
A mechanism for land–ocean contrasts in global monsoon trends
in a warming climate

J. Fasullo

Received: 25 July 2011 / Accepted: 6 December 2011 / Published online: 18 December 2011

� Springer-Verlag 2011

Abstract A central paradox of the global monsoon

record involves reported decreases in rainfall over land

during an era in which the global hydrologic cycle is both

expected and observed to intensify. It is within this context

that this work develops a physical basis for both inter-

preting the observed record and anticipating changes in the

monsoons in a warming climate while bolstering the

concept of the global monsoon in the context of shared

feedbacks. The global-land monsoon record across multi-

ple reanalyses is first assessed. Trends that in other studies

have been taken as real are shown to likely be spurious as

a result of changes in the assimilated data streams both

prior to and during the satellite era. Nonetheless, based on

satellite estimates, robust increases in monsoon rainfall

over ocean do exist and a physical basis for this land–

ocean contrast remains lacking. To address the contrast’s

causes, simulated trends are therefore assessed. While

projections of total rainfall are inconsistent across models,

the robust land–ocean contrast identified in observations is

confirmed. A feedback mechanism is proposed rooted in

the facts that land areas warm disproportionately relative

to ocean, and onshore flow is the chief source of mon-

soonal moisture. Reductions in lower tropospheric relative

humidity over land domains are therefore inevitable and

these have direct consequences for the monsoonal con-

vective environment including an increase in the lifting

condensation level and a shift in the distribution of con-

vection generally towards less frequent and potentially

more intense events. The mechanism is interpreted as an

important modulating influence on the ‘‘rich-get-richer’’

mechanism. Caveats for regional monsoons exist and are

discussed.
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1 Introduction

Monsoon rainfall is critical both for tropical economies

and ecosystems and its prediction in the context of climate

change is a scientific challenge of considerable impor-

tance. A concept that has emerged in recent years to

describe coherent low frequency variability among the

various regional monsoons is that of a global monsoon in

which the seasonal overturning circulation and rainfall

vary in a coherent fashion across the Tropics (e.g. Tren-

berth et al. 2000). While the concept of a global monsoon

continues to be explored, and its relevance to some modes

of variability is known to be weak (e.g. El Niño-Southern

Oscillation), it has proven useful in describing and

understanding other aspects of variability (Wang and Ding

2008). Moreover, the concept may be useful in describing

common sensitivities of the various monsoon systems in a

changing climate. In this context, it is argued here that the

global monsoon concept is particularly applicable to

extent that the various monsoons, despite their regional

distinctions, are driven by shared feedbacks and common
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forcings. But what are these shared feedbacks and what

role would they be expected to play in shaping the future

monsoon?

The global hydrologic cycle has received considerable

scrutiny, both in regards to its present day variability and

future evolution, and several common themes have

emerged. Increased tropospheric temperatures and net

evaporation in a warmer climate imply an increase in

atmospheric water holding capacity and cycling, and thus a

potential for increased rainfall. At the same time, basic

constraints on tropical dynamics are expected to weaken its

zonal circulations (Vecchi et al. 2006; Ma et al. 2011), and

these are key components of the monsoons generally

(Webster and Yang 1992; Webster et al. 1998; Sun et al.

2010). In the net, and on a global scale, the balance of these

influences leads to a robust intensification of the hydrologic

cycle in conjunction with the changing surface Bowen ratio

and net radiative balance. While the intensification does

not scale with Clausius-Clapeyron, it is nonetheless sig-

nificant and projected consistently across models (e.g.

Allen and Ingram 2002; Held and Soden 2006). Also in line

with these expectations are recent observations from vari-

ous surface (Huntington 2006) and satellite based estimates

(Syed et al. 2010; Zhou et al. 2011), which have demon-

strated an intensification of the hydrologic cycle. None-

theless, as these records are relatively brief and the density

of observational stations has evolved over time, the rep-

resentativeness and accuracy of reported trends remains

somewhat uncertain.

Developing hydrologic constraints on a regional scale,

particularly over monsoonal land domains, has been

problematic. Simple scaling arguments, such as those that

have been used successfully over the oceans (e.g. Held and

Soden 2006), remain elusive both over land globally and on

regional scales. A challenge has in part arisen from the

large internal variability that is characteristic of regional

rainfall (e.g. Deser et al. 2011), but the additional physical

complexity of the land-monsoon hydrologic environment

has also played a confounding role. For example, vegeta-

tion-convective interactions and land-surface hydrology

play key roles in moisture cycling and these are not gen-

erally well simulated by models (Dai 2011). Moreover,

significant uncertainty arises from the influence of aerosols

in the monsoon environments (Lau and Kim 2006;

Ramanathan et al. 2001; Nigam and Bollasina 2010) and

even the gross scale nature of the aerosol impact on rainfall

remains unclear (e.g. Khain 2009). Accompanying these

uncertainties, future projections of monsoon intensity over

land vary widely across models (Kim et al. 2008). Inter-

pretation of these projections is clouded further by diag-

noses of recent monsoon variability, including reanalysis-

based studies that have identified substantial weakening of

the land monsoon (e.g. Chase et al. 2003) and satellite

analyses, which while finding no trend over land identify a

strengthening over ocean (Wang and Ding 2006).

Several questions therefore arise. Are observations, and

particularly reanalyses, suitable for evaluating trends in the

global monsoon and do they provide a meaningful basis for

evaluating model simulations? How does hydrologic vari-

ability globally relate to the regional monsoons? Can

models, despite their various errors and uncertainties,

contribute to the development and understanding of the

global monsoon concept and future monsoon evolution?

In addressing these questions, it is useful to first consider

the shared features of the various monsoon systems. Most

basically, the existence of a land–ocean contrast is funda-

mental to many monsoons and feedbacks in the water

cycle, and particularly clouds, play a central role in

establishing their span, strength, and variability (e.g.

Webster et al. 1998). At the same time, a robust and dis-

proportionate warming of tropical land regions is a ubiq-

uitous feature of a warming climate (e.g. Joshi et al. 2008;

Boer 2011) and so the question arises as to how this fun-

damental characteristic of a changing climate may influ-

ence monsoon variability? Fasullo (2010) investigated the

consequences of the land–ocean contrast in warming on the

annual mean global energy budget and found a particularly

strong response at low latitudes, related to the increased

aridity of the boundary layer over land and its impacts on

clouds and radiation that have direct consequence for

radiative equilibration of the climate system. Fundamental

to the contrast was the limited availability of moisture over

land and the inextricable constraints it imposed on con-

vection and clouds. But what are the consequences for

rainfall and what insights into the already stated questions

and the global monsoon concept might be gained from

these constraints?

To investigate these questions, reanalysis and satellite

data are used in conjunction with a suite of global coupled

model simulations. The data and methods used are addressed

in Sect. 2 while in Sect. 3 the suitability of reanalyses for

exploring the global monsoon is assessed. In Sect. 4, pro-

jections of the global monsoon are examined with the goal

quantifying the large inter-model spread in monsoon pro-

jections and aspects of their associated land–ocean contrasts.

Results from these sections as they relate to the major science

questions is discussed in Sect. 5 and conclusions and related

future work are presented in Sect. 6.

2 Methods and data

2.1 Reanalyses

Estimates of global monsoon intensity over recent decades

are computed from a suite of reanalyses produced by the
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major meteorological centers (NCEP (NOAA), ECMWF,

JMA, and NASA). Trenberth et al. (2011) provides an

assessment of these products, particularly as related to the

hydrological cycle and land–ocean exchanges. The first

generation of atmospheric reanalyses was produced in the

mid-1990s at the National Center for Environmental Pre-

diction/National Center for Atmospheric Research (NCEP/

NCAR, Kalnay et al. 1996) and assimilated few hydro-

logical fields. It did not use SSM/I data or satellite water

vapor channels. Hence the reanalysis is data sparse across

the monsoon domains with the result that the moisture

fields are largely produced by the reanalysis model and

are severely deficient in their spatial and temporal vari-

ability. Variability in the reanalysis’ hydrologic fields is

influenced strongly by changes in the assimilated data

stream and their projection onto the model convective

physics and not by natural variability (Trenberth et al.

2005, 2011).

Two second generation products, the ERA-40 (Uppala

et al. 2005) and the JMA 25-year reanalysis (JRA-25)

(Onogi et al. 2007) addressed flaws in the earlier reanaly-

ses, but many problems persisted, particularly in regards to

the assimilation of water vapor data and model flaws. For

this study, E-P from ERA40 is also computed based on the

method described in Trenberth et al. (2002).

Several improved reanalyses have recently become

available including the NCEP Coupled Forecast System

Reanalysis and Reforecast (CFSRR, Saha et al. 2010),

MERRA (NASA’s Modern-Era Retrospective Analysis for

Research and Applications (Rienecker et al. 2011), and

ECMWF’s ERA-Interim (Simmons et al. 2007). There are

three main differences from the first generation efforts

including increased resolution, improved initialization and

assimilation techniques, and the incorporation of additional

satellite radiances. The newer reanalyses also incorporate

many important model improvements, the use of four-

dimensional variational (4D-Var) data assimilation, and

various other changes in their analysis methodology.

