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Abstract

Based on the outputs of 30 models from Coupled Model Intercomparison Project Phase 5 (CMIP5), the fractional changes in
the amplitude interannual variability (o) for precipitation (P') and vertical velocity (@') are assessed, and simple theoretical
models are constructed to quantitatively understand the changes in o(P’) and o(w"). Both RCP8.5 and RCP4.5 scenarios show
similar results in term of the fractional change per degree of warming, with slightly lower inter-model uncertainty under
RCP8.5. Based on the multi-model median, o(P') generally increases but o(w') generally decreases under global warming but
both are characterized by non-uniform spatial patterns. The o(P") decrease over subtropical subsidence regions but increase
elsewhere, with a regional averaged value of 1.4% K~! over 20°S—-50°N under RCP8.5. Diagnoses show that the mecha-
nisms for the change in ¢(P’) are different for climatological ascending and descending regions. Over ascending regions,
the increase of mean state specific humidity contributes to a general increase of o(P’") but the change of o(w") dominates its
spatial pattern and inter-model uncertainty. But over descending regions, the change of ¢(P’) and its inter-model uncertainty
are constrained by the change of mean state precipitation. The o(®") is projected to be weakened almost everywhere except
over equatorial Pacific, with a regional averaged fractional change of —3.4% K~ ! at 500 hPa. The overall reduction of o(w")
results from the increased mean state static stability, while the substantially increased o(w") at the mid-upper troposphere
over equatorial Pacific and the inter-model uncertainty of the changes in o(@’) are dominated by the change in the interan-
nual variability of diabatic heating.

Keywords Global warming - Interannual variability - Precipitation - Vertical velocity

1 Introduction

The year-to-year fluctuation of the climate from its mean
state is referred to as interannual variability, such as the devi-
ation of precipitation and temperature at interannual time-
scale from the mean state. Interannual climate variability
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is essential for the occurrence of disastrous climate events,
especially wide-spread droughts and floods (e.g., Dai and
Wigley 2000; Ding 2007; Li et al. 2013; Stevenson et al.
2015; Zhang and Zhou 2015), such as the great drought in
1994 (Park and Schubert 1997; Guan and Yamagata 2003)
and great flood in 1998 over a major fraction of East Asia
(Guo et al. 2002; Lee et al. 2004). Interannual climate vari-
ability is driven by a variety of factors, including atmos-
pheric internal dynamic, ocean—atmosphere interaction and
land—atmosphere interaction (e.g., Wallace et al. 1998; Hsu
and Liu et al. 2003; Stevenson et al. 2015). The ongoing
global warming under anthropogenic greenhouse gases
(GHG) forcing has substantial impacts on not only the mean-
state climate but also climate variability. Knowing whether
the interannual climate variability amplifies or not under
global warming is crucial for mitigation and adaptation strat-
egies for climate change.

It is widely accepted that El Nino-Southern Oscillation
(ENSO) is the strongest signal of interannual climate vari-
ability in the tropics, and great efforts have been devoted
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to the future change of ENSO and its impact (e.g., Collins
et al. 2010; Cai et al. 2014). It is agreed that ENSO will
still be the dominant mode of interannual climate vari-
ability in future (Stevenson et al. 2012), and the impact
of ENSO on global climate will be strengthened although
the amplitude of the SST variability of ENSO stays gen-
erally unchanged (Cai et al. 2014; Watanabe et al. 2014;
Bonfils et al 2015). Besides tropical Pacific, the interan-
nual precipitation variability over North America would be
amplified by enhanced atmospheric teleconnection pattern
associated with ENSO (Simon Wang et al. 2015; Yoon
et al. 2015). The interannual variability of atmospheric
circulation over western North Pacific driven by ENSO or
ENSO-related Sea Surface Temperature (SST) anomalies
may also be amplified (Hu et al. 2014; Tao et al. 2015;
Chen et al. 2016).

