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Abstract. Monsoon systems around the world are governedishnamurthy and Goswar200Q Clark et al, 200Q Srini-
by the so-called moisture-advection feedback. Here we showasan 2001, Kucharski et al.2006 Goswami et al.2006
that, in a minimal conceptual model, this feedback impliesGoswami and Xavier2005 Dash et al.2005 Ramanathan
a critical threshold with respect to the atmospheric specificet al, 2005 Wang 2005 Yang et al, 2007 as well as charac-
humidity ¢, over the ocean adjacent to the monsoon regionteristics of vegetationMeehl 1994 Claussen1997 Robock
If go falls short of this critical value;S, monsoon rainfall et al, 2003 and topographyl{u and Yin, 2002. Though
over land cannot be sustained. Such a case could occur these details are crucial for the specific behavior of differ-
evaporation from the ocean was reduced, e.g. due to low seent monsoon systems, and their significance will vary from
surface temperatures. Within the restrictions of the concepregion to region, there exist defining processes that are fun-
tual model, we estimatg$ from present-day reanalysis data damental to any monsoon dynamics (&\gbster 1987ab).
for four major monsoon systems, and demonstrate how thiShese are the advection of heat and moisture during the mon-
concept can help understand abrupt variations in monsoosoon season and the associated rainfall and release of latent
strength on orbital timescales as found in proxy records.  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.
1 Introduction The monsoon circulation over the continent is thereafter pre-
dominantly sustained by the release of latent heat and subse-
Monsoon rainfall is the major prerequisite of agricultural quent warming of the atmospheric column over laeb-
productivity in many tropical and subtropical regions of the ster et al, 1998. Using a complex conceptual modzick-
world, and its variability has been affecting the livelihoods feld et al. (2005 found that a monsoon circulation that is
of a large share of the world’s population from ancient civ- sustained by the moisture-advection feedback can undergo
ilizations until today (e.gParthasarathy et atl988 Kumar  abrupt changes in response to changes in the land surface
et al, 2004 Auffhammer et al. 2006 Zhang et al.2008  albedo.Knopf et al.(200§ however showed that the thresh-
Rashid et a].2011). Proxy records show evidence of abrupt old albedo in this model is very far away from modern con-
and strong monsoon shifts during the last two glacial cyclesditions and is highly uncertain due to the dependence on var-
(Burns et al. 2003 P. Wang et a).2005 Wang et al. 2008 ious model parameters.
and the HoloceneQupta et al. 2003 Hong et al, 2003 Here we apply a minimal conceptual model that comprises
Y. Wang et al, 2005 Rashid et al.2011) in India, the Bay of  the heat and moisture budgets of an idealized monsoon cir-
Bengal, and East Asia. In many instances in the past, periculation. It reflects the dominant role of the self-amplifying
ods of strong monsoon rainfall thus appear to have alternateghoisture-advection feedback during the monsoon season,
with periods of prolonged drought, with comparatively rapid which is supported by observationsermann et aJ2009.
transitions between the two. We show that the model yields a threshold behaviour with re-
Both spatial patterns and temporal evolution of continen-spect to the atmospheric humidity over the ocean adjacent to
tal monsoon rainfall are influenced by a number of physicalthe monsoon region. Below the threshold, the advection and
processesHahn and Shuklal976 Webster et a).1998 Kr- release of latent heat are not sufficient to sustain monsoon
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rainfall over land. Itis important to note that globally, rainfall Fig. 2. Seasonal heat flux contributions to the atmospheric column
associated with the intertropical convergence zone will natu-over four major continental monsoon regions in NCEP/NCAR re-
rally be sustained even without continental monsoon rainfall.analysis dataKistler et al, 200]). Radiative heating of the land
Furthermore, the seasonal reversal of cross-equatorial windsurface in spring enhances sensible heat flux from the ground (“Sen-
driven by the seasonal change in hemispheric insolation, i§ible”). During the rainy season, latent heat release dominates the
not affected by our analysis. The question addressed her@eat budget (“Latent”). Radiative heat flux comprises all radia-
is which conditions are necessary in order to sustain a raingve fluxes in and out of the atmospheric column (*Radiafive”).
season over land beyond the zonal-mean dynamics of the in_he excess heat is transported out of the continental monsoon re-

tertropical convergence zone. The basic dvnamics capture ion through large-scale advective and synoptic processes (“Con-
P 9 ’ y p ergence”). Error bars give the standard deviation from the reanaly-