MERRA provides various quantities that are used to cal-

culate E-P, without going through the mass correcting

procedure that is necessary in the other reanalyses, made

possible by MERRA’s use of the incremental analysis

update procedure that evolves the fields smoothly. In

addition, an extended reanalysis for the twentieth century

and beyond (20thC), based on specified SSTs and surface

pressure reports, has been performed with the ensemble

Kalman filter (Compo et al. 2011), using a recent data

assimilation system. Because data are assimilated only at

the surface, the atmospheric increments only affect the free

atmosphere indirectly in this reanalysis and changes in the

data stream have an indirect but potentially large impact on

hydrologic variability, particularly as it relates to the

monsoons.

In general, all of these reanalysis are known not to

balance or satisfy basic moisture constraints (Trenberth

et al. 2011). Trenberth et al. (2005) evaluated precipitable

water from NCEP reanalyses, ERA-40, and SSM/I, and

identified spurious variability in trends in all reanalyses,

with only SSM/I providing reliable trends over the ocean.

Trenberth et al. (2011) also provides other examples of

pervasive problems in spin up of the hydrological cycle,

and its treatment in reanalyses and both generally and in

regards to trends. Based on these works, there is the

expectation that diagnoses of global monsoon trends using

reanalyses may be problematic.

2.2 Satellite retrievals

A general lack of ground-based measurements has meant

that most tropical precipitation estimates are based on

various algorithms applied to satellite data and then merged

into synthesized products such as the Global Precipitation

Climatology Project (GPCP, Huffman et al. 2009). The

temporal sampling limitations from two instantaneous

precipitation rates per day from polar orbiters are offset by

geostationary satellites, but with less accurate infrared

sensors. Nonetheless, comparisons of GPCP and other

datasets (Adler et al. 2001; Yin et al. 2004) reveal large

discrepancies over tropical oceans of order 10–15%. The

aliasing of such biases onto trends in the tropics is a major

contributor to uncertainty in monitoring the monsoons

(Arkin et al. 2010). Nonetheless, errors in simulated rain-

fall are often substantially larger than that contained in

satellite products and GPCP has a variety of legitimate uses

in validation of both models and the reanalyses.

2.3 Model simulations

Simulations of the World Climate Research Programme’s

(WCRP’s) Coupled Model Intercomparison Project phase 3

(CMIP3) multi-model dataset (Meehl et al. 2007) are used

to assess future projections. The simulations represent the

combined effort of sixteen modeling centers using a total of

two-dozen coupled climate models in a variety of config-

urations and under a range of forcing scenarios. The pro-

jections of the twenty-first century based on forcing of the

SRES-A1B scenario are used here and benefit from

employing a fully coupled and interactive ocean model.

This scenario is selected as it offers the greatest number of

available model runs. All fields in the archive are consid-

ered but some models have incomplete information. Where

available, one member (run1) of each model ensemble is

chosen for this analysis and an estimate of internal vari-

ability is obtained from the ensemble of a single model

(NCAR CCSM3) for which multiple ensemble members

are available.
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A variety of derivative fields central to tropical con-

vection and rainfall are computed from the CMIP3 archive.

These include the lifting condensation level (LCL) and

convective available potential energy (CAPE). For con-

tinuous projections of the CMIP3 archive, only monthly

fields are available and are thus used for these computa-

tions. In computing LCL, a parcel from the lowest model

pressure level data, at or above the reported surface pres-

sure, is ascended along a dry adiabat until it reaches the

level of saturation, defined as the LCL. Computations of

CAPE involve lifting the parcel beyond that point, to the

level at which it is neutrally buoyant while integrating its

buoyancy along its full vertical trajectory. The effects of

heat release associated with the latent heats of fusion and

vaporization are both considered during the parcel ascent.

3 The global monsoon as diagnosed from reanalyses

The proliferation of reanalysis in recent years provides an

important opportunity to evaluate the robustness of their

resolved variability. Figure 1 shows the evolution of global

monsoon rainfall over land in several reanalyses and in

GPCP using the method of regional monsoon identification

developed by Wang and Ding (2006) as applied individu-

ally to each dataset. While the regions defined by this

method are similar across the datasets, reported variations

and trends can vary widely. To provide a satellite-based

context for these variations, GPCP shows some significant

interannual variability but no significant trend over land

since 1979, consistent with the results of Wang and Ding

(2006). Thus, the large variations that exist in present-day

global-land monsoon are associated with internal variabil-

ity and these render undetectable any forced component of

variability that may exist. Despite the lack of a trend, this

period contains a contemporaneous rapid increase of global

surface temperature and thus, according to GPCP, the

absolute magnitude of the global-land monsoon’s sensi-

tivity to global temperature is likely to be weak.

Several remarks can be made on the reanalyses’ depic-

tions of the global monsoon that provide insight into their

suitability for global change studies. A study identifying a

significant weakening trend based on NCEP data used

fields spanning the pre-satellite era (Chase et al. 2003).

From these reports of monsoon weakening, both theoretical

expectations and models were called into question. But

how reliable are trends in estimates of global monsoon

intensity from reanalyses, particularly prior to 1979?

The 20thC, ERA40, and NCEP products offer the

opportunity to compare the robustness of various trends

from 1958 to 1979 (intervals denoted by ‘‘A’’ in Fig. 1).

While NCEP shows a marked weakening of the monsoons

(-3.0 mm day-1 c-1), other reanalyses show a very

different evolution. In part these differences may arise from

a general lack of observational data in the monsoon

regions, particularly prior to 1968 (e.g. Yang et al. 2002),

and thus the reanalysis fields are largely model generated,

influenced only weakly by observational constraints. Spu-

rious trends therefore are likely to be induced as observa-

tions become available. In the 20thC reanalysis, the

weakening from 1958 to 1979 is substantially smaller

(-0.5 mm day-1 c-1) as the reanalysis altogether fails to

capture the broad peak in rainfall resolved in NCEP near

1960. Estimates from ERA40 contrast even more mark-

edly, with a substantial contemporaneous increase in

rainfall (?2.0 mm day-1 c-1). Interestingly both the

NCEP and ERA40 trends are statistically significant though

clearly they are not both physically tenable. While ERA40
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Fig. 1 The evolution of global monsoon rainfall over land as

estimated from various reanalyses and GPCP. Several identifiably

spurious features exist including contradictory trends prior to (A) and

during the satellite era (B), and inconsistencies with moisture

convergence estimated from the mass-corrected atmospheric moisture

budget (C)
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incorporated many improvements not considered in the

NCEP reanalysis methodology, it remains an open question

as to whether any of the reanalyses provide a reasonable

depiction of nature during this period, as only sparse sur-

face monitoring of rainfall can be used to evaluate the

reanalysis. Notwithstanding this uncertainty, it is clear that

some of the reanalyses, if not all, are discernibly wrong and

there is no objective justification for placing confidence in

any of their reported trends.

In comparing the various reanalyses during the satellite

era (labels ‘‘B’’ in Fig. 1), other important contrasts can

also be identified. Despite methodological improvements

and the incorporation of water vapor channels by more

recent reanalyses (Trenberth et al. 2011), trends during the

satellite era are mutually inconsistent as MERRA shows a

strong positive trend from 1979 to 2010 while JRA25

shows a contemporaneous and robust weakening. Both

trends are verifiably false based on retrievals from GPCP

and spurious increases in MERRA’s hydrologic cycle in

the late 1990s are known to relate to changes in assimilated

satellite radiances (Trenberth et al. 2011). Moreover,

interannual variability represented across reanalyses during

the satellite era is poor generally. Separate evaluation of

CFSRR and ERAI (not shown) reveal similar shortcomings

with even subtle changes in the density of assimilated

radiances, and particularly those relating to water vapor

(e.g. SSM/I), having a major effect on monsoon intensity in

both reanalysis products (Trenberth et al. 2011).

Inconsistencies within a single reanalysis are also evi-

dent and can be highlighted by comparing moisture con-

vergence derived from the atmospheric budget, plus the

forecasted evaporation component, with simulated precipi-

tation. These intervals are indicated by ‘‘C’’ in Fig. 1.

Variations in the budget, if correctly closed, would mirror

those in precipitation. Instead, trends and variability in both

MERRA and ERA40 budgets contrast strongly with sim-

ulated rainfall and a broad divergence between the forecast

and assimilated fields is evident. Since the moisture budget

is computed from fields directly assimilated by the rea-

nalyses, as opposed to precipitation that is a model forecast

product, more confidence can be placed in the budget

estimates. Nonetheless, agreement among even the various

budget fields and retrievals from GPCP is weak, particu-

larly in regards to trends, and these too are therefore likely

to be flawed as indicators of the global monsoon. Thus, it is

clear that reanalyses, even when considered across the

satellite era, are both mutually and internally inconsistent

and are discernibly inappropriate for evaluating trends in

the global monsoon. They are also not suitable for evalu-

ating simulations or theoretical scalings of the global

monsoon in a warming climate. Rather, it is likely that

satellite derived diagnoses, though imperfect, provide the

best estimate of present-day global monsoon variability.

