transition between the two
regimes. Changes in evaporation are governed mainly by
changes in surface winds and sea surface temperature (SST).
SST could be affected both directly by local/regional insola-
tion changes and by changes in oceanic circulation, coastal
upwelling etc. following the large-scale redistribution of heat
that goes along with the NHSI variations.

In the following we apply our model to demonstrate how
such variations inqo could have led to monsoon variations
consistent with those observed in the proxy record. In doing
so, we assume that the values ofα, β, ε, andqo

L estimated
for modern climate from reanalysis data also hold for the
penultimate glacial period, and thatR was also comparable
during that period to its modern value. In reality,R might
have also varied in phase with NHSI, however, this varia-
tion would have been damped by the stabilizing long-wave
radiation feedback. Moreover, a variation ofR along with

160 170 180 190 200 210 220
6.5

7

7.5

8

8.5

9

9.5

10
x 10

−3

time (kyr BP)

q o (
kg

/k
g)

Fig. 12.Time series ofqo used for the application of the conceptual
model. qo is assumed to vary linearly with northern hemisphere
(65◦ N) summer insolation. The horizontal dashed line marksqc

o.

NHSI would act to exacerbate the threshold effect, moving
the threshold towards higher values when insolation, and thus
the inferredqo, is low (cf. Fig. 11). Therefore, neglecting
variations inR yields a conservative result with respect to
the volatility of the system.

The solution of the conceptual model depends on
the non-dimensional net radiationr. We choose
r = r(t) − σ/2 =−106.5, whereσ denotes a standard devi-
ation (Fig. 11). This corresponds to a critical threshold
qc

o = 8.0 g kg−1, which is in the upper part of the estimated
qc

o distribution for the China region (cf. Fig.9). We further
assumeqo to vary linearly with NHSI (Fig.12; here, we use
insolation at 65◦ N, but note that insolation changes at lower
northern latitudes have a very similar periodicity and relative
amplitude on these timescales). The linear relation is chosen
such that the maximumqo is close to the range of present-
day observations. Finally, we assume that when the threshold
qc

o is crossed from below (i.e. coming from a non-monsoon
regime), it takes an additional increase1q to trigger the tran-
sition into the monsoon regime (Fig.11). The EASM precip-
itation thus resulting from the conceptual model is shown in
Fig. 10 (red line). We setP to zero during periods when
the model yielded no physical solution to illustrate the idea
that no conventional monsoon circulation can exist during
those periods, and no rainfall associated with that circulation
would occur. However, we would expect sources of rainfall
other than the large-scale monsoon circulation to play a role
too, so that actual rainfall would not completely cease during
such periods. Note that neither the hysteresis width1q , nor
the second degree of freedom in the relationqo ∝ NHSI is
constrained by data; instead they are chosen such that the re-
sult of the conceptual model matches the transition behaviour
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found in the proxy record, taking into account dating errors
in the latter (grey bars in Fig.10).

In this application of the minimal model, we have focused
on a section of the paleorecord (ca. 220–160 kyr BP) that
spans a series of particularly large and abrupt transitions, and
has kept both the model parameters and the parameters of the
relation betweenqo and NHSI constant. The three NHSI cy-
cles that fall into this period have a similar amplitude, and
the rainfall amounts associated with each of the two mon-
soon regimes are similar across these cycles. This gives us
some confidence that the parameters might not have changed
too much during this period. While some of the other abrupt
transitions in the younger parts of the record are matched
reasonably well even with this same set of parameters (not
shown), we do not expect the physical processes reflected in
these parameters to remain unchanged across two glacial cy-
cles. In order to properly evaluate the conceptual model for
the entire period of the record, a more thorough parameter
estimation would be needed that takes into account changes
in background climate across the last two glacial cycles that
could have modified the parameters; moreover, there will
still be other physical processes that are important in shap-
ing the record, apart from the simple first-order dynamics
represented in our model.

6 Discussion and conclusions

We have employed a minimal conceptual model of the mon-
soon season that embodies the fundamental dynamical pro-
cesses required to sustain large-scale continental monsoon
rainfall. According to this model, a critical thresholdqc

o
exists with respect to specific humidity over the ocean re-
gion upwind of the continental monsoon region. This thresh-
old follows the central role of the self-amplifying moisture-
advection feedback, which governs the atmospheric moist
static energy balance during the monsoon season. Ifqo falls
short of the thresholdqc

o, no conventional monsoon circula-
tion can exist over land. The model neglects any processes
that are not crucial to the moisture-advection feedback in or-
der to isolate the consequences of this feedback (in partic-
ular, the model has no time dependency, and is only valid
for the monsoon season). The basic dynamics captured in
the model therefore form a necessary condition for sustained
continental monsoon rainfall beyond what is accounted for
by the zonal-mean dynamics of the intertropical convergence
zone. The thresholdqc

o thus defines a domain of existence for
a conventional monsoon, and is associated with a non-zero
precipitation rate. Outside of this domain of existence, the
springtime surface temperature gradient would still trigger
the onset of monsoon winds over the continent, but monsoon
conditions could not be sustained throughout the summer due
to the lack of moist inflow and latent heating. Our results
complement those ofLevermann et al.(2009), who found a
threshold with respect to the net radiationR. While qo can

generally be expected to be more volatile thanR, the model
allows for a superposition of changes in both quantities, with
the one either damping or amplifying the effect of the other,
depending on the direction of change.

As the model contains the physical feedback that causes
the threshold behaviour, it can be used to produce meaning-
ful first-order estimates of the threshold values. Within the
framework of the minimal model, we have estimated the crit-
ical thresholdqc

o for four major monsoon regions using sea-
sonally averaged reanalyses of regional precipitation, net ra-
diation, specific humidity, and temperature for the past sixty
years. The resulting distribution ofqc

o can be interpreted
either as a noisy estimate of a stationary critical threshold,
or as a probability distribution of an interannually varying
threshold. The degree to which either of these interpreta-
tions is valid depends chiefly on the relative importance of
actual variability and observational uncertainty in the param-
etersα andβ (see Eqs.2 and4), the assessment of which is
beyond the scope of this study. However, we have seen that
the consideration of an offset in terrestrial specific humidity
in Eq. (4) leads to aqc

o distribution, which is significantly
narrower than with the basic version of the model, suggest-
ing that at least some of the spread inqc

o can be eliminated
by making the model more realistic, and thus does not reflect
actual year-to-year variability inqc

o.
Consequently, relevant second-order physical processes

would have to be included into the model in order to obtain
more robust results forqc

o. Probably one of the most impor-
tant missing processes is evaporation over land (e.g.Eltahir,
1998). Its effect on the heat budget would be mainly to re-
duce sensible heat flux to the atmosphere, which we have
already neglected (Eq.1,) because it is comparatively small
during the rainy season; on the other hand, its effect on the
moisture budget (Eq.3) would be to stabilize the monsoon
regime by recycling a part of the atmospheric humidity that
is lost to precipitation. Therefore, considering evaporation
would tend to move the critical threshold towards lower val-
ues ofqo.

While the estimation ofqc
o could profit from a refinement

of the model, the aim of this study is to demonstrate how the
simple concept that the model is based on can help under-
standing past monsoon variations. The non-linear solution
structure of the model implies that transitions into and out of
the conventional monsoon regime, caused by small changes
in the control variableqo, are associated with abrupt and sig-
nificant rainfall changes. Changes inqo could be brought
about by various factors acting on different timescales. For
instance, as wind speed over the oceans increases due to
global warming (Young et al., 2011), evaporation, e.g. in
the Arabian Sea, could be affected both directly and via
the amount of upwelling of cold waters at the continental
margins, and thereby alter the moisture supply for the In-
dian summer monsoon. For the East Asian summer mon-
soon (EASM), we have shown that, assuming variations inqo
along orbital-timescale insolation changes, the model yields
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a series of abrupt monsoon transitions similar to that ob-
served in a proxy record of the penultimate glacial period.
While the additional assumption of a hysteresis is not crucial
for the transition behaviour, it changes the timing of the indi-
vidual transitions such that they are all consistent, within dat-
ing errors, with those found in the proxy record (physically,
a hysteresis might be induced by inert climate components
such as, e.g. large-scale oceanic circulation or Himalayan
glaciation, rather than by atmospheric processes). The idea
of a threshold behaviour in monsoon circulations due to the
defining mechanism of the moisture-advection feedback may
thus be a useful first-order concept for understanding past
large-scale monsoon changes. The conceptual model inves-
tigated here may also serve as a basic building block that can
be made more realistic by the inclusion of other relevant pro-
cesses and by a more detailed estimation of the model param-
eters. For a complete understanding of monsoon variations
on multiple timescales, of course, more complex models will
have to be invoked.

Appendix A

Methods

NCEP/NCAR reanalysis data was obtained as monthly-mean
time series (January 1948–December 2007), and regionally
aggregated as indicated in Table1. U is averaged verti-
cally between 850 hPa and 1000 hPa (925 hPa and 1000 hPa
for the shallower circulation in Africa),qo between 600 hPa
and 1000 hPa (925 hPa and 1000 hPa for Africa),qL between
400 hPa and 1000 hPa, and1T over the entire atmospheric
column, as represented in the reanalysis data.
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