In-our mode! thus form. anecessary condition for contlnentalsis period (1948-2007). See Talileor the geographical definitions
monsoon rainfall to exist. of the monsoon regions. The red and blue vertical lines emphasize
This paper is organized as follows: we describe the conthe months of maximum sensible heat flux and latent heat flux, re-
ceptual model in Sect2 and analyse its implications in spectively.
Sect.3. In Sect.4, the critical threshold is estimated for
four major monsoon regions. In Sebt.we apply the model
to abrupt monsoon changes on orbital timescales. Se6tion extentH of the lower troposphere and the horizontal sdale
concludes. of the region of precipitation enters due to the balance of the
horizontal advective heat transport and the vertical fluxes of
net radiative forcing? and precipitationP. Note that this is
2 Conceptual model 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 (Fi@). 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,
Mhd focus on the conditions needed to sustain the resulting
"~ atmospheric temperature contrast throughout the mon-
soon season, even after sensible heating from the surface has

We use the minimal conceptual model presented &yer-

mann et al(2009 (see illustration in Figl). Itis 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 radiati
cooling. According to NCEP/NCAR reanalysis data (1948
2007;Kistler et al, 2001), this holds for all major monsoon
regions [evermann et al.2009. The moist static energy

! . ecome small.
balance of the tropospheric column can thus be approximate U is generally the rate of air mass exchange between the
by land and ocean regions given by the monsoon overturning
L-P—eCyU-AT + R =0, (1) circulation. It can be represented by the lower-level wind

) ) ) strength. Equations are only valid for landward lower-level
where AT is the tropospheric temperature difference be-yyinds, 7 > 0. That means that situations in which no solu-
tween land and ocean, andl is the mean precipitation tjon of the model with positivé/ can be found will be con-

- 21 : , - :
over land (in kgm“s™). Latent heat of condensation sjgered as a parameter and force combinations for which no

C,=12953m3K~1. The ratioe = H/L between vertical
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Fig. 3. Wind U versus temperature difference between land and
ocean regionAT, from NCEP/NCAR reanalysis data, for the ma-
jor monsoon regions of India, the Bay of Bengal, West Africa, an

Fig. 4. PrecipitationP versus specific humidity over lang, , from
d NCEP/NCAR reanalysis data. The black line shows the result of a

China (East Asia; see Tahld. The correlation coefficientis indi- linear regression, the correlation coefficient r is indicated, as well

. _2 -1 . . -
cated, as well as the slopeof a linear fit through the origin (black ag the slop_¢1$ (inkgm™s™7) and the offset in terrestrial humidity,
line). gy (ingkg™).

Assuming dominance of ageostrophic flow in low lati- hear-surface cross-isobar angle and thereby a function of sur-

tudes, U is taken to be proportional to the temperature dif- face roughness and static stability of the planetary boundary
ference between land and oce®@e{oukhoy1982 Webstey  layer (PBL);B is governed by the characteristic turnover (re-

19873 Brovkin et al, 1998: cycling) time of liquid water in the atmosphere and thereby
determined by static stability and vertical velocity in the PBL
U=a-AT. (2)  (Petoukhov et a]2000. While Egs. () to (4) are the basic

relations necessary to capture the moisture-advection feed-
back, Eq. 4) can be made more realistic by considering an
Pﬂ‘set ingL, which will be discussed further below.