4 CMIP3 projections

Model-median projections of summer rainfall normalized

by the increase in global temperature are shown in Fig. 2

where trends for June through September (JJAS) and

December through February (DJF) are used to denote the

respective northern and southern hemisphere summer

monsoon seasons. The corresponding present-day global

monsoon domains based on GPCP rainfall also shown.

Regions where trends agree in sign across at least 75% of

models are shown by stippled and hatched domains. Robust

increases in rainfall are evident in the Inter-Tropical Con-

vergence Zone (ITCZ) in the Indian and Pacific tropical

oceans and in southeast Asia including the monsoonal

ocean domains of the southwest Asian, East Asian, and

Australian monsoon systems. Increases in model median

rainfall are also evident across most other monsoonal ocean

domains while robust reductions in rainfall are projected in

many subtropical ocean domains, though these are not

generally monsoonal. As noted in earlier studies (e.g. Kim

et al. 2008), trends over monsoon land regions are

Zonal MeanTrend in P SRES-A1b (mm day-1 K-1)

DJF

JJAS

Fig. 2 The multi-model

twenty-first century trend in

summer season rainfall based on

the CMIP3 SRES-A1b scenario

model runs and normalized by

global mean warming. Zonal

mean values for ocean (blue),

land (red), and the globe, along

with their interquartile ranges

(lines) are also shown. Stippling
(hatching) denotes regions

where positive (negative) trends

are consistent in at least � of

models
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inconsistent across both models and regions generally, with

increases in some regions, such as India, South America,

and Africa, and small increases or decreases in other

domains such as North America and Australia. Trends in

monsoon rainfall over land are generally not robust across

models with widespread disagreement on even the sign of

such trends. In the zonal mean, substantial increases in

tropical ocean rainfall are evident in all models, with even

the lower quartile exhibiting a positive trend at low lati-

tudes, in contrast to higher latitudes where trends are small

generally. In tropical land regions, trends span a relatively

broad range and include both increases and decreases with

an interquartile range that spans zero at most latitudes. The

large inter-model spread is associated in part with internal

variability, as the trends are based on a single ensemble

member, making assessment of the contrast at regional and

zonal mean scales a challenge. It is estimated here, based on

the ensemble spread in estimates of the global monsoon

from the NCAR CCSM3, internal variability makes a

significant contribution to the spread in rainfall

trends (r = 0.04 mm day-1 K-1). Nonetheless, a contrast

between land and ocean regions emerges at low latitudes

that differs markedly in character from high latitudes, where

zonal mean changes over land and ocean agree closely. The

question therefore arises as to what environmental changes

and physical constraints may exist to influence the land–

ocean contrast and to what degree they are relevant to the

monsoon convective environments.

To quantify and explore the simulated behavior in

monsoon domains, Table 1 shows the difference in simu-

lated mean state and projected sensitivities averaged over

global land and ocean monsoonal domains. The mean state

is useful in interpreting trends as strong linkages between

them are known to exist, such as for example as implied by

the ‘‘rich-get-richer’’ mechanism of tropical convection

whereby regions that are convectively active in the current

climate experience a disproportionate strengthening under

warming (e.g. Neelin 2007; Chou et al. 2009). Due to their

higher latitudes and elevations, land monsoon regions are

generally cooler at the surface (298.7 ± 1.3 K) than their

ocean counterparts (301.2 ± 0.8 K) and they experience

lower relative humidity (73.0 ± 3.5% vs. 82.9 ± 2.6%).

The vertical structure of the troposphere is also distinct

with lower LCL pressure (743 ± 268 hPa vs. 819 ±

303 hPa) and smaller values of CAPE (51.1 ± 45.0 J vs.

747 ± 512 J). Associated with their aridity and relative

stability, land regions also have less cloud amount than

ocean regions (67.5 ± 8.6% vs. 70.7 ± 9.2%) and lower

precipitation (6.4 ± 0.6 mm day-1 vs. 7.8 ± 1.0 mm

day-1).

Trends in temperature show a disproportionate warming

of monsoonal land domains relative to their ocean coun-

terparts with a median contrast of 0.27 K per degree of

warming globally and an interquartile range of 0.19 to

0.34 K K-1 (Table 1). Associated with this warming is a

general tendency towards increased aridity, with all models

showing reductions in RH at 925 hPa and an interquartile

range of the contrast with ocean domains of -0.9 to -0.1%

K-1. Figure 3 shows the regional structure of trends in RH.

At all latitudes, decreases in RH over land are projected,

with robust reductions within the monsoonal domains of

the Americas, East Asia, Australia, and West Africa. In

contrast, trends in ocean monsoon domains are small and

positive generally with portions of the many monsoonal

ocean domains exhibiting positive trends that are robust

across models.

The decrease in lower tropospheric RH exerts an

inhibiting effect on convection generally, and mandates an

increase in the LCL height (i.e. a decrease in its pressure)

as the boundary layer becomes more arid. The median

contrast in LCL trends between land and ocean is

-1.6 hPa K-1 with an interquartile range or -2.4 to

0 hPa K-1, and a net reduction in the LCL pressure level

occurs in all but a few models (Table 1). Regional trends in

the LCL are shown in Fig. 4. Due to its explicit reliance on

humidity, LCL exhibits a strong spatial correlation with

RH (Fig. 3) and all monsoon land domains, except for

northwestern India, exhibit a lifting of the LCL in the

model median. Trends over land contrast with those over

ocean, which experience a robust lowering of the LCL (i.e.,

increase in pressure) in most of the tropics and subtropics,

including their monsoonal domains (Fig. 5).

Table 1 Median linear trends and their interquartile range in SRES-A1b twenty-first century projections

Land–ocean contrast T (K) P (mm day-1) RH925 (%) LCL (mb) CLT (%) CAPE (J)

Mean state

{25%, 75%}

-2.59

{-3.12, -1.86}

-1.40

{-2.2, -0.5}

-9.97

{-12.0, -7.8}

-75.7

{-99, -73}

-3.24

{-6.0, -0.2}

-696

{-1,022, -264}

Trends

{25%, 75%}

?0.27

{0.19, 0.34}

-0.06

{-0.13, 0.08}

[0.04]

-0.64

{-0.89, -0.07}

-1.63

{-2.4, 0}

-0.50

{-0.74, -0.05}

-187

{-249, -59}

Trends are normalized by global temperature change to remove the variance induced from contrasts in their climate sensitivity. Internal

variability in rainfall, defined as the standard deviation across multiple NCAR CCSM3.0 ensemble members, is shown in bold brackets
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Reflecting the combined effects of boundary layer

humidity and temperature, land–ocean contrasts in CAPE

projections are substantial. Climate change is known to be

associated generally with an increase in static stability

across the tropics in association with an amplified hydro-

logic cycle and related warming in the middle and upper

troposphere (e.g. O’Gorman and Schneider 2009). How-

ever less well documented is the variability of convective

instability and this is identified here as a key influence in

driving land–ocean monsoonal contrasts. Figure 6 shows

trends in CAPE during summer. The contrast between land

and ocean domains is pronounced. As a consequence of

their trends towards greater aridity, and despite their dis-

proportionate warming, land monsoon domains experience

much smaller increases in CAPE than do ocean domains.

The model median land–ocean contrast in projected CAPE

Zonal MeanTrend in 925 hPa RH SRES-A1b (% K-1)

DJF

JJAS

Fig. 3 The multi-model

twenty-first century trend in

summer season 925 hPa relative

humidity based on the CMIP3

SRES-A1b scenario model runs

and normalized by global mean

warming. Zonal mean values for

ocean (blue), land (red), and the

globe, along with their

interquartile ranges (lines) are

also shown. Stippling (hatching)

denotes regions where positive

(negative) trends are consistent

in at least � of models

Zonal MeanTrend in LCL SRES-A1b (mb K-1)

DJF

JJAS

Fig. 4 The multi-model

twenty-first century trend in

summer season lifting

condensation level based on the

CMIP3 SRES-A1b scenario

model runs and normalized by

global mean warming. Zonal

mean values for ocean (blue),

land (red), and the globe, along

with their interquartile ranges

(lines) are also shown. Stippling
(hatching) denotes regions

where positive (negative) trends

are consistent in at least � of

models

Zonal MeanTrend in CLT SRES-A1b (% K-1)

DJF

JJAS

Fig. 5 The multi-model

twenty-first century trend in

summer season cloud amount

based on the CMIP3 SRES-A1b

scenario model runs and

normalized by global mean

warming. Zonal mean values for

ocean (blue), land (red), and the

globe, along with their

interquartile ranges (lines) are

also shown. Stippling (hatching)

denotes regions where positive

(negative) trends are consistent

in at least � of models
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is -187 J K-1 with an interquartile range of -59 to

-249 J K-1. Trends in CAPE over tropical oceans are

pronounced generally and increases over monsoonal ocean

domains are particularly strong. The increases result from

the combined warming and moistening of the boundary

layer, which enhances buoyancy during the vertical ascent

of convecting parcels, despite an increase in static stability.

In the deep tropics (15�N–15�S) the increases over ocean

are particularly large and robust across models with even

the 25% tile model increase in the zonal mean exceeding

40 J K-1. A stark contrast is evident with land regions,

where increases are small generally and even the sign of

simulated trends is ambiguous across models. In none of

the global land monsoonal domains are robust increases

evident nor do increases over land exceed those over

ocean.

Consistent with the combined influence of these trends

on the convective environment, reductions in cloud amount

are simulated generally under warming (Trenberth and

Fasullo 2009) and decreases in cloud amount are known to

exhibit a robust land–ocean contrast in the annual mean

(Fasullo 2010). Here, summer mean cloud amount is shown

to exhibit similar behavior with reductions over land

exceeding those over ocean by -0.5% K-1. The regional

structure of these trends is shown in Fig. 6. Land monsoon

regions including those in the Americas, Australia, and

Africa, exhibit marked and robust decreases in cloud

amount across models. Reductions are also evident in some

monsoonal ocean domains, though generally these are

weaker and less robust across models than those over land.

5 Summary and discussion

Reconciling the observational record with a theoretical

understanding of the monsoons is prerequisite to inter-

preting both current trends and future projections. Studies

that report substantial weakening of the monsoons are

difficult to reconcile with a broader perspective on the

water cycle as the monsoons are a central component of the

global hydrologic cycle, which has independently been

observed to strengthen with warming in a manner generally

consistent with expectations. Here reanalyses are shown to

be fundamentally inconsistent in their depiction of mon-

soon trends and reports of weakening based on reanalyses

are likely to be in error. It is argued here that from an

observational standpoint, reliable estimates of global

monsoon variability can best be gained from the satellite

record and that the robust feature of this record is the

existence of a land–ocean contrast in rainfall trends, not in

a shift in absolute magnitude. This contrast is characterized

by a significant strengthening of the oceanic monsoon

component accompanying weak and insignificant trends

over land that are obscured in part by significant internal

variability. In this regard, the satellite record is found to be

qualitatively consistent with model simulations, which

show a robust land–ocean contrast in monsoon trends. An

outstanding goal is therefore to provide a theoretical basis

for this contrast.

Towards this end, and in order to promote a physical

basis for the global monsoon concept, the role of common

feedbacks is emphasized and explored. The analysis

establishes a mechanism based on the canonical land–

ocean contrast in warming constrained by limitations on

moisture availability over land as summarized in Fig. 7.

The mechanism is rooted in the fact that the monsoons

depend primarily on the onshore flow of moisture from

ocean regions. The enhanced warming of land domains

relative to ocean therefore mandates a disproportionate

increase in saturation specific humidity relative to that over

ocean (Fig. 7-1) and as a result, a reduction in the RH of

the onshore flow is expected. Based on the model median

contrast in warming of 0.27 K per degree of warming

globally, this reduction is about 1.8% K-1 due to the

roughly 7% K-1 scaling of the Clausius-Clapeyron rela-

tionship, and this matches closely with the simulated land–

Zonal MeanTrend in CAPE SRES-A1b (JK-1)

JJAS

DJF

Fig. 6 The multi-model

twenty-first century trend in

summer season CAPE based on

the CMIP3 SRES-A1b scenario

model runs and normalized by

global mean warming. Zonal

mean values for ocean (blue),

land (red), and the globe, along

with their interquartile ranges

(lines) are also shown. Stippling
(hatching) denotes regions

where positive (negative) trends

are consistent in at least � of

models
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ocean contrast in RH of 1.6% K-1 (Table 1). Increased

aridity in the global-land monsoon land is therefore both

qualitatively and quantitatively consistent with expecta-

tions based on the constrained onshore monsoonal flow.

The inextricable consequence of RH reductions in the

boundary layer over land is the lifting of the LCL (Fig. 7-

2). In conjunction with an increase in static stability,

associated with a warming climate identified in previous

work, boundary layer land–ocean contrasts lead to muted

increases in CAPE over land relative to those over ocean,

which are found to be both significant in magnitude and

robust across models (Fig. 7-3). These shifts in the mon-

soonal convective environment are also associated with a

land–ocean contrast in rainfall, which while containing

considerable spread both across region and model, is

nonetheless found to be evident in the median simulated

response.

The mutual relationships for the fields assessed can in

instances be complex. For example, substantial decreases

in RH and CLT characterize most land monsoon domains,

yet total rainfall nonetheless increases in some regions. The

contrast between trends in RH, CLT, and rainfall is par-

ticularly pronounced over South America and central

Africa. Similarly, significant and robust increases in rain-

fall exist in some land monsoon regions in which CAPE

fails to exhibit a robust increase. These differences

underscore the fact that LCL and CAPE are not compre-

hensive determinants of rainfall variability but rather are

merely influencing factors. As it is constrained explicitly

by the fields available in the CMIP3 archive, the current

analysis is incomplete to the extent that overriding

influences exist and these will be important considerations

for follow on work.

There are also regional exceptions to the proposed

mechanism and chief amongst these is the southwest Asian

monsoon, which experiences a considerable increase in

projected rainfall over land that is robust across models in

some regions. Other components of the proposed mecha-

nism in Southeast Asia, such as a reduction in RH and

lifting of the LCL over land, are also not universally valid.

However, the Indian monsoon is unique in that the center

of its diabatic heating and rainfall occur over the Bay of

Bengal, and these drive monsoonal flow over both the land

and ocean domains. Thus the sensitivity of its deep con-

vection to land-surface constraints is limited, as the center

of its deep convection resides primarily over ocean.

A basis that is useful for understanding aspects of sim-

ulated trends in rainfall is the so-called rich-get-richer

mechanism whereby regions that are convectively active in

the present day experience a disproportionate increase in

intensity under warming (e.g. Neelin 2007; Chou et al.

2009). More recent work has emphasized the role of sur-

face temperature, rather than rainfall, in governing future

trends (Xie et al. 2010), though qualitatively these

descriptions are similar for the monsoon domains, as the

warmest regional SSTs tend to coincide with the regions of

strongest deep convection. The question therefore arises as

to how to view the current mechanism in this context.

While it is true that ocean monsoonal domains tend to have

greater instability and rainfall in the present-day climate

than do land domains (e.g. Table 1), significant rainfall and

instability nonetheless exist for both (e.g. Table 1). How-

ever, future projections demonstrate a disproportionate

destabilization of ocean regions and it is not possible

generally to account for future trends based on present day

magnitudes alone. Moreover, the rich-get-richer mecha-

nism does not address the moisture limitations that are

inherent to the land surface. Thus, in this context, the

mechanism proposed here is viewed as a modulating

influence on the rich-get-richer mechanism.

Notwithstanding the implications of the mechanism

proposed here, major outstanding issues remain relating to

future projections. As the mechanisms explored here do not

constrain total rainfall but merely influence its land–ocean

contrast, chief amongst the outstanding issues is the esti-

mation of absolute rainfall trends over land, which is a

more relevant parameter to impact assessment. Continued

efforts to constrain accurately projected rainfall amounts

will therefore be essential for adaptation efforts. Moreover,

the influence of aerosols on projected trends remains a

major uncertainty. There is confidence that the trends

reported here are not governed by aerosols, as the contrast

exists in simulations in which aerosols are increasing,

decreasing, or altogether absent. However it remains a

Fig. 7 Conceptual model of processes driving land–ocean contrasts

in global monsoon rainfall in a warming climate
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major uncertainty as to how aerosols with modulate both

the land–ocean contrast in rainfall and its absolute intensity

and this influence remains a subject of ongoing research.

6 Conclusions and future work

Using reanalysis and satellite data in conjunction with

climate projections of the CMIP3 archive, a perspective has

been advanced here that reconciles the apparent disagree-

ments between observed and simulated monsoon variabil-

ity in a warming environment. Reanalyses have been found

to be unreliable for assessing these trends and instead

satellite retrievals are deemed to be the most appropriate

means for diagnosing monsoon rainfall trends in a warming

climate. A key feature of trends diagnosed from satellite

retrievals is the land–ocean contrast in which robust

increases evident over ocean accompany relatively stable

conditions over land. Model simulations are found to rep-

licate this contrast and a mechanism has been proposed and

evaluated that both explains the observed and simulated

behavior and promotes the concept of the global monsoon.

The mechanism is rooted in the contrast in warming

between land and ocean, constraints on moisture due to the

land surface, and their implications for boundary layer

humidity and the monsoonal hydrologic and convective

environments. The mechanism accounts for various simu-

lated trends and these are demonstrated to be robust across

models, notwithstanding the large internal variability

inherent to rainfall.

Major challenges remain in predicting the future mon-

soons. Chief among these, and central to the evaluation of

impacts, is the projection of absolute rainfall amounts over

the land monsoon domains. Towards this end, the identi-

fication of model biases responsible for the wide spread

that exists in future monsoon projections will be key.

Developing observational constraints and improved phys-

ical parameterizations to reduce these errors and improve

model fidelity remains a major priority. Improving our

understanding and simulation of the various modes gov-

erning monsoon rainfall is also a major objective as sys-

tematic biases in tropical propagating modes and air-sea

interactions, particularly as they relate to ENSO and the

Pacific cold tongue bias, remain large. The additional fields

incorporated in the upcoming CMIP5 release are likely to

contribute substantially to an improve understanding of

these effects.
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