However, interannual climate variability can be stimu-
lated by lots of factors while ENSO is only one of them.
Outside the tropics, ENSO only explains a small fraction
of the total interannual climate variability (Dai and Wig-
ley 2000; Ferguson et al. 2010). Agriculture production and
human society are affected by not only ENSO but the total
interannual climate variability (Mearns et al. 1992; Kummu
et al. 2014), therefore it will be as important to examine
the possible change of the total amplitude of interannual
climate variability besides ENSO-related interannual vari-
ability. Both observational and modeling studies reported
an intensification of interannual rainfall variability over
certain regions, including equatorial Pacific and the Asian
monsoon region (Lu and Fu 2010; Fu 2012; Seager et al.
2012; Menon et al. 2013; Fan et al. 2014; Chen et al. 2017),
but the response of atmospheric circulation to SST anomaly
seems to be weakened (Huang et al. 2017).

Precipitation is regulated by thermodynamic and dynamic
components. Constrained by Clausius—Clapeyron relation,
atmospheric water vapor content increases by about 6~7%
per degree of warming (Held and Soden 2006; Schneider
et al. 2010), and a wind convergence anomaly could gener-
ate a stronger water vapor convergence anomaly in a moister
atmosphere even if the wind convergence anomaly itself is
unchanged (Seager et al. 2012; Pendergrass and Gerber
2016), acting to enhance the interannual rainfall variability.
The dynamic factor for rainfall variability originates from
the changes in the variability of wind, therefore it can be the-
oretically hypothesized that enhanced/weakened interannual
circulation variability could enhance/weaken the interannual
precipitation variability (Lu and Fu 2010; Huang and Xie
2015). Meanwhile, the amplitude of interannual rainfall vari-
ability is constrained by the abundance of mean state rainfall
(Watanabe et al. 2014; He et al. 2017a), and more abundant
mean state rainfall is usually associated with greater interan-
nual rainfall variability.
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Atmospheric circulation variability has a major contribu-
tion to precipitation variability. Tropical atmospheric cir-
culation anomalies are modulated by both diabatic heating
anomalies and static stability (Schneider et al. 2010; Ma
et al. 2012; Li et al. 2015), since the horizontal temperature
gradient and transient eddy flux are weak. And this relation-
ship is also valid in the summertime subtropics (Liu et al.
2004; Li et al. 2012). If the rainfall variability is enhanced/
reduced, as demonstrated by previous studies, the variabil-
ity of atmospheric diabatic heating associated with latent
heating will also be enhanced/reduced, and the enhanced/
reduced diabatic heating variability acts to enhance/reduce
the circulation variability (Cai et al. 2014; Li et al. 2015). On
the other hand, previous studies claimed an enhanced static
stability of the troposphere under global warming (Knutson
and Manabe 1995; Schneider et al. 2010). The increase of
static stability acts to weaken the mean state circulation (Ma
et al. 2012; Qu and Huang 2016; Sohn et al. 2016; He et al.
2017b), but its impact on the amplitude of interannual cir-
culation variability still needs to be assessed.

Up to now, there is still a lack of a quantitative assess-
ment on the response of the amplitude of interannual vari-
ability of precipitation and circulation to GHG forcing, and
the relative contributions from their controlling factors. By
using the outputs from the models participating in Coupled
Model Intercomparison Project Phase 5 (CMIP5; Taylor
et al. 2012), we aim at clarifying the following scientific
questions in this study: How does the amplitude of interan-
nual variability of precipitation and circulation respond to
GHG forcing? Which factors are responsible for the pattern
and magnitude of the response? Simple theoretical explana-
tions are proposed and tested in this study, to understand the
projected changes in the interannual variability of rainfall
and circulation.

The rest of the paper is organized as follows. The model
and methods are introduced in Sect. 2, and a brief evaluation
of the model simulations against the observational datasets
is performed in Sect. 3. The projected changes of the interan-
nual variability by CMIP5 models are elaborated in Sect. 4,
and the possible mechanisms for the response in the inter-
annual variability are investigated in Sect. 5 and Sect. 6 for
precipitation and circulation, respectively. The conclusion
and discussion are finally presented in Sect. 7.

2 Model, data and methods

Totally 30 models from CMIP5 are adopted in this study,
to evaluate the possible response of the amplitude of inter-
annual climate variability to GHG forcing. The models
used in this study are listed in Table S1 in the Supplemen-
tary Information, and monthly outputs of the Historical,
Representative Concentration Pathway 8.5 (RCP8.5) and
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RCP4.5 experiments are adopted for analyses. The Histori-
cal experiment is performed by forcing the coupled models
with observed historical external forcing (GHG, aerosol,
etc) from 1850 to 2005, while RCP8.5/RCP4.5 experiments
are performed by forcing coupled models with a rising
GHG concentration toward a future radiative forcing of 8.5
Wm~2/4.5 Wm™? at the year of 2100 (Vuuren et al. 2011).
The RCP8.5 scenario represents a business-as-usual high
emission pathway toward an equivalent CO2 concentration
of about 1370 ppm by the year of 2100, while the RCP4.5
represents an intermediate mitigation pathway in which the
CO2 concentration stabilizes at about 650 ppm after 2100.

Given the observational uncertainty (Collins et al. 2013),
multiple observational and reanalysis datasets are adopted to
evaluate the simulation of the climate in Historical experi-
ment. The precipitation datasets include global precipitation
climatology project (GPCP) version 2 (Adler et al. 2003)
and CPC Merged Analysis of Precipitation (CMAP; Xie and
Arkin 1997). The reanalysis datasets on atmospheric circula-
tion include National Centers for Environmental Prediction-
Department of Energy reanalysis version 2 (NCEP2; Kan-
amitsu et al. 2002) and ERA-Interim reanalysis (ERAIM;
Dee et al. 2011). Due to the available observational data
length, the period of 1980-1999 in the Historical experiment
is evaluated against the observation.

Difference between the late twenty-first century
(2050-2099, 21C for short) of RCP8.5 experiment with the
late twentieth century (1950-1999, 20C for short) of Histori-
cal experiment is calculated for each model, and the multi-
model median (MMM) of the differences is calculated to
suppress the model bias and internal variability. Multi-model
median is superior to multi-model mean in representing the
forced response since it is robust to outliers (Gleckler et al.
2008). The inter-model consistency (or uncertainty) among
the MMM -projected change by the 30 models is evaluated,
in terms of the percentage of the individual models which
agree in sign with the MMM -projected change. According to
Power et al. (2012), a 95% significance level based on ¢-test
is equivalent to an inter-model consistency of 68% under
the assumption of independency among the models, and a
slightly stricter threshold of 70% is adopted here to test the
inter-model consistency. The results based on the difference
between RCP4.5 and Historical experiments are also exam-
ined and discussed, to evaluate the robustness of the results.

We mainly focus on precipitation and vertical velocity
over 20°S—-50°N in June-July-August (JJA) in this study,
and the projected changes per degree of surface warming
are investigated. Vertical velocity is adopted to measure the
circulation variability since it is essential to precipitation
(e.g., Chou et al. 2009; Chen and Bordoni 2016). For the
time series of precipitation (P) and vertical velocity (w), the
interannual variability components (P’ and @) are obtained
by an 8-year high-pass Fourier filter, and their standard

deviations (o(P"), o(@")) are obtained, to evaluate the ampli-
tude of interannual variability. The projected absolute
change of a variable X per degree of warming (for exam-
ple, X=0(P")) is denoted as AX, which is the difference
between 21C and 20C scaled by the mean surface warming,
ie., AX = (X21€ = X2C)/(T21€ _T20%) "and T?'C - T?°C is the
mean amplitude of surface warming within 20°S—-50°N. And
the fractional change in X per degree of warming is denoted
as 6X, which is the ratio between the absolute change and
its mean state in 20C, i.e., 6X = AX/X?°C (the unit is %K™ 1).
The projected changes by the individual models are calcu-
lated before obtaining the multi-model median (MMM).

3 The simulated and observed amplitude
of interannual variability

The MMM-simulated interannual standard deviation of
precipitation and vertical velocity at 500 hPa in Historical
experiment are shown in Fig. 1, in comparison with mul-
tiple observational datasets. It is clear that the spatial pat-
tern of the interannual standard deviation of precipitation
(o(P")) generally follows the spatial pattern of mean state
precipitation (P, the contours), in both the models and the
two observational datasets (Fig. 1a—c). The spatial pattern
of o(P'") in MMM resembles those in the observational data-
sets, with a pattern correlation of 0.85 with either GPCP or
CMAP. There is large discrepancy among the GPCP and
CMAP datasets, especially around the tropical western
Pacific where the o(P") and the mean state precipitation in
CMAP dataset are much higher than in GPCP dataset. Such
observational uncertainty has also been noted by previous
studies (Yin et al. 2004; Collins et al. 2013).

Variability of vertical velocity at the mid-troposphere is
claimed to be essential for the variability of precipitation
(e.g., Seager et al. 2012; Huang and Xie 2015; Wen et al.
2015; Chen and Bordoni 2016; Long et al. 2016). The
o(w") at 500 hPa is generally greater over the climatologi-
cal ascending regions than in the climatological descend-
ing regions, in both the MMM and the observational data-
sets (Fig. 1d-f). A comparison between the mean state
precipitation and mean state vertical velocity suggests that
the zero contour of mean state vertical velocity at 500 hPa
generally overlaps the 200 mm contour of mean state pre-
cipitation in JJA, in both the MMM and the observational
datasets (contours in Fig. 1) The climatological ascend-
ing regions are generally associated with abundant mean
state rainfall and larger o(P"), which may stimulate a larger
interannual variability of atmospheric circulation through
diabatic heating (He et al. 2017a). The o(®") at 500 hPa is
much higher over the equatorial regions in NCEP2 data-
set than in ERAIM dataset (Fig. le, f), suggesting a great
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Fig.1 The mean state (contours) and interannual standard deviation
(shading) for precipitation (o(P'), unit: mm) and vertical velocity at
500 hPa (o(e’), unit: 1072 Pa s™1) in JJA. The contours for P starts at
200 mm with an interval of 200 mm in a—c, and the contour interval
for @ is 2x 1072 Pa s~! with dashed negative contours and bold zero

observational uncertainty. The MMM-simulated o(w") at
500 hPa is more consistent with ERAIM dataset than with
NCEP2 dataset.

Given the large observational uncertainty among obser-
vational datasets, it is currently hard to select a subset of
high-skill models which have smaller difference with the
observation or using the observational constraint approach
(Brown et al. 2017; Li et al. 2017). On the other hand, the
MMM captures the overall spatial pattern and magnitude
of both ¢(P') and o(®'), suggesting the formation mecha-
nism for the overall spatial pattern and the amplitude of
interannual variability is captured by the MMM, and it is
reasonable to use the MMM of the 30 models to assess
the response of the amplitude of interannual variability to
GHG forcing. The use of a large ensemble of models will
help to suppress the internal variability and random bias
of the individual models, which is superior to a subset of
few models (Deser et al. 2010).
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contours in d-f. a, d Are based on the MMM of Historical simula-
tion, the precipitation in b and ¢ are based on the GPCP and CMAP
datasets, respectively, and the vertical velocity in e and f are based on
NCEP2 and ERAIM datasets, respectively

4 Projected changes in the amplitude
of interannual variability

The MMM -projected percentage change of interannual
standard deviation under GHG forcing is shