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ABSTRACT

CMIP5 models project changes to the seasonality of both tropical sea surface temperature
(SST) and precipitation when forced by an increase in greenhouse gases. Nearly all models
project an amplification and a phase delay of the annual cycle for both quantities, indicating
a greater annual range and extrema reached later in the year. We detail these changes and
investigate the nature of the seasonal precipitation changes in an AGCM. In response to a
prescribed SST with a uniformly higher annual mean temperature, we find a strengthened
annual cycle of precipitation due to enhanced vertical moisture advection, and we find a delay
to the timing of peak precipitation, consistent with a delay to the timing of the circulation.
A budget analysis of this simulation indicates a large degree of similarity with the CMIP5
results. In the second experiment, we change only the seasonal characteristics of SST. For
an amplified annual cycle of SST we find an amplified annual cycle of precipitation, while for
a delayed SST we find a delayed annual cycle of precipitation. Additionally, there are cross-
effects: the phase of SST affects the amplitude of precipitation and the amplitude of SST
affects the phase of precipitation. Assuming that the seasonal changes of precipitation in the
CMIP5 models are entirely due to SST effects and that ocean feedbacks are not important,
our AGCM simulations suggest that the annual mean SST warming can explain around 90%
of the amplitude increase and 60% of the phase delay of precipitation in the CMIP5 models

with the remainder due to seasonal changes in SST.
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1. Introduction

The seasonal cycle of tropical precipitation, primarily characterized by the monsoons
and the meridional movement of the I'TCZ, is responsible for much of the variance in global
precipitation. Even relatively small changes in the annual cycle of tropical precipitation may
have a large impact, both globally and locally. For example, they can affect the timing and
quantity of latent heat release and energy transport, which can also affect the general circu-
lation. Changes in monsoonal timing have large regional implications due to the dependence
of many agricultural and pastoral communities on rainfall.

Nearly all of the models in the World Climate Research Programme’s (WCRP’s) Coupled
Model Intercomparison Project phase 3 (CMIP3) multi-model dataset (Meehl et al. 2007)
project consistent changes to the annual cycle of SST and precipitation in simulations with
increased greenhouse gases: a phase delay and an amplification of the annual cycles of
tropical precipitation and SST (Chou et al. 2007; Tan et al. 2008; Biasutti and Sobel 2009;
Sobel and Camargo 2011; Seth et al. 2011; Dwyer et al. 2012). CMIP5 (Taylor et al. 2011)
models show changes of the same sign due to greenhouse gases, which we discuss in Section 3
and which have been documented elsewhere (Biasutti 2013; Seth et al. 2013; Huang et al.
2013). Averaged over the tropical ocean for CMIP5, the changes to the annual cycle are
relatively small: a 1 day delay and a 4% amplitude increase for SST and a 3 day delay and
a 16% amplitude increase for precipitation. But these changes are consistent across models.

We are interested in the question of what modifies the seasonal cycles of both precipitation
and surface temperature in the greenhouse-gas forced, fully coupled models. In this paper we
address a more limited question: given a change in the annual mean or annual cycle of SST,
what is the response of the annual cycle of precipitation and how does this relate to changes
in the coupled models? Using an AGCM forced with SST presents a simple framework to
evaluate this question, but there are drawbacks to this approach. Prescribing SST eliminates
feedbacks between the ocean and atmosphere that are present in the real climate and coupled

models (Fu and Wang 2004; Kitoh and Arakawa 1999). Despite this, given the observed SST
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and radiative forcings, AGCMs capture the annual precipitation anomalies over land and for
the tropics over all, though there is some discrepancy over ocean (Liu et al. 2012). Similar
studies where the annual cycle of SST was modified or suppressed have been carried out
to study the effect of SST on the Asian summer monsoon (Shukla and Fennessy 1994),
the equatorial Atlantic and Pacific (Li and Philander 1997), precipitation in the Amazon
basin (Fu et al. 2001), and precipitation in the tropical Atlantic (Biasutti et al. 2003, 2004).

If the mean or seasonal changes in SST can directly force seasonality changes in pre-
cipitation in the AGCM, this suggests that the same mechanism might be operating in the
greenhouse gas forced, coupled models. While this study cannot rule out alternative mech-
anisms for the seasonality changes of precipitation in the coupled models, it demonstrates
that changes to the annual mean and annual cycle of SST are each a sufficient (though not
necessarily a necessary) condition for affecting the seasonal cycle of precipitation. Moreover,
we find that increasing the annual mean SST alone — and not changing its seasonality — in
an AGCM produces an amplitude increase and a phase delay of tropical precipitation with
similar magnitude and structure to the coupled models.

Ultimately, greenhouse gases are responsible for the changes to both SST and precipita-
tion in the coupled models. And while our results suggest that precipitation is responding
to changes to SST, the mechanism by which greenhouse gases affect the seasonality of SST
is not yet clear. Earlier research has suggested a link to the surface fluxes (specifically latent
heat flux), which may be due to changes in the Hadley Circulation (Sobel and Camargo
2011; Dwyer et al. 2012).

In the following section we describe the methods, AGCM, experimental design, and
sensitivity of the results to our methods. Next in Section 3 we describe the annual mean
and seasonal changes to SST and precipitation in the CMIP5 models, which motivates the
modeling studies. In Section 4 and 5 we describe and interpret the results of our simulations
in which we uniformly increase the SST and changed the seasonality of SST, respectively.

We discuss our results in Section 6 before concluding in Section 7.



79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

2. Methods and Experimental Design

We reproduce the CMIP3 results of an amplitude increase and a phase delay for SST and
precipitation in the tropics (25°S-25°N) with 35 of the CMIP5 models for which monthly
precipitation and surface temperature data for both the historical simulation and RCP8.5
scenario are available. The RCP8.5 simulation represents a high greenhouse gas emission

2 relative to pre-industrial

scenario with a year 2100 radiative forcing of around 8.5 W m™
conditions (Taylor et al. 2011). A full list of models in this study is included in Table 1.

For our modeling simulations, we use the atmospheric component of the National Center

for Atmospheric Research (NCAR) Community Climate Systems Model, version 4 (CCSM4) (Gent

et al. 2011) at the standard resolution (1.9°x2.5°). To create a control simulation, we run the
model for 20 years with monthly-averaged, climatological SST determined from the Hadley
Center and NOAA for the 1982-2001 observation period (Hurrell et al. 2008). The per-
turbed simulations were run for 10 years, sufficiently long to characterize the annual cycle
of precipitation. The only change we made in the perturbed simulations was to either alter
the mean or the annual cycle of SST. Land temperatures were free to adjust on their own
and the atmospheric chemical composition was the same between simulations.

We use two methods to calculate the seasonal characteristics of temperature and precip-
itation. The first is to Fourier transform data to directly obtain the phase and amplitude of
the annual harmonic; this decomposition can be performed pointwise. The second method
is Empirical Orthogonal Function (EOF) analysis, which extracts patterns of coherent vari-
ability in the data (Kutzbach 1967). The dominant spatial pattern (EOF1) explains 85% of
tropical SST and 70% of tropical precipitation, and reverses its sign across the equator. By
fitting a sinusoid to the principal component (PC) associated with the annual cycle, PCI,
we obtain the seasonal characteristics (Biasutti and Sobel 2009; Dwyer et al. 2012). Any
change to PC1 of precipitation can be interpreted as a change in the timing or strength of
the ITCZ movement or monsoonal precipitation (Figure 1(a)), assuming that EOF1 changes

little, an assumption we address below.
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To create the SST forcing for the uniform warming (UW) experiment, we simply adjust
the climatological SST by a fixed amount (3 K) for every month and at every spatial grid
point. For the seasonality experiment, we modify the phase and amplitude of the SST forcing
by first calculating the phase and amplitude of the annual harmonic of the control SST at
each grid point using a Fourier transform and then either shifting the phase or amplifying
the amplitude of the first harmonic before performing an inverse Fourier transform.

Alternatively, we could change the seasonality of all harmonics, instead of only the first.
We test this effect by comparing two forced simulations differing only in the number of
harmonics that are shifted. The difference between the two simulations is small for SST,
precipitation and other climate variables. We also tested the effect of changing the seasonality
of sea ice in addition to SST. This led to large near-surface air temperature differences at
high latitudes, but only small changes in precipitation at low latitudes.

In order to interpret the changes to PC1 as a shift or amplification of the timing of
tropical precipitation, we require that the leading EOF pattern of each experiment be similar
to that of the control. In the simulations we perform, the EOF patterns are very similar.
Figures 1(b) and (c) show the EOF1 pattern of precipitation for a phase delay of 15 days
and an amplitude increase of 25%, respectively. The effect of the phase of SST on the EOF1
pattern of precipitation is small everywhere. Changing the amplitude of SST has a slightly
larger effect on the EOF1 pattern of precipitation — it becomes stronger in some regions and
weaker in others. Because the EOF1 patterns are normalized to the same global variance,
an increased amplitude of precipitation will be expressed through the amplitude of PC1, not
EOF1. We also verify our results by projecting the precipitation data for each forced run
onto EOF1 of the control run and find only small differences from the standard method of

projecting the precipitation data onto its own EOF1, leaving our conclusions unchanged.
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3. CMIP5 Results

In response to increased greenhouse gases in the RCP8&.5 scenario, most CMIP5 mod-
els not only project annual mean increases to tropical temperature and precipitation (Fig-
ure 2(a-b)), but also consistent changes to the seasonality of these quantities (Figure 2(c—e)).

Annual mean surface temperature increases throughout the tropics, especially on land,
with the greatest ocean warming occurring on or near the equator (Figure 2(a)). Increases
in precipitation in the tropical oceans (Figure 2(b)) mainly occur in regions with large
climatological precipitation (Held and Soden 2006; Chou and Neelin 2004), as well as regions
that have large increases in SST (Xie et al. 2010; Huang et al. 2013).

The amplitude of surface temperature (Figure 2(c)) broadly increases throughout much
of the tropics, aside from the Western Pacific. This is in agreement with the tropical-
wide amplitude increase of PC1, calculated by performing an EOF analysis over tropical
SST (25°S—25°N). Changes in the amplitude of the annual cycle of precipitation, plotted
in Figure 2(d), are positive along much of the equator, especially in the Western Pacific
and Indian Ocean, where the increase in amplitude is above 50%. These changes share a
similar pattern to those of the annual mean SST change in Figure 2(a). Many land monsoon
regions also show increases in the amplitude of the annual cycle of precipitation, indicating
an increase of summer precipitation relative to winter precipitation (Biasutti and Sobel 2009;
Seth et al. 2011; Sobel and Camargo 2011; Seth et al. 2013).

The phase of surface temperature (Figure 2(e)) delays for much of the NH tropical ocean
off the equator, as well as in the Eastern Pacific and Indian Ocean in the SH. While there are
some regions of phase advance, the PC1 of tropical SST has a weak phase delay. Precipitation
(Figure 2(f)) is noisier. Despite phase advances in the tropical Atlantic and Eastern Pacific,
PC1 of tropical, oceanic precipitation shows a phase delay.

We demonstrate the scatter between models in Figure 3 which shows the zonal mean
seasonality changes over ocean for the individual models and the multi-model mean. Am-

plitude changes of SST (Figure 3(a)) are more tightly grouped than those of precipitation
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(Figure 3(b)), though the changes in precipitation are larger. The same is true for the phase
delays (Figures 3(c) and (d)). We have only plotted data for which the annual cycle makes
up at least 80% of the total variance.

We summarize the tropical CMIP5 changes in Table 2. All models predict increases
in the annual mean of SST and oceanic precipitation with multi-model mean changes of
2.9 K and 0.2 mm day~!, respectively. There is less agreement among models on the sign of
the annual mean change in terrestrial precipitation, which has a multi-model mean increase
of 0.1 mm day~!. However, the amplitude increase and phase delay of precipitation are
more robust over land than ocean — nearly all models agree on the sign of the changes in
land precipitation. In the multi-model mean, phase delays are larger over land (3.5 days)
than ocean (2.7 days), though the amplitude increases are larger over ocean (15.5%) than
land (8.2%). Seasonal changes of SST are weaker than those for precipitation, though most
models show an amplitude increase and phase delay.

To investigate the nature of the seasonal precipitation changes in response to greenhouse
gases, we perform a moisture budget analysis, following and extending previous work (Chou

et al. 2007; Tan et al. 2008; Chou and Lan 2011; Huang et al. 2013). The moisture equation

() =£-r- (5, 1)

where « is the horizontal velocity, ¢ is the specific humidity multiplied by the latent heat

in flux form is

of vaporization, E is the evaporation and P is the precipitation given in units of W m™2
(1 mm day! ~ 28 W m™2). Angle brackets indicate a mass-weighted vertical integration

from the surface to the tropopause:

1 Dtrop
W= [ Adp 2
g Psfe

Assuming that w = 0 at the surface and the tropopause, then <§ . (ﬁq)> = <w@> +

<ﬁ . §q>, and the moisture budget can be written as:

P:E+<—ﬁ-§q>+<—wg—g>—<%>- (3)

7
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We apply this to monthly data for the historical simulation for 1980-1999 and confirm
that in the annual mean, the dominant balance averaged over the global mean tropics is
between P and E with a smaller contribution from <—wg—;’)>, which becomes substantial
in the deep tropics between 10°S and 10°N (Figure 4(a)). The sum of the budget terms
overestimates P by about 15% when averaged over the tropics, but with better agreement
in the deep tropics. Sub-monthly transients likely account for most of this difference (Seager
and Henderson 2013).

We also calculate the annual cycle of the budget. By zonally averaging each term in
Equation 3 and then calculating the Fourier transform, we obtain the amplitude and phase
of the first harmonic of each term in Equation 3. We calculate the phase and amplitude
for the sum of the terms on the right hand side of the equation since this is not simply the
sum of the phases or the sum of the amplitudes of each term. Analyzing the annual cycle of
the budget allows us to visualize the annual cycle with two variables (amplitude and phase)
rather than 12 monthly values and concisely determine which term balances precipitation
on seasonal time scales.

We plot the amplitude of the terms in the moisture budget in Figure 4(b). The amplitude
of precipitation is similar in latitudinal structure to the amplitude of the sum of the terms
on the right hand side of the budget, but about 15% larger. As was the case for the annual
mean, agreement is best in the deep tropics. Because the amplitude of the sum of the terms

J0q

is very similar to the amplitude of <—wa—p>, we conclude that the primary balance of Ap is

with A (~ws) ~ the amplitude of vertical moisture advection. These two terms are also in

—w Bp

phase throughout the tropics as demonstrated in Figure 4(c), indicating that the seasonal

cycles of P and <—wg—z> are in balance. The phases of the budget terms (Figure 4(c)) also
shows that ¢p is well described by the phase of the sum of the budget terms, except where
the amplitude of the annual cycle is nearly zero. For the CMIP5 models this occurs around
2°N and poleward of around 20°N.

We investigate how Ap, ¢p, and other terms change in the RCP8.5 scenario by taking the
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Fourier transform of Equation 3 and solving for Ap and ¢p, while neglecting the moisture
storage terms as these are of the same order as the residual of the budget. Assuming that
the changes for each term between the RCP8.5 and control simulations (averaged over 2080—
2099 and 1980-1999, respectively) are sufficiently small, we can write AAp and A¢p as a
linear combination of perturbations to the amplitudes and phase of each term in Equation 3
(see Appendix A). The contribution of each perturbation term to either AAp or A¢p is the
product of the perturbation term and a factor that depends on the relative amplitude and
phases of the budget terms.

We plot the contribution from each term in Figure 5(a). The solid, black line is the actual
amplitude change in precipitation, and the dashed, black line is the sum of the contributions
from the perturbations to each term, which will resemble AAp if our decomposition is
accurate. AAp is positive throughout the tropics, and has two maxima: at 7.5°S and 7.5°N,
which coincide with the maxima in the climatology. The sum of perturbations matches
AAp well between 20°S and 20°N, except just north of the equator, where the annual cycle
is weak. The primary contribution to the sum comes from AA_,54/0p), the changes in the
amplitude of the seasonal cycle of vertical moisture advection — unsurprising since this term
dominates the budget in the control simulation (Figure 4(b)). Similarly for phase, A¢p
is well described by the sum of the contributions from the individual terms in the tropics,
aside from poleward of 20°N and around 2°N where the climatological annual cycle is weak
(Figure 5(b)). There is no single term that primarily contributes to balancing A¢p, though
Ao (~wa) provides a substantial contribution.

—wy,

Because of the strong balance in the annual cycle budget between P and <—wg—g>, it
is unsurprising that the changes in the amplitude of precipitation are balanced by simi-

lar changes in A<_w@ ) To gain insight into what aspect of <—wg—z> is changing in the
9p

RCP8.5 simulation we can decompose changes in A<_w@ ) and ¢ (~wa) into contributions
Ip Ip

from six different terms: changes in the annual mean, amplitude, and phase of w and g—z (See

Appendix B for the full procedure).
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First we consider the decomposition of AA<_w@> and plot the results in Figure 5(c).
Ip

The sum of the decomposition is very similar to AA (~wiz)s validating our procedure and
neglect of small terms. For most of the tropics, the dominant contribution is from aa_qu —an
increase in the annual mean vertical gradient of water vapor. This effect is a thermodynamic
consequence of the 3 K warming. Because the relative humidity stays roughly constant, the
rise in mean temperature increases the moisture throughout the troposphere, but especially in
the lower atmosphere due to Clausius-Clapeyron. The seasonally varying, ascending branch
of the Hadley Cell then converts the enhanced vertical moisture gradient into additional
precipitation (Held and Soden 2006). Because the seasonal cycle of vertical motion in the
deep tropics is upward in the summer, the increase in 88—qu results in an increase in Ap.

The other term that significantly affects AA (~wia) is due to the change in the amplitude
of the circulation. This term provides a small positive contribution near the equator, but
contributes negatively to Ap for much of the tropics and partially compensates for the
increase of 86—qu. The negative contribution is associated with a reduction in the amplitude
of the seasonal cycle of vertical motion due to some combination of reduced upward motion
in summer and reduced subsidence in winter — indicative of a slowdown in the tropical
circulation, a robust feature of the CMIP models (Held and Soden 2006; Vecchi et al. 2006).

Previous studies have found similar results for changes due to increased greenhouse gases
in the coupled models (Chou et al. 2007; Tan et al. 2008; Chou and Lan 2011; Huang
et al. 2013). In particular, Tan et al. (2008) compared the changes in various terms of the
moisture budget in summer and winter months. While they did not decompose changes in
< —wg—g> into annual mean and seasonal deviations, they found that changes in <—w%’f1>
drove an increase in summer precipitation in the coupled models with some compensation
from <—Awg—z>. We confirm these results in the CMIP5 models using Fourier methods and
extend previous studies by analyzing the phase response.

We decompose A¢ (~w2a) into a linear combination of terms, as we did with amplitude,
Ip

and plot the results in Figure 5(d). While A¢ (~w2a) is not solely responsible for the changes

10
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in A¢p, it is a major contributor to A¢p. Between 20°S and 20°N, A¢<_w%> is mostly
positive and balanced by two contributions: a phase delay of w and to a lesser extent a
change in the amplitude of w. This result rules out thermodynamic causes from the Clausius-
Clapeyron relation for causing the phase delay of precipitation and indicates the importance

of changes in the timing of circulation, whose causes are not yet known.

4. Uniform Warming Experiment

We first investigate the effects that a spatially uniform, mean temperature increase has
on the seasonal characteristics of precipitation by increasing the SST by 3 K (Cess et al.
1990), almost identical to the annual, tropical, multi-model mean SST increase of 2.9 K in
the CMIP5 models between the end of the 21st and 20th centuries. As a result of the SST
warming, annual mean precipitation increases throughout the tropics.

Using the EOF method to quantify the change in the seasonal characteristics of precipi-
tation, we find an amplification of 22.2% of the seasonal cycle of precipitation when the SST
is uniformly increased by 3 K. The UW simulation also has a delayed phase relative to the
control simulation of 4.7 days.

To gain a better understanding of why the changes in the seasonality of precipitation
are so similar in the UW simulation to those of CMIP5, we repeat our budget analysis for
the UW simulation. We begin by comparing the control simulation to that of the historical
CMIP5 simulations.

In the annual mean, the various terms of the moisture budget of the control simulation
(Figure 6(a)) are similar to those of the CMIP5 models, except many are slightly stronger.
There is also a larger interhemispheric asymmetry of precipitation and vertical moisture
advection in the AGCM compared to the CMIP5 models, perhaps because of an erroneous,
double ITCZ in the coupled models (Lin 2007). The amplitude of the control simulation

(Figure 6(b)) is weaker than that for the CMIP5 multi-model mean. Although there are

11



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

two maxima in the amplitude of precipitation, they are weaker and less well-defined than
for the CMIP5 models. For both the annual mean and amplitude as well as for the phase
(Figure 6(c), the sum of the decomposition of budget terms describes the precipitation well,
including near the equator and poleward of 20°N, where it failed for the CMIP5 models.

Next we turn our attention to changes in the seasonal cycle of precipitation and related
budget terms due to a 3 K uniform SST warming. We plot the amplitude change and
the contributions to the amplitude change in Figure 7(a). The amplitude of precipitation
increases throughout the tropics, and has two maxima, around 2°N and 15°N. This latitudinal
structure is roughly similar to those of the CMIP5 models, except the peaks are displaced,
weaker and broader than those of the CMIP5 models. The sum of budget terms, dominated
by AA<_W%>, agrees with Ap, but greatly exaggerates the maxima for reasons that are
unclear.

The phase changes of precipitation agree well with the sum of the contributions (Fig-
ure 7(b)) and show a delay at the equator and poleward of 12° in both hemispheres with
advances around 5°N and 5°S. This latitudinal structure is quite similar to that of the cou-
pled models (compare to Figure 5(b)). But unlike in the coupled models, there is one term
that mainly balances A¢p — A¢(—w§—g>'

Next we decompose the changes in AA (~wiz)) since this is the primary balance with AAp
(Figure 7(c)). As with the RCP8.5 CMIP5 models, the primary balance is with dAg/0p.
The annual mean increase in moisture gradient contributes to the seasonal amplification
of precipitation in the same way as in the coupled models. Unlike in the RCP8&.5 case,
though, the latitudinal structure of these changes is not as symmetric about the equator and
has broader peaks. Similarly, a decrease in the amplitude of the circulation compensates for
some of the increase in JAG/dp, but with a weaker and less symmetrical latitudinal structure
about the equator than in the RCP8.5 case.

Returning to the budget for the phase changes, we decompose A¢ (~wiz) into a linear

combination of terms, as we did with amplitude and plot the results in Figure 7(d). Here
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the decomposition works very well as the linear combination of decomposed terms is nearly
identical to A¢(—wg—g ) The dominant terms are due to circulation — changes in both the phase
and amplitude of w contribute to A¢(_wg_g ) with a larger contribution from Ag¢,. These
changes are similar to those in the RCP8.5 models, though in that simulation A¢ (~wgz) Was
not the sole, dominant contributor to A¢p.

Despite the differences between coupled models with realistic 21st century forcings in-
cluding greenhouse gas changes and aerosols and an AGCM with a uniform SST increase,
there is much similarity in their seasonal precipitation responses. Both show an amplification
and phase delay in the seasonal cycle of precipitation in the tropics with similar latitudinal
structure. Moreover, the terms that contribute to these seasonal changes are very similar

between these simulations, indicating that the same processes may be operating between

models.

5. Modified Seasonality Experiment

In the second set of experiments, we investigate the effect that changing only the seasonal
characteristics of SST has on the seasonal cycle of precipitation. We run seven simulations
with amplitude as in the control run and phase shifts varying from a 15 day advance to a
15 day delay and plot the resulting changes in the phase of precipitation as black circles in
Figure 8(a). The results show that a delayed SST causes delayed precipitation and advanced
SST causes advanced precipitation. Moreover, the relationship between the phases of SST
and precipitation is linear. This is the case even when the amplitude of the annual cycle of
SST is perturbed as well.

For all sets of simulations with identical changes in the amplitude of SST, the change
in the phase of precipitation is weaker than the imposed change in the phase of SST (the
slope of the linear relationship is less than one). This low sensitivity appears to be due to

land. The phase of precipitation in Figure 8(a) is calculated from a PC associated with an
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EOF structure that includes both land and ocean (Figure 1). If we perform an EOF analysis
limited to oceanic precipitation and calculate the seasonality of precipitation from its PC,
the slope is nearly one, as in Figure 8(b). Likewise, when we limit our EOF analysis to
precipitation over land (Figure 8(c)) we find a slope that is close to zero. This is consistent
with Biasutti et al. (2003) and Biasutti et al. (2004), who found that the seasonality of
precipitation over ocean is primarily due to the effects of SST in an AGCM, while over land
it is primarily due to insolation directly.

As was the case for phase, the change in amplitude of the annual cycle of precipitation is
linearly related with a positive slope to the change in amplitude of the annual cycle of SST.
Figure 8(d) shows the relationship holds for any set of simulations with the same phase of SST
and varying amplitudes of SST, though again, the slope is less than one. In this case, limiting
the EOF to ocean (Figure 8(e)) results in a slightly stronger sensitivity, but with a slope
still less than one. We would expect a sensitivity of one if the relationship between SST and
tropical, oceanic precipitation were linear. In reality and in GCMs, the relationship between
SST and precipitation is more complicated, as precipitation is suppressed in a convectively
stable environment.

When we constrain the EOF to land (Figure 8(f)), the slope is still greater than zero,
but very small. Part of the reason for the shallow slope is because precipitation is positive
definite. Near zero winter precipitation is the case in many land-monsoon regions, such as
the Sahel, South Asia, Australia, and South Africa. In these regions, even a 10% increase
in the amplitude of the annual cycle of precipitation would cause winter precipitation to
become negative in the AGCM.

In addition to the direct forcing of phase on phase and amplitude on amplitude, there are
cross-effects: the phase of SST affects the amplitude of precipitation and the amplitude of
SST changes the phase of precipitation, as illustrated by the spread of the colored markers
in Figure 8. If we limit the EOF analysis to oceanic precipitation only (Figure 8(b) and (e)),

the effect remains with about the same magnitude as for the case with global precipitation
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(Figure 8(a) and (d)). The effect is not an artifact of EOF analysis - it also exists when we
perform our analysis with a Fourier transform of the data. If oceanic, tropical precipitation
were entirely dependent on SST alone, we would not expect these cross-effects.

We interpret these effects as primarily due to the presence of land. Limiting the EOF to
ocean doesn’t eliminate the cross-effects because tropical convection can organize on large
scales that cover both ocean and land for phenomena like monsoons, inextricably linking the
two domains. In this sense, oceanic precipitation is a function of both SST and insolation,
which peaks earlier in the year.

The cross-effects can be understood mathematically by thinking of tropical precipitation
P as a linear combination of insolation (/) and SST (7'): P = ol + 7T, where ¢ and 7
give the relative strengths of I and 7" and ensure correct units. By writing this equation in
seasonal form as Ape P = g A; + TAre T (where A and ¢ are the amplitude and phase
lag from insolation of the annual cycle for the subscripted quantities) and solving for the

seasonality of precipitation we find:

Ap = \/02/1? + 72A% + 20T A Ap cos o) (4)
B TAT sin ¢
¢p = arctan (TAT cos ¢r + UA[) ' (5)

Assuming small changes to the phase and amplitude of SST, we can write the resulting

changes to the phase and amplitude of precipitation as:

2 _ .
Adp — A (7‘ AT+7'UAICOS¢T> +A¢T< TUAIATstST) (©)

Ap Ap
ToA; s2in ¢T> L Ady <’7‘O’A1AT COSZQST + TzA?p) .
A2 2,

App = AAT< (7)

Since all of the amplitudes and phases are positive and ¢ ~ 73 days for tropically
averaged SST, this model gives the expected result that delayed and amplified SST produces

delayed and amplified precipitation. The model also predicts the presence of cross-effects
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with the right sign: a delayed SST leads to a weakened seasonal cycle of precipitation and
an amplified SST leads to a delayed seasonal cycle of precipitation. The magnitude of these
effects depend not only on the various unforced amplitudes and phases, but also on the
relative importance of SST and insolation at forcing precipitation.

We also confirm that this is the case by running aquaplanet simulations, which have no
land — only an ocean with an imposed seasonally varying SST — and no zonal asymmetries
in the boundary conditions. As expected, in the aquaplanet simulations the direct effects
are still present: delayed and amplified SST yields delayed and amplified precipitation,
respectively. However, the cross-effects are smaller and no longer statistically significant at
the 95% level. The effect that the amplitude of SST has on the phase of precipitation is
reduced by 60% in the aquaplanet simulations and the effect that the phase of SST has on
the amplitude of precipitation is reduced by 85%. Insolation still varies throughout the year,
and has a phase-locked seasonal cycle of shortwave absorption in the atmosphere that may
account for the remainder of the cross-effects. But when the effects of land and other zonal
asymmetries are totally removed, the cross-effects diminish considerably.

We also repeat the budget analysis that we performed for the CMIP5 and UW simulations
for a simulation with a 5-day SST phase delay and a 10% SST amplitude increase (p5al0)
and plot the results in Figure 9. The chosen values of phase delay and amplitude increase to
SST are exaggerated compared to the CMIP5 multi-model mean in order to obtain clearer
results. In this simulation AAp has a similar latitudinal structure to both the RCP8.5
and UW simulations and increases the most around 10°N and 10°S — slightly more widely
separated than in either simulation. The sum of the contributions generally agrees with the
actual change in AAp, but overestimates the changes near the peaks (though overall the
amplitude changes are weaker than the other simulations by a factor of 2-3). As in the other
simulations, the primary contribution comes from AA (~wia): A¢p is positive throughout
the tropics, with twin peaks near the equator — a different latitudinal structure than for

RCP8.5 or UW. But like the UW simulation, it is balanced by A¢< ) (Figure 9(b)).

9
—wgl
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a3 When we decompose the changes to AA<_W%> (Figure 9(c)), we find that the most
sa  substantial contribution arises from a change in the amplitude of the circulation with a
s supporting contribution from a change in the phase of the circulation. In the RCP&.5 and
sne  UW simulations, by comparison, most of the change was due to the annual mean increase
a7 in moisture gradient, aa_Apa with a negative contribution from a change in the amplitude of
ag circulation. Phase changes in <—wg—g> (Figure 9(d)), are also balanced by changes in the
se circulation - in this case mostly from a change in the phase of the circulation and some
20 from a change in the amplitude of w. In this simulation, moisture changes are unimportant

s for understanding the changes in the seasonality of precipitation. Instead the seasonality

s changes of SST are communicated to the precipitation via the circulation.

= 6. Comparison Between AGCM Experiments and CMIP5

424 To better understand the nature of the seasonal changes in precipitation in the CMIP5
w5 models, we construct an empirical model from the results of our AGCM simulations. For
»s example, since the CMIP5 multi-model mean and the UW simulation both have almost
27 identical mean temperature increases in the tropical average (2.9 K for CMIP5 and 3 K for
2s  the UW simulation), we can construct the amplitude and phase change in precipitation in
w9 the CMIP5 due to annual mean warming from the results of the UW simulation. Because
10 we know the amplitude change of temperature in the CMIP5 models and the sensitivity of
a1 amplitude changes of precipitation to amplitude changes of temperature (the slope of the
s black dots in Figure 8(a)), their product is the change of the amplitude of precipitation in
i3 the CMIP5 models due to AAp. Similarly, we can repeat this for phase as well as for the
s cross-effects (the effect of A¢pr on AAp and AAr on Agp).

435 There are some significant caveats to this method. First and foremost, we are assuming
16 that changes in SST are driving all of the seasonality changes in precipitation. In reality

s7  there may be other effects which we’ve ignored. Second, we are using a model without an
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interactive ocean to infer results from models with interactive oceans. Among other things,
this ignores any possibility of changes in the seasonality of precipitation feeding back on the
seasonality of SST. It is possible that changes in the seasonality of SST are a consequence
of changes in the seasonality of precipitation and not the other way around in the CMIP5
models. Finally, we are not simulating the actual spatial pattern of annual mean or annual
cycle changes of SST in our AGCM. Instead we simulate a uniform change across the tropical
oceans and calculate the results for the tropics as a whole.

We list the results in Table 3 for both ocean and land. For ocean, over 90% of the
contribution to Ap comes from the annual mean increase of SST, with around 10% from
the increase in Ay and a small negative contribution due to the cross-effect of ¢r. As a
whole, these contributions outweigh the actual measured increase in Ap by 60%. Similarly,
for ¢p the largest contribution (4.7 days) is from the annual mean SST increase, while Ap
contributes 1.4 days and ¢r contributes only 1.1 days. While d¢p/0¢r =~ 1, Adr.cprps is
only 1.1 days. Again the total changes constructed by this empirical model are larger than
the actual CMIP5 changes, here by over a factor of 2.

Over land the results are similar, though each term is proportionally smaller than over
ocean. As a result the sum of the inferred changes for Ap is 8.1%, almost identical to the
actual value for CMIP5 of 8.2%. For ¢p, the sum of the contributions actually underestimates
the total by 17%. The better agreement over land compared to ocean suggests that coupling
to a thermodynamically interactive lower boundary may be important. In our simulations,
the land temperature is interactive, satisfying a consistent surface energy budget, while the
ocean temperature is not. It is plausible that under some circumstances, an interactive ocean
mixed layer could respond locally to large-scale atmospheric influences in such a way as to
mute or otherwise substantially alter the precipitation response compared to what would
occur over an ocean surface with fixed SST (e.g., Chiang and Sobel (2002); Wu and Kirtman
(2005, 2007); Emanuel and Sobel (2013)).

While much of this study has focused on precipitation changes over ocean, we now con-
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sider how the seasonality changes manifest over land. Previous work has identified a phase
delay and amplitude increase in the coupled models in land monsoon regions (Biasutti and
Sobel 2009; Seth et al. 2011, 2013). While not specifically confined to monsoon regions, Ta-
ble 2 indicates that the delays in the phase of precipitation are not only larger over tropical
land but also more robust than over tropical ocean — 34 of the 35 models project a phase
delay over tropical land.

Our forced simulations produce similar changes in land monsoon regions to those of
CMIP5. Specifically the UW simulation and the p5al0 simulation each show an amplification
and phase delay in the annual cycle of precipitation in NH land monsoon regions, defined
by averaging over land and over longitudes as defined in Seth et al. (2011).

Figure 10(a) and (b) illustrate this for the UW simulation with climatological precipi-
tation (contour lines) and the percentage change in precipitation (shading) for NH and SH
monsoon regions, respectively. In both hemispheres the peak rainy season gets wetter, am-
plifying the seasonal cycle of precipitation. Additionally, an early season deficit and a late
season excess of rain produce a phase delay. For the p5al0 simulation (Figure 10(c) and (d)),
the amplitude increase is milder than in the UW simulation, but the phase delay is of similar
strength.

The structures of the changes in both simulations bear much similarity, especially at the
beginning and the end of the monsoon season, despite the different nature of the imposed
changes in SST between simulations. But perhaps this should not be entirely surprising given
the contributions to phase changes of precipitation in the budget analysis. As illustrated
in Figures 7(d) and 9(d), the leading contribution to phase changes in precipitation in the
tropics are changes in the seasonal cycle of w. Both simulations show similar changes in
the phase of precipitation and the phase of the atmospheric circulation, especially between
15°-25° in both hemispheres. In both cases the timing of the atmospheric circulation is
playing an important role, perhaps because of the important role of circulation in monsoon

regions in influencing precipitation (Trenberth et al. 2000).
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7. Conclusions

We have studied the annual mean and seasonal response of tropical surface tempera-
ture and precipitation in the CMIP5 models to additional radiative forcing specified by the
RCP8.5 scenario. We found, in addition to annual mean increases of SST and oceanic pre-
cipitation, and consistent with past studies, that the amplitude of the seasonal cycles of SST
and oceanic precipitation increased by 4.2% and 15.5% and that the phase was delayed by
1.1 days and 2.7 days, respectively.

To better understand these results, we performed simulations with an AGCM in which
we measured the precipitation response to changes in the annual mean and seasonal cycle of
SST. Increasing the annual mean SST everywhere by 3 K in the UW simulation caused not
only an increase in annual mean tropical precipitation, but also an amplification and a phase
delay of precipitation. We obtained seasonal precipitation changes of the same sign, albeit
smaller, from the p5al0 simulation in which we left the mean value of SST unchanged, but
amplified SST by 10% and delayed it by 5 days. In terms of the magnitude of the seasonal
precipitation changes, the CMIP5 results are much more similar to the UW simulation than
to the pball simulation.

Further support for the similarity between the CMIP5 models and the UW simulations
comes from studying the annual cycle of the moisture budget. From an analysis of the CMIP5
moisture budget we corroborate the work of previous studies (Tan et al. 2008; Huang et al.
2013) that found that the coupled model response of the amplitude of P is consistent with
an increase in the annual mean vertical moisture gradient due to the Clausius-Clapeyron re-
lation. This additional boundary layer moisture is vertically advected in the summer months
by the ascending branch of the Hadley Cell, while in winter the descending branch of the cir-
culation does not convect this additional moisture. There is also a negative contribution to
the amplitude of precipitation from a decrease in the amplitude of the seasonal cycle of ver-
tical motion, consistent with a weakening of tropical circulation. We also find that changes

in the phase of precipitation have a more complex balance than the amplitude changes, and
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are largely balanced by changes in the phase and amplitude of the circulation.

These changes are better reproduced in the UW simulation than in the p5al0 simulation.
A uniform SST warming produces amplitude changes in precipitation that are primarily
balanced by an increase in the annual mean vertical gradient of moisture, just as in the
coupled models. The pbalO simulation produces a weaker amplification of precipitation
compared to the CMIP5 models, despite being forced with exaggerated seasonality changes
of SST. Both UW and RCP8.5 also have a weakened seasonal cycle of circulation, which
contributes negatively to the changes in precipitation amplitude; pbal0 has an enhanced
circulation. In terms of changes in the phase of the annual cycle of precipitation, RCP8.5 is
again more similar to UW than to pbal(0. While all three simulations have large contributions
to changes in the phase of precipitation from changes in both the phase and amplitude of
circulation, UW captures the latitudinal structure more accurately.

Because so many of the models have an amplification and delay in the annual cycle of
precipitation, the mechanism responsible for this behavior is likely simple. We find that we
can reproduce the changes in an AGCM by simply uniformly increasing the SST, further
suggesting that this is a robust climate response. The amplitude response can be explained
by well-studied mechanisms: the increase in annual mean, vertical moisture gradient due
to Clausius-Clapeyron and the slowdown in the circulation (Held and Soden 2006) (though
here the slowdown is in the annual cycle). The phase response of precipitation is more
complicated, but appears to be, at least in part, due to a phase delay in the circulation.
What forces this response is an open question.

The simulations in which we varied the phase and amplitude of SST demonstrated that
seasonal changes to SST force seasonal changes in tropical precipitation of the same sign, i.e.,
delayed SST causes delayed precipitation and amplified SST causes amplified precipitation.
These changes are communicated effectively by seasonal changes to the tropical circulation.
These effects are not limited to ocean, either. Land monsoon regions are sensitive to the

seasonal characteristics of SST in the same way as the ocean. Land is also responsible for
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cross-effects: changes to the phase of SST affect the amplitude of precipitation and changes
to the amplitude of SST affect the phase of precipitation.

These AGCM simulations help inform our understanding of the nature of the seasonal
changes in the GCMs. Taking the AGCM results at face value and ignoring any effects
from ocean feedbacks or the spatial pattern of changes indicates that over ocean 90% of the
amplitude increase and 60% of the phase delay in precipitation is due to the annual mean
increase in SST, with the remainder being due to the amplitude increase and phase delay
in SST (results are similar for land precipitation). Of course, these simulations do not rule
out other potential mechanisms for generating a change in the seasonality of precipitation.
Furthermore, it is beyond the scope of this study to determine the cause of the changes to the
seasonality of SST in the CMIP5 ensemble due to the inherent limitations of AGCM studies.
This means that we cannot rule out the possibility that changes in precipitation are driving
changes in SST or that there are feedbacks involved in the coupled models. Despite these
limitations, this study demonstrates a feasible way in which the changes in the seasonality

of precipitation may arise.
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72 APPENDIX A

573

=  Decomposition of Changes to the Moisture Budget

575 In this section we detail the procedure for expanding changes in the amplitude or phase
ste  of precipitation in terms of the amplitude or phase of evaporation, horizontal moisture ad-
sz vection, and vertical moisture advection. We begin by taking the Fourier transform of

sts - Bquation 3 and neglecting the moisture storage term.

st Solving this equation for the amplitude and phase of precipitation gives

9p

2 __ A2 2 2 . _ -
Ap = A+ Al gy + ALty + 2484 acy 08 (98 = 0(ay))

+24pA1_ o0y cos (05— 0_uany ) + 24 _aogyA(_uamy 05 (8(_svy) — S(um))

(A2)
i OB A ) SO ) T A wgy) O ) (A3)

Apg cos o + A(—ﬁﬁq) cos ¢<—aﬁq> + A(—w%g> cos ¢<_w%g>
580 Applying a small perturbation to Equations A2 and A3 and neglecting 2nd order terms

ss1 results in a linear combination of perturbations to the phases and amplitudes of the budget

582 terms.
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584

AAp = Y (Ad)
Ao A gy eos (b8~ 0 uwg) + A s (o -0gg) | [ Ads
Atasg + Apcos (0(_asy = 05) + Ay 08 (O ey —0u) | |A(any
Augy) + Amcos (9( gy = 08) + Aoy 008 (9t ~Oravg) | | Mgy
—ApA (s 50 (08 = 0y ) — Avd (g i (08— 0o Ade
~AasgAesin (a5 ~ 05) A sy Ay 5 (Fasy ~Opet) | | 29(av
A Aesin (0 — 05) — Al Arasy 50 (0um) — Oavy) | [0
A¢p = cos” dr X (A5)
(45003 05+ Al_awy) 050 (_az) + Alugyy 050t T
Ap-asaysin (9 = 8(azy) + Arugysin (90 =0 (ugn)
Apsin (9(_g5) = 02) + Aug 50 (9099 ~ 0ot
Awsin (0(_ugny = 9) + A(awysin (o) — 9(-aey) )
Af + ApA () €05 (08 = (_aw) ) + ApA( gy 005 (08 = (g
AL s+ AavayAncos (0_asy = 08) + A Lavy Aot 05 (Ve —9(ut)
AT gy * Aty A cos (0(_ugm) — 98) + ALt A (av) 08 (9-ute) — O(-avy)
AAg
AAaey
Ao
Ap
A9 (-avq)
B0 (wt)
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APPENDIX B

Decomposition the Vertical Moisture Advection Term

Below we decompose A (~wa) and ¢ (~wiz) into changes in the annual mean, amplitude,
P
and phase of w and g—g. We begin by separating the annual mean and deviations from the

annual mean

o) =@ (G a): )

where the overline indicates an annual mean and the prime indicates a deviation from the

annual mean. We expand around small changes to this expression

dg\ aq _8Aq oq' 0Aq ,0q ,0A7G ,8q ,8Aq’
A<wa—p> <A ap—l— ap —I—Awap—l—w o + Aw ap—l— p + Aw 8p 0p>

(B2)
where we have neglected second order terms, an assumption that we will show is valid
momentarily. Next we take the Fourier transform of this equation, as indicated by curly

braces:

(o) () (250 () ).

We have neglected the first two and last two terms of Equation B2, the former because the

annual mean doesn’t project onto the annual cycle, and the latter because the product of the
two terms, each of which has its maximal variance at the annual harmonic, has its maximum
variance at the semi-annual harmonic. To determine the exact contribution of the phases
and amplitudes of the terms in Equation B3 we perform a similar procedure as before to

decompose the effects as a linear combination of perturbation terms. By taking the Fourier
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sa Transform of Equation B3, we obtain
(A4 o0 — 4, o0y AS( 0 )e_m“%) — (B4)
(~w33) (mog) =V (—w5h)
—ig
(AA<—AG‘9%‘Z} —Z'A<_Awagg}>A¢<_Awagg}>) e < “op
AA A A G
(2 ) 14 cng) 0 g )
)e )

+ (DAL ay1) = Ay ) DO 2 23)

(%)

(DA yammy — 1A gyoamy A0 ) €

605 Where, for example, AA (~az2it) represents the change in amplitude of <—Aw—6{ag}>
op
s due to a change in the annual mean of w. Because Aw in <—Aw—a{a‘z}> is multiplied by the

6

[=}

7 vertical moisture gradient at each level and vertically integrated, changes in @ can alter the

¢ amplitude or phase of <—Aw%ﬁ}>.

6

o

600 Solving Equation B4 for AA () and A¢ (~w?a) separately yields the following.

610

coS ¢<_w%) . ¢<_Awagcg} AA<—Awaf;g}>

COS | P(_,0a) — ¢<_wa{§p«z’}> AA<—wa{§g’}>

cos (0 o) — (a3 A s ggy

T B PRy Mign| g
s Ty in - A ,

(omgtyin (94 =9 sz ) | |89 s

A<_wa{§pq/}> Sin < wg;) — ¢<—wa{§pq/}>) A¢<_wa{§;'}>

Atang) S0 (Ougy — Oang) | | A0-008)
| A sin (g ~dmnn) | 1A% ]
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611

NGy = 4 IO T ) BB | pg)
(~w3t) A<—Ma{a§:}> cos <Z><_Aw%:}> - ¢<_w6;>) A¢<_Ma{8q'}>
A<_wa{§5q> cos ¢<_w@{%ﬂ}> — ¢<—w§g>) A¢<—wf’{§g'}>
Atanig) s (O ~ oug) | | A0a8)
Al on) €05 (- oyamny —ugn) | 1A%
612 Since we are interested in what effect the various changes of annual mean, amplitude,
sz and phase of w and dq/dp have on <—wg—g>, we further decompose the terms A <—w@{%}f'} >,

6

=

4 A<_{Aw,}g_g>, ¢<—w"’{§§'}>’ and ¢(_{M}g—g) each into separate terms relating to the change in

s amplitude or phase of dq/dp or w as follows:

6

=

B R G T (B7)
AAaang) = B g)aa. T A Z)as, (B8)
B9ttty = AP a2ty nsyo, T AN -2 rs0un (B9)
AP((awy2g) = AP awgyan, T A0 (awy ) a0, (B10)

s16  where, for example, AA <__3{Aq/} > is the effect of a change in the amplitude of dg/0dp on
T

;AAOQ/OI)

o AA <_w@{Aqr}>. With this in mind we can write the effect that changes in various components
Ip

s1s changes of w and ¢ have on A (~wia) and ¢ (~wia) 88 follows.

op

Ip
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620

Ao
AAugzya,
A wmye, | _ (B11)
AA( ):0a/0p
AA(‘ L) Aaq/0p
_AA<— >;¢>aq/ap
[ cos (¢< w3) ¢< Aa{q}>)AA< A,a{q}>+A< A,a{q}>sm <¢ ¢< Aa{q}>)A¢< AwgLL)
05 (6(-gs) = ¢< (3 ) DAL aun Byan. + A o) 50 (91-ugs) — O (2018) ) A0 E)an.
COS( s {A“'}%>)AA< (awyg3)ino, A awn gg) S (¢’ —w3s) {Aw/}z—z>)A¢<—w}2—z>;A¢w
COS (¢< > - ¢<7{w,}w>)AA<i{w,}6Aq> +A —{w ,}6Aq sin (¢ - {w,}m>)A¢<i{w,}m>
cos (¢ ¢< LI VaN AA< ELIEVA VY +A< —a{Aq}>Sm ¢< s ) A¢< @230 ) na,
cos (¢ ¢< VAN AA< —w23a1 Yng, +A< —6{Aq}>sm ¢< RIEVaY A¢< Srvasyen
A (-ugt)o
A9 (-wgthia.
AP(-wimyo, | _ . LI (B12)
A 9)05/0p (—w5p)
A¢<—wa—q> Adq/op
_A¢<_w7p>5¢3q/3p
sin (¢< A,a{q}> P(—woa) )AA< A,a{q}>+A< Aw24gt) €08 <¢< A,a{q}> . 8q>)A¢< A,a{q/}>
Sln(d)< {Aw,}aq — )AA {Aw,}aq AAL —|—A {Aw,}aq CcoS ((b {Aw,}aq — ) {Aw,}aq A,
Sm( —{Aw} 5t ) (~{aw} 21);a0, T A(-(aw) 27) COS (¢ —{Aaw}gT) T ) —{Aw}3T):Ag,
sin ((;5< {w ,}BAq — Wa_q AA< {w ,}6Aq>+A —{w ,}aAq COS( {w,}aAq — ) {w,}aAq
Sm( (~wotoan) ~ <Z5 )A (~@21890 )a, +A< —a{Aq}>COS ¢< _@oaan )~ ¢ w3) A¢< @230 ) na,
Sm( (~w2ipan) = ¢ )A (~w21811 )0, +A< w2L8a1 ) €05 ¢< RviNe P(—wa) A¢< Srvasyen

28




621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

REFERENCES

Biasutti, M., 2013: Forced Sahel rainfall trends in the CMIP5 archive. Journal of Geophysical
Research: Atmospheres, doi:10.1002/jgrd.50206.

Biasutti, M., D. S. Battisti, and E. S. Sarachik, 2003: The annual cycle over the tropical
Atlantic, South America, and Africa. Journal of Climate, 16 (15), 2491-2508, doi:10.
1175/1520-0442(2003)016(2491: TACOTT)2.0.CO;2.

Biasutti, M., D. S. Battisti, and E. S. Sarachik, 2004: Mechanisms controlling the annual
cycle of precipitation in the tropical Atlantic sector in an atmospheric GCM. Journal of

Climate, 17 (24), 4708-4723, doi:10.1175/JCLI-3235.1.

Biasutti, M. and A. Sobel, 2009: Delayed Sahel rainfall and global seasonal cycle in a warmer
climate. Geophys. Res. Lett., 36, doi:10.1029,/2009GL041303.

Cess, R. D., et al., 1990: Intercomparison and interpretation of climate feedback processes in
19 atmospheric general circulation models. Journal of Geophysical Research: Atmospheres,

95 (D10), 16601-16 615, doi:10.1029/JD095iD10p16601.

Chiang, J. C. H. and A. H. Sobel, 2002: Tropical tropospheric temperature variations caused
by ENSO and their influence on the remote tropical climate. Journal of Climate, 15 (18),
26162631, doi:10.1175/1520-0442(2002)015(2616: TTTVCB)2.0.CO;2.

Chou, C. and C.-W. Lan, 2011: Changes in the annual range of precipitation under global
warming. Journal of Climate, 25 (1), 222-235, doi:10.1175/JCLI-D-11-00097.1.

Chou, C. and J. D. Neelin, 2004: Mechanisms of global warming impacts on regional trop-
ical precipitation. Journal of Climate, 17 (13), 2688-2701, doi:10.1175/1520-0442(2004)
017(2688:MOGWI0)2.0.CO;2.

29



644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

Chou, C., J.-Y. Tu, and P.-H. Tan, 2007: Asymmetry of tropical precipitation change under
global warming. Geophys. Res. Lett., 34 (17), L17708, doi:10.1029/2007GL030327.

Dwyer, J. G., M. Biasutti, and A. H. Sobel, 2012: Projected changes in the seasonal
cycle of surface temperature. Journal of Climate, 25 (18), 6359-6374, doi:10.1175/
JCLI-D-11-00741.1.

Emanuel, K. and A. H. Sobel, 2013: Response of tropical sea surface temperature, precipita-
tion, and tropical cyclone-related variables to changes in global and local forcing. Journal

of Advances in Modeling Farth Systems, submitted.

Fu, R., R. E. Dickinson, M. Chen, and H. Wang, 2001: How do tropical sea surface
temperatures influence the seasonal distribution of precipitation in the equatorial Ama-
zon? Journal of Climate, 14 (20), 4003-4026, doi:10.1175/1520-0442(2001)014(4003:
HDTSST)2.0.CO;2.

Fu, X. and B. Wang, 2004: Differences of boreal summer intraseasonal oscillations simulated

in an atmosphere—ocean coupled model and an atmosphere-only model. Journal of Climate,

17 (6), 1263-1271, doi:10.1175/1520-0442(2004)017(1263:DOBSI0)2.0.CO;2.

Gent, P. R., et al., 2011: The Community Climate System Model Version 4. Journal of
Climate, 24 (19), 4973-4991, doi:10.1175/2011JCLI4083.1.

Held, I. and B. Soden, 2006: Robust responses of the hydrological cycle to global warming.
Journal of Climate, 19 (21), 5686-5699.

Huang, P., S.-P. Xie, K. Hu, G. Huang, and R. Huang, 2013: Patterns of tropical rainfall

response to global warming: How to get wetter? Nature Geoscience, in press.

Hurrell, J. W., J. J. Hack, D. Shea, J. M. Caron, and J. Rosinski, 2008: A new sea surface
temperature and sea ice boundary dataset for the community atmosphere model. Journal

of Climate, 21 (19), 5145-5153, doi:10.1175/2008J CLI2292.1.

30



668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

6

[
©

690

Kitoh, A. and O. Arakawa, 1999: On overestimation of tropical precipitation by an at-
mospheric GCM with prescribed SST. Geophys. Res. Lett., 26 (19), 2965-2968, doi:
10.1029/1999GL900616.

Kutzbach, J., 1967: Empirical eigenvectors of sea-level pressure, surface temperature and

precipitation complexes over North America. J. Appl. Meteor., 6, 791-802.

Li, T. and S. G. H. Philander, 1997: On the seasonal cycle of the equatorial Atlantic Ocean.
Journal of Climate, 10 (4), 813-817, doi:10.1175/1520-0442(1997)010(0813:0TSCOT)2.
0.CO;2.

Lin, J.-L., 2007: The double-ITCZ problem in IPCC AR4 coupled GCMs: Ocean—
atmosphere feedback analysis. Journal of Climate, 20 (18), 4497-4525, doi:10.1175/
JCLI4272.1.

Liu, C.,; R. P. Allan, and G. J. Huffman, 2012: Co-variation of temperature and precipitation
in CMIP5 models and satellite observations. Geophys. Res. Lett., 39 (13), L13803, doi:
10.1029/2012GL052093.

Meehl, G., C. Covey, T. Delworth, M. Latif, B. McAvaney, J. Mitchell, R. Stouffer, and
K. Taylor, 2007: The WCRP CMIP3 multimodel dataset. Bull. Am. Meteorol. Soc., 88,
1383-1394.

Seager, R. and N. Henderson, 2013: Diagnostic computation of moisture budgets in the
ERA-Interim reanalysis with reference to analysis of CMIP-archived atmospheric model

data. Journal of Climate, submitted.

Seth, A., S. Rauscher, M. Biasutti, A. Giannini, S. Camargo, and M. Rojas, 2013: CMIP5
projected changes in the annual cycle of precipitation in monsoon regions. Journal of

Climate, accepted.

31



691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

Seth, A., S. Rauscher, M. Rojas, A. Giannini, and S. Camargo, 2011: Enhanced spring
convective barrier for monsoons in a warmer world? Clim. Change, 104 (2), 403-414,

d0i:10.1007/s10584-010-9973-8.

Shukla, J. and M. Fennessy, 1994: Simulation and predictability of monsoons. Proceedings of
the international conference on monsoon variability and prediction. Tech. rep., WCRP-84,

World Climate Research Program, Geneva, Switzerland. 567-575.

Sobel, A. and S. Camargo, 2011: Projected future seasonal changes in tropical summer

climate. J. Climate, 24, 473-487, d0i:10.1175/2010JCLI3748.1.

Tan, P.-H., C. Chou, and J.-Y. Tu, 2008: Mechanisms of global warming impacts on ro-
bustness of tropical precipitation asymmetry. Journal of Climate, 21 (21), 5585-5602,
doi:10.1175/2008JCLI2154.1.

Taylor, K. E., R. J. Stouffer, and G. A. Meehl, 2011: An overview of CMIP5 and the
experiment design. Bulletin of the American Meteorological Society, 93 (4), 485-498, doi:
10.1175/BAMS-D-11-00094.1.

Trenberth, K. E., D. P. Stepaniak, and J. M. Caron, 2000: The global monsoon as seen
through the divergent atmospheric circulation. Journal of Climate, 13 (22), 3969-3993,
doi:10.1175/1520-0442(2000)013(3969: TGMAST)2.0.CO;2.

Vecchi, G. A., B. J. Soden, A. T. Wittenberg, I. M. Held, A. Leetmaa, and M. J. Harrison,
2006: Weakening of tropical pacific atmospheric circulation due to anthropogenic forcing.

Nature, 441 (7089), 73-76.

Wu, R. and B. Kirtman, 2005: Roles of Indian and Pacific Ocean air-sea coupling in tropical

atmospheric variability. Climate Dynamics, 25 (2-3), 155-170.

Wu, R. and B. Kirtman, 2007: Regimes of seasonal air—sea interaction and implications for

performance of forced simulations. Climate Dynamics, 29 (4), 393-410.

32



ns  Xie, S.-P., C. Deser, G. A. Vecchi, J. Ma, H. Teng, and A. T. Wittenberg, 2010: Global
716 warming pattern formation: Sea surface temperature and rainfall. Journal of Climate,

717 23 (4), 966-986, doi:10.1175/2009JCLI3329.1.

33



 List of Tables

719

720

721

722

723

724

725

726

27

728

729

730

731

The 35 CMIP5 models used in this study.

Multi-model mean changes in the annual mean, phase, and amplitude over
ocean and land in the tropics (25°S—25°N) for the CMIP5 models between
2080-2099 relative to 1980-1999. Seasonal changes were calculated using EOF
analysis. Numbers in parentheses indicate the number of models projecting
changes of the same sign as the mean for each quantity out of a total of 35
models.

Calculated changes in amplitude and phase in precipitation for both ocean
and land given changes in the annual mean and annual cycle of SST in the
CMIP5 models. We used the UW simulation to calculate the changes due to
an annual mean SST increase and the sensitivity of the modified seasonality
experiments to calculate the changes due to a phase or amplitude change.

Total calculated changes are the sum of the individual contributions.
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Model Group, Country
ACCESS1-3 CSIRO-BOM, Australia
BCC-CSM1-1 BCC, China
BCC-CSM1-1-m BCC, China

BNU-ESM GCESS, China
CanESM?2 CCCma, Canada
CCSM4 NCAR, USA
CESM1-BGC NSF-DOE-NCAR, USA
CESM1-CAM5 NSF-DOE-NCAR, USA
CESM1-WACCM NSF-DOE-NCAR, USA
CMCC-CM CMCC, Italy
CMCC-CMS CMCC, Italy
CNRM-CM5 CNRM-CERFACS, France
CSIRO-Mk3-6-0 CSIRO-QCCCE, Australia
FGOALS-g2 LASG-CESS, China
FGOALS-s2 LASG-IAP, China
FIO-ESM FIO, China
GFDL-CM3 NOAA-GFDL, USA
GFDL-ESM2G NOAA-GFDL, USA
GFDL-ESM2M NOAA-GFDL, USA
GISS-E2-R NASA GISS, USA
GISS-E2-H NASA GISS, USA
HadGEM2-CC MOHC, UK
HadGEM2-ES MOHC, UK

INM-CM4 INM, Russia

IPSL-CM5A-LR
IPSL-CMb5A-MR
IPSL-CM5B-LR
MIROC-ESM

MIROC-ESM-CHEM

MIROC5
MPI-ESM-LR
MPI-ESM-MR
MRI-CGCM3
NorESM1-M
NorESM1-ME

IPSL, France
IPSL, France
IPSL, France
MIROC, Japan
MIROC, Japan
MIROC, Japan
MPI-M, Germany
MPI-M, Germany
MRI, Japan
NCC, Norway
NCC, Norway

TABLE 1. The 35 CMIP5 models used in this study.
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‘ SST ‘ Ocean Precip. ‘ Land Precip.
A Annual Mean | 2.9 K (35) | 0.2 mm day~! (35) [ 0.1 mm day~ ' (27)
A Amplitude 4.2% (33) | 15.5% (34) | 8.2% (35)
A Phase 1.1 days (29) | 2.7 days (27) | 3.5 days (34)

TABLE 2. Multi-model mean changes in the annual mean, phase, and amplitude over ocean
and land in the tropics (25°S-25°N) for the CMIP5 models between 2080-2099 relative to
1980-1999. Seasonal changes were calculated using EOF analysis. Numbers in parentheses
indicate the number of models projecting changes of the same sign as the mean for each
quantity out of a total of 35 models.
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Ocean Land

Calculated Ap Calculated ¢p | Calculated Ap Calculated ¢p
ASSTCMIP5 =29 K 227% 4.7 days 76% 1.7 days
AASST,CMIP5:4-2% 24% 1.4 days 08% 0.8 days
Aqbng’CM[pg) =1.1 days —02% 1.1 days —03% 0.4 days
Total Calculated 24.9% 7.2 days 8.1% 2.9 days
Acutal CMIP5 15.5% 2.7 days 8.2% 3.5 days

TABLE 3. Calculated changes in amplitude and phase in precipitation for both ocean and
land given changes in the annual mean and annual cycle of SST in the CMIP5 models. We
used the UW simulation to calculate the changes due to an annual mean SST increase and
the sensitivity of the modified seasonality experiments to calculate the changes due to a phase
or amplitude change. Total calculated changes are the sum of the individual contributions.
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List of Figures

1

The first EOF of tropical precipitation, representing the annual cycle, for the
control simulation (a), a simulation forced with a 15 day phase delay of SST
(b), and a simulation forced with a 25% amplitude increase of SST (c). We
also plot the PCls associated with each EOF in (d).

The CMIP5 RCP8.5 multi-model mean change between 2080-2099 and 1980-
1999 for annual mean temperature (a) and precipitation (b), amplitude change
of the annual cycle of temperature (c¢) and precipitation (d), and phase delay
of the annual cycle of temperature (e) and precipitation (f). Any location
where the first harmonic makes up less than 80% or 50% of the total variance
for temperature and precipitation, respectively, is not shaded. Additionally,
for (d) and (f) we only shade grid points that have at least an annual mean
precipitation of 1 mm day~!.

Zonal mean, oceanic changes for the CMIP5 models between 2080-2099 and
1980-1999 for (a) the amplitude of SST, (b) the amplitude of precipitation,
(c) the phase of SST, and (d) the phase of precipitation. The thick black
line indicates the multi-model mean, and the thin gray lines the individual
models. Values were calculated by first zonally averaging over ocean and
then calculating seasonal characteristics and are only plotted for where the
annual harmonic is responsible for at least 80% of the total variance. Units
for amplitude are percent and units for phase are days.

Annual mean (a), amplitude (b), and phase (c) of the terms in the moisture
budget (Equation 3) for the multi-model mean of the CMIP5 simulations.
The solid, thick, black line is precipitation and the dashed, thick, black line

is the sum of the other terms in the moisture budget.
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Contributions of terms to AAp (a) in the RCP8.5 CMIP5 simulation as well
as AAp itself (solid, thick, black line). The contribution of each term is
the change in amplitude or phase multiplied by an appropriate factor (see
appendix). The sum of the contributions is given by the dashed, thick, black
line. As in (a), but for A¢p (b). We further decompose AA(—wg—f,> (c) and
A (~wiz) (d) into changes related to the annual mean, amplitude, and phase
of w and dq/0p.

As in Figure 4, but for the AGCM control simulation for the annual mean
(a), amplitude (b), and phase (c) of precipitation.

As in Figure 5, but for the UW simulation. Contributions to (a) AAp, (b)
Ao¢p, (c) AA<_W%>, and (d) A¢<_w%>.

Results of AGCM simulations with seasonality of precipitation as a function
of imposed seasonality of SST. We plot the phase of precipitation against the
phase of SST for the entire tropics (a), tropical ocean (b), and tropical land (c),
with the colors representing the imposed amplitude of SST for each simulation.
Similarly, we plot the amplitude of precipitation against the amplitude of SST

for the entire tropics (d), tropical ocean (e), and tropical land (f), with colors
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47

representing the imposed phase of SST. Error bars represent one standard error. 48

As in Figure 7, but for the p5al0 experiment. Contributions to (a) AAp, (b)
A¢p, (C) AA< @), and (d) A¢<

“Yap —wg—f’)’
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10

Precipitation in land monsoon regions as a function of season and latitude
in the control run (contour lines) and the percentage change (shading) for
the UW simulation (a, b) and for the p5al0 simulation (c, d). In computing
precipitation for NH monsoons (a, ¢) and SH monsoons (b, d), ocean has been

I intervals with thick contours

masked out. Contour lines are at 1 mm day™
representing precipitation of at least 3 mm day~!. The precipitation change
is not shown for regions where the precipitation in the control run is less than

1 mm day .
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F1G. 1. The first EOF of tropical precipitation, representing the annual cycle, for the control
simulation (a), a simulation forced with a 15 day phase delay of SST (b), and a simulation
forced with a 25% amplitude increase of SST (c). We also plot the PCls associated with
each EOF in (d).
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(a) Annual Mean Surface Temperature Change [°C] (b) Annual Mean Precipitation Change [mm/day]
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Fic. 2. The CMIP5 RCP8.5 multi-model mean change between 2080-2099 and 1980-1999
for annual mean temperature (a) and precipitation (b), amplitude change of the annual cycle
of temperature (c) and precipitation (d), and phase delay of the annual cycle of temperature
(e) and precipitation (f). Any location where the first harmonic makes up less than 80%
or 50% of the total variance for temperature and precipitation, respectively, is not shaded.
Additionally, for (d) and (f) we only shade grid points that have at least an annual mean
precipitation of 1 mm day~!
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Fic. 3. Zonal mean, oceanic changes for the CMIP5 models between 2080-2099 and 1980-
1999 for (a) the amplitude of SST, (b) the amplitude of precipitation, (c) the phase of SST,
and (d) the phase of precipitation. The thick black line indicates the multi-model mean, and
the thin gray lines the individual models. Values were calculated by first zonally averaging
over ocean and then calculating seasonal characteristics and are only plotted for where the
annual harmonic is responsible for at least 80% of the total variance. Units for amplitude
are percent and units for phase are days.
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(a) Annual Mean Moisture Budget for CMIP5 Historical Simulation
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(c) Phase of Moisture Budget for CMIP5 Historical Simulation ¢P
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F1a. 4. Annual mean (a), amplitude (b), and phase (c) of the terms in the moisture budget
(Equation 3) for the multi-model mean of the CMIP5 simulations. The solid, thick, black

line is precipitation and the dashed, thick, black line is the sum of the other terms in the
moisture budget.
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(a) RCP8.5 Contributions to AA, (b) RCP8.5 Contributions to Adp,
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F1a. 5. Contributions of terms to AAp (a) in the RCP8.5 CMIP5 simulation as well as AAp
itself (solid, thick, black line). The contribution of each term is the change in amplitude or
phase multiplied by an appropriate factor (see appendix). The sum of the contributions is
given by the dashed, thick, black line. As in (a), but for A¢p (b). We further decompose
AA (—wd) (c) and A¢<_w% ) (d) into changes related to the annual mean, amplitude, and

phase of w and dq/0p.
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(a) Annual Mean Moisture Budget for CAM Control Simulation
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(b) Amplitude of Moisture Budget for CAM Control Simulation
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FiG. 6. As in Figure 4, but for the AGCM control simulation for the annual mean (a),
amplitude (b), and phase (c) of precipitation.
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(a) UW Contributions to AAP (b) UW Contributions to Adp,
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Fia. 7. As in Figure 5, but for the UW simulation. Contributions to (a) AAp, (b) A¢p,
(C) AA<_W%>, and (d) A¢<_w%>.
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(a) Phase, All Tropics

(b) Phase, Tropical Ocean

(c) Phase, Tropical Land
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Fic. 8. Results of AGCM simulations with seasonality of precipitation as a function of
imposed seasonality of SST. We plot the phase of precipitation against the phase of SST for
the entire tropics (a), tropical ocean (b), and tropical land (c), with the colors representing
the imposed amplitude of SST for each simulation. Similarly, we plot the amplitude of
precipitation against the amplitude of SST for the entire tropics (d), tropical ocean (e), and
tropical land (f), with colors representing the imposed phase of SST. Error bars represent
one standard error.
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(a) p5a10 Contributions to AAP
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Fic. 9. As in Figure 7, but for the p5al0 experiment.

(C) AA<_W%>, and (d) A¢<_w%>.
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(b) p5a10 Contributions to Adp
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(c) p5a10 NH
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F1G. 10. Precipitation in land monsoon regions as a function of season and latitude in the
control run (contour lines) and the percentage change (shading) for the UW simulation (a, b)
and for the p5al0 simulation (c, d). In computing precipitation for NH monsoons (a, ¢) and
SH monsoons (b, d), ocean has been masked out. Contour lines are at 1 mm day ™! intervals
with thick contours representing precipitation of at least 3 mm day~'. The precipitation
change is not shown for regions where the precipitation in the control run is less than
1 mm day~!
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