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 soi
moisture processes, precipitation has to be balanced by the

net landward flow of moisture 3 Critical g, threshold for monsoon existence

pel - (qo —qu) — P =0, 4 From Egs. 1), (3) and @) it follows that

whereg, is the specific humidity over ocean within the lower, B B

landward branch of the monsoon circulation, apdis the £ Bgo = <1 + 61)7U> eCpU - AT — (1 + ep7U> “R. (5)
specific humidity over land that is advected out of the mon-

soon region. Consistent with reanalysis data (Bjgnd the- ~ This equation represents the heat budget of the conceptual
oretical considerationsPetoukhoy 1982 Petoukhov et aJ.  monsoon circulation in terms of latent heat. The two terms
2000, continental rainfall is assumed to be proportional to on the r.h.s. represent the loss of heat from the land region

the mean specific humidity within the tropospheric column: by advection of warm air and by radiation, respectively (note
that R <0). Their sum must be balanced by latent heat as

P = BqL. (4)  provided by the inflow of humid air from the ocean, namely
LBqgo. The term (148/€pU) incorporates the fact that the
nIatent heat has to be transported from ocean to land by means
I_c’)f advection; the lower the advective velocity the higher

the specific humidityy, that is necessary to provide the re-
uired amount of latent heat to the atmospheric column over
and.

Herein, g can be identified withy in Eq. (3), because it
only needs to represent a robust measure for precipitatio
not the exact humidity at the level of condensation. Reana
ysis data confirm that the correlation betweRrand g is
rather insensitive to the exact choice of height level, as cal
be expected from a strong mixing due to intense convection.
Note that the proportionality constartsand s have explicit
physical interpretations« is essentially a function of the
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Fig. 5. Solution structure of the conceptual model as a function of
the non-dimensional parametgmwhich is proportional to specific
humidity over the oceanyo. For illustrative purposes,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 flu
(dotted) and advection of warm air out of the land region (dashed)

Fig. 6. As Fig.5 (red line), but in terms of non-dimensional precip-
itation p, and organized with the control parameten the x-axis.

*The solution in terms op has a similar shape as in terms

‘of u (Fig. 6), while dimensional precipitatio® scales ap-

_ ) proximately linearly, withl as long ag is sufficiently above
Using  EQ. 22) and  the rezlatlons u=Uep/B,  the threshold, (Fig. 7). While we do not expect to find

r=R-eap/(Cpp%), and [=(eapLqo)/(Cpp), e  his quasi-linear relation perfectly reflected in observations,

non-dimensional form of Eq5j is obtained: NCEP/NCAR reanalysis data show that seasonal mean pre-

| — (1 T u—l) Cu? (1 T u—l) . (6) cipitation and s_pecific humidity over ocean are correlated to

some extent (FigB).

where! is proportional toge. This is the governing equa-

tion of the conceptual model. Its solution is determined en- o -

tirely by the only free parameter The physical part(= 0, 4 Estimation of the critical threshold g3

u > 0) of the solution of Eq.&) is shown in Fig.5 for the The critical val f th | variab valentl
caser =—0.05, where the thick red line denotes a stable so-' "€ critical value of the control variable or equivalently

lution and the thin red line an unstable one. The advectiveZ®’ together with the associated value of a given dependent

(dashed line) and radiative (dotted line) terms are also pIot-Vari.able (e.g..v.vind, precipitation, or temperature grgdient),
efines the critical point, e.g/c[ uc] (or [¢S, uc]). The criti-

ted separately to show how the solution is obtained as théj ! i . ;
sum of these two contributions (to illustrate this, the figure C?' point will vary fo_r dlﬁer_ent monsoon s_ystems. Itis deter-
is organized with the control variableon the y-axis). In the mined by the non-dimensional radiatiowia

caser =0, only the advective part of the solution remains _ug Que+1) = r. ©)
(i.e. the red line would collapse onto the dashed line). The

y-axis in Fig.5 can be interpreted as the demand in latentThe criticall can then be computed from

heating that results from the loss of heat from the land region

due to radiation and advection. le = 2ug (ug + 1), ©)

It turns out that no physical solution exists below a critical
threshold/. (horizontal line in Fig.5), which corresponds
to a critical value of specific humidity over the oceayg,
Wheng, falls short of this value, the supply of moisture is . . o
not sufficient to maintain the monsoon circulation driven by gions. We use seasonal mean precipitation radiation

. . . , land-ocean temperature differencel’, and specific
the moisture-advection feedback. No conventional monsoon *' .. :
. ; ; . c humidity over oceany, from the NCEP/NCAR reanalysis
circulation can thus develop in a climate whege< g.

Equation 6) can also be expressed in terms of non- to compute time series for () =(LP + R)/(eC,AT®),

: ; oo o B(t)=((LP+R)-pP)I((LP+R)gop — C,ATP), and
?elgfgjlt%ntﬁe?’C?ncéalﬁfgﬁg;f P/(gop), which is directly r(t)=R-ea(t)/(Cpp(t)%), assuming applicability of the
model and stationary statistics within the observational

p =u/(1+ u). (7 period (1948-2007). Because the observational period is

and the critical humidity thresholg§ via the definition
of I. Within the limitations of this minimal conceptual
model, we estimateg§ for four different monsoon re-
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J. Schewe et al.: Monsoon humidity threshold

539

Table 1. Regional definitions used for data analysis. Monthly-mean NCEP/NCAR reanalysis data has been averaged over the indicated re-
gions and seasonigind andoceanindicate that only terrestrial or oceanic grid points have been considered, respectivelNT &l — To.
The bottom row lists the values for the dimensionless paramdtet have been used in the estimation of the critical threshold (seedgect.

Quantity INDIA B. 0. BENGAL W. AFRICA CHINA (EASM)
P,R,q_(land) 70-90E 80-100 E 1IW-1C E 100-120E
5-3C° N 15-30 N 2-1# N 20-32 N
qo (ocean) 65-78E 80-100 E 20-18 W, 2-1# N; 105-115E
5-3C° N 10-20 N 5°W-10PE, 2 S-PN 15-25 N
71 (land) 70-90E 80-100 E 1CW-1C E 100-120E
5-3C N 15-3C N 0-2C° N 20-32N
To (ocean) 65-78E 80-100 E 1CW-1C E 105-118E
5-3C° N 10-20 N 10°S-5 N 15-25% N
U (westerly) 65-78E 80-100 E 20-10 W
5-3C° N 15-30 N 5-1# N
U (southerly) 5W-10° E 100-120E
2°S-5N 20-32 N
Monsoon season  Jun—Aug Jun—Aug Jul-Sep Jun—Aug
€ 45x1073 2.3x10°2 1.7x 1072 6.7x 1072
11 .
N 8 BAY OF BENGAL s
r ] r=0.47
o7
| €
EE6
_ o
g "L
=3 9 9.5 10
S —~g| WAFRICA" °
o r % r=0.42
z8
H € 9
E7 8
L | o 6 . .
c * 7
‘ ‘ ‘ 13 10 11 12
0 0.2 0.8 1 a5 (g/kg) do (a/kg)

0.4 0.6
parameter | o« a,

Fig. 7. As Fig. 6, but in terms of dimensional precipitatiagh The

shape of the solution is different than in termsofbecause the
relation betweerp and P depends ord. Units on the y-axis are

arbitrary.

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.

subject to significant anthropogenic global warming, we blue pin marks thesg estimate that is obtained from the
remove a linear trend from all reanalysis data to get a closetime-mean values(t), f(t) andR(t).

approximation of a stationary climate. Frandt), 8(¢) and
r(t), g can then be obtained for each year via E&p. (9)
and the definition of. Note thatyS is independent of, the

www.clim-past.net/8/535/2012/

The spread in the distribution @f; is due to substantial
variability in «(t), 8(t) andr(¢) throughout the reanalysis
period. The interannual variability in the dimensional net
only quantity that is not constrained by data. The resultingradiation R is about 15-20% during the reanalysis period,
gS distribution (Fig.9, blue) is much lower than the observed depending on the region. On longer timescalRs;an be
distribution ofg, (black) in the Bay of Bengal, West Africa expected to be rather stable because of the negative long-
and China, while in India the distributions are closer. Thewave radiation feedback according to the Stefan-Boltzmann

Clim. Past, 8, 53544, 2012
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Fig. 10. Grey: Speleotherd80 record from central China, used
Fig. 9. Estimate of critical specific humidity value over the ocean, as EASM proxy for the penultimate glacial period, where more
qS, from NCEP/NCAR reanalysis data for the basic minimal model negative values indicate stronger rainfalfgng et al. 2008. The
(blue) and including the effect of a minimum terrestrial humidify ~ record is smoothed with a 5-point running average, and dating errors
required for the onset of precipitation (red). The black histogram (+2¢) are shown for selected dates (grey horizontal bars). Red: Re-
shows the observed distribution @f. Pins mark the estimates ob- sult of the conceptual model for EASM precipitatiénin response
tained from time-mean parameter values. to go variations driven by northern hemisphere (6§ summer in-

solation, assuming a hysteresis of 0.5 gkgvidth. For illustration,

we setP to zero during periods when no monsoon circulation exists
law. However, the factors and 8 may also vary over time.  according to the model.
Moreover, in reality the basic relations of Eq®) @nd @)

are blurred by higher-order physical processes that are not
represented in our idealized model, limiting our ability to de- ¢l€arly seperate from, the present-day ranggoofOnly for

terminea and g (cf. Figs.3 and4). Depending on the rela- the Indian region, the distribution qﬁ_overlaps \_/vith_that of
tive importance of actual variability and observational uncer-the observedo; however, when considered pointwiggs)
tainty, the distribution of;C can be interpreted either (i) as S Still lower thango(r) for all years.
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;§f we extend
Eqg. @) by an offsety’ that terrestrial humidity;. needs to Wang et al.(2008 presented a speleothest®O record
exceed before precipitation is initiated (as suggested by the ., “cantral China that testifies to several large and per-
correlation in Fig4): sistent changes in the strength of the East Asian sum-
mer monsoon (EASM) during the penultimate glacial pe-

5 Application to past abrupt monsoon changes

P = —qP). 10

P (qL q") (10) riod. These changes are in phase with, but much more
After replacinggo by (g0 — ¢) in the definitions of and p, abrupt than, precession-dominated oscillations in the North-
the non-dimensional EQ$)-(9) remain unchanged. ern Hemisphere summer insolation (NHSI): while the lat-

As above, we estimatgS for this refined version of the ter follow a quasi-sinusoidal cycle, the form of the mon-
model, obtaining the parametg from linear regression of ~soon changes rather resembles that of a step-function, with
the corresponding reanalysis data (Fiy. Note that, due to  variations around either a strong or a weak mean state, fol-
Eqg. (10), ¢S now also depends on ¢ is generally of the or-  lowed by a comparatively rapid transition into the other state
der of a few kilometersK) over hundreds of kilometerd.j, (cf. Fig. 2b inWang et al.2008. This behaviour is especially
but only loosely constrained by the approximate extents ofapparent before about 160 kyr BP (Fit0, grey line) and
the monsoon regions. Within reasonable bounds, we choosguggests that non-linear processes inherent to the monsoon
e such thaix(r) matches ther that we observe as the slope system might have amplified changes in external forcing. In
of the linear regression betweé&éhand AT shown in Fig.3 particular, the abrupt transitions might have been triggered
(see Tablel). The results fog are shown in Fig9 (red), by the mean insolation, crossing a certain threshold that sep-
where again the pin marks the estimate from mean quantiarated two different states of the monsoon circulation.
ties. The consideration of the offsgf generally yields a Our conceptual monsoon model offers a simplified but ro-
distribution ofg§, which is narrower and closer to, while still  bust mechanism to explain such sort of behaviour. It shows

Clim. Past, 8, 535544, 2012 www.clim-past.net/8/535/2012/
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Fig. 11. Physical solution for EASM precipitatioRt from the con-  Fig. 12. Time series of used for the application of the conceptual
ceptual model, for three different values of the non-dimensional pa-model. go is assumed to vary linearly with northern hemisphere

rameter: r(1) (dashed)r (1) +0/2 (dot-and-dash), andr) —o/2 (g5 N) summer insolation. The horizontal dashed line matks
(solid), wherer(¢) is the estimate from NCEP/NCAR reanalysis

data, andr denotes a standa@eviation. Bold lines indicate the
upper, stable branch. The valug) — o /2=—106.5, which corre-
sponds to a critical thresholg§ =8.0 g kgL, is used for the com-  NHSI would act to exacerbate the threshold effect, moving

parison of the model with EASM proxy data. Vertical dashed lines the threshold towards higher values when insolation, and thus
mark ¢$ and ¢S+ A4, where we choose\, =0.5gkg ! as the  the inferredq,, is low (cf. Fig. 11). Therefore, neglecting

width of an assumed hysteresis that is thought to appear when thgariations inR yields a conservative result with respect to
threshold is crossed from either side (illustrated by arrows). the volatility of the system.

The solution of the conceptual model depends on
. . o the non-dimensional net radiation. We choose
that the moisture-advection feedback implies a threshpld . =)(7) — 5/2=-106.5, wheres denotes a standard devi-

that seperates two regimes: one where a conventional mongtion (Fig. 11) This corresponds to a critical threshold
soon circulation can exist, and one where it cannot. We thereqc—g 0gkg?, which is in the upper part of the estimated

fore speculate that orbital-timescale variations in NHSI and ¢ distribution for the China region (cf. Fig). We further
the associated surface temperature changes might have 3éssume]0 to vary linearly with NHSI (Fig12; here, we use
fected evaporation at the ocean’s surface, such that averaggsolation at 65N, but note that insolation changes at lower
humidity over the ocean persistently crossed the thresholdggrthern latitudes have a very similar periodicity and relative
thus critically altering the moisture supply for the adjacent gmplitude on these timescales). The linear relation is chosen
monsoon region and triggering a transition between the twosch that the maximuny, is close to the range of present-
regimes. Changes in evaporation are governed mainly byjay observations. Finally, we assume that when the threshold
changes in surface winds and sea surface temperature (SS'I;})c is crossed from below (i.e. coming from a non-monsoon
SST could be affected both directly by local/regional insola- regime), it takes an additional increasg to trigger the tran-
tion changes and by changes in oceanic circulation, coastaljtion into the monsoon regime (Fifyl). The EASM precip-
upwelling etc. following the large-scale redistribution of heat jtation thus resulting from the conceptual model is shown in
that goes along with the NHSI variations. Fig. 10 (red line). We setP to zero during periods when

In the following we apply our model to demonstrate how the model yielded no physical solution to illustrate the idea
such variations iny, could have led to monsoon variations that no conventional monsoon circulation can exist during
consistent with those observed in the proxy record. In doingthose periods, and no rainfall associated with that circulation
so, we assume that the valuesogf, €, andg? estimated ~ would occur. However, we would expect sources of rainfall
for modern climate from reanalysis data also hold for theother than the large-scale monsoon circulation to play a role
penultimate glacial period, and th&twas also comparable too, so that actual rainfall would not completely cease during
during that period to its modern value. In realify,might such periods. Note that neither the hysteresis wisifhnor
have also varied in phase with NHSI, however, this varia-the second degree of freedom in the relatigrx NHSI is
tion would have been damped by the stabilizing long-waveconstrained by data; instead they are chosen such that the re-
radiation feedback. Moreover, a variation Bfalong with sult of the conceptual model matches the transition behaviour
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found in the proxy record, taking into account dating errorsgenerally be expected to be more volatile tiigrthe model
in the latter (grey bars in Fid.0). allows for a superposition of changes in both quantities, with
In this application of the minimal model, we have focused the one either damping or amplifying the effect of the other,
on a section of the paleorecord (ca. 220-160 kyr BP) thadepending on the direction of change.
spans a series of particularly large and abrupt transitions, and As the model contains the physical feedback that causes
has kept both the model parameters and the parameters of tiee threshold behaviour, it can be used to produce meaning-
relation betweer, and NHSI constant. The three NHSI cy- ful first-order estimates of the threshold values. Within the
cles that fall into this period have a similar amplitude, and framework of the minimal model, we have estimated the crit-
the rainfall amounts associated with each of the two mon-ical thresholdyS for four major monsoon regions using sea-
soon regimes are similar across these cycles. This gives usonally averaged reanalyses of regional precipitation, net ra-
some confidence that the parameters might not have changetiation, specific humidity, and temperature for the past sixty
too much during this period. While some of the other abruptyears. The resulting distribution afs can be interpreted
transitions in the younger parts of the record are matchecither as a noisy estimate of a stationary critical threshold,
reasonably well even with this same set of parameters (noor as a probability distribution of an interannually varying
shown), we do not expect the physical processes reflected ithreshold. The degree to which either of these interpreta-
these parameters to remain unchanged across two glacial cyions is valid depends chiefly on the relative importance of
cles. In order to properly evaluate the conceptual model foractual variability and observational uncertainty in the param-
the entire period of the record, a more thorough parameteetersa andg (see Eqs2 and4), the assessment of which is
estimation would be needed that takes into account changdseyond the scope of this study. However, we have seen that
in background climate across the last two glacial cycles thathe consideration of an offset in terrestrial specific humidity
could have modified the parameters; moreover, there willin Eq. @) leads to &g distribution, which is significantly
still be other physical processes that are important in shaprnarrower than with the basic version of the model, suggest-
ing the record, apart from the simple first-order dynamicsing that at least some of the spreadgfican be eliminated
represented in our model. by making the model more realistic, and thus does not reflect
actual year-to-year variability igS.
Consequently, relevant second-order physical processes
6 Discussion and conclusions would have to be included into the model in order to obtain
more robust results fafS. Probably one of the most impor-
We have employed a minimal conceptual model of the mon-tant missing processes is evaporation over land Etghir,
soon season that embodies the fundamental dynamical prd999. Its effect on the heat budget would be mainly to re-
cesses required to sustain large-scale continental monsoatuce sensible heat flux to the atmosphere, which we have
rainfall. According to this model, a critical threshoig already neglected (Ed.,) because it is comparatively small
exists with respect to specific humidity over the ocean re-during the rainy season; on the other hand, its effect on the
gion upwind of the continental monsoon region. This thresh-moisture budget (EqB) would be to stabilize the monsoon
old follows the central role of the self-amplifying moisture- regime by recycling a part of the atmospheric humidity that
advection feedback, which governs the atmospheric moisis lost to precipitation. Therefore, considering evaporation
static energy balance during the monsoon seasap, fHlls would tend to move the critical threshold towards lower val-
short of the thresholg$, no conventional monsoon circula- ues ofgo.
tion can exist over land. The model neglects any processes While the estimation of§ could profit from a refinement
that are not crucial to the moisture-advection feedback in or-of the model, the aim of this study is to demonstrate how the
der to isolate the consequences of this feedback (in particsimple concept that the model is based on can help under-
ular, the model has no time dependency, and is only validstanding past monsoon variations. The non-linear solution
for the monsoon season). The basic dynamics captured istructure of the model implies that transitions into and out of
the model therefore form a necessary condition for sustainedhe conventional monsoon regime, caused by small changes
continental monsoon rainfall beyond what is accounted forin the control variable,, are associated with abrupt and sig-
by the zonal-mean dynamics of the intertropical convergencanificant rainfall changes. Changes gg could be brought
zone. The thresholgf thus defines a domain of existence for about by various factors acting on different timescales. For
a conventional monsoon, and is associated with a non-zermstance, as wind speed over the oceans increases due to
precipitation rate. Outside of this domain of existence, theglobal warming Young et al, 2011), evaporation, e.g. in
springtime surface temperature gradient would still triggerthe Arabian Sea, could be affected both directly and via
the onset of monsoon winds over the continent, but monsooithe amount of upwelling of cold waters at the continental
conditions could not be sustained throughout the summer dueargins, and thereby alter the moisture supply for the In-
to the lack of moist inflow and latent heating. Our results dian summer monsoon. For the East Asian summer mon-
complement those dfevermann et al(2009, who found a  soon (EASM), we have shown that, assuming variatiog in
threshold with respect to the net radiatiin While g, can along orbital-timescale insolation changes, the model yields

Clim. Past, 8, 535544, 2012 www.clim-past.net/8/535/2012/



J. Schewe et al.: Monsoon humidity threshold 543

a series of abrupt monsoon transitions similar to that ob-Clark, C. O., Cole, J. E., and Webster, P. J.: Indian Ocean SST
served in a proxy record of the penultimate glacial period. and Indian summer rainfall: Predictive relationships and their
While the additional assumption of a hysteresis is not crucial decadal variability, J. Climate, 13, 2503-2519, 2000.

for the transition behaviour, it changes the timing of the indi- Claussen, M.: Modeling bio-geophysical feedback in the African
vidual transitions such that they are all consistent, within dat-_and Indian monsoon region, Clim. Dynam., 54, 247-257, 1997.
ing errors, with those found in the proxy record (physically, 22Sh: S- K., Singh, G. P., Shekhar, M. S., and Vernekar, A. D..
a hysteresis might be induced by inert climate components Response of the Indian summer monsoon circulation and rainfall

7 . . to seasonal snow depth anomaly over Eurasia, Clim. Dynam., 24,
such as, e.g. large-scale oceanic circulation or Himalayan ;_;4 2g05

glaciation, rather than by atmospheric processes). The idegyanir, E. A. B.: A soil moisture-rainfall feedback mechanism:
of a threshold behaviour in monsoon circulations due to the 1. Theory and observations, Water Resour. Res., 34, 765-776,
defining mechanism of the moisture-advection feedback may 1998.

thus be a useful first-order concept for understanding pasGoswami, B. N. and Xavier, P. K.: ENSO control on the south Asian
large-scale monsoon changes. The conceptual model inves- monsoon through the length of the rainy season, Geophys. Res.
tigated here may also serve as a basic building block that can Lett., 32, L18717(0i:10.1029/2005GL02321@005.

be made more realistic by the inclusion of other relevant pro-Goswami, B. N., Madhusoodanan, M. S., Neema, C. P., and Sen-
cesses and by a more detailed estimation of the model param- 9uPta. D.: A physical mechanism for North Atlantic SST influ-
eters. For a complete understanding of monsoon variations €7 0N the Indian summer monsoon, Geophys. Res. Lett., 33,

on multiple timescales, of course, more complex models will L02706,doi:10.1029/2005GL024802006.
b . ’ ! P Gupta, A. K., Anderson, D. M., and Overpeck, J. T.: Abrupt
have to be invoked.

changes in the Asian southwest monsoon during the Holocene
and their links to the North Atlantic Ocean, Nature, 421, 354—
357, 2003.
Hahn, D. G. and Shukla, J.: An apparent relationship between
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Methods 33, 24612462, 1976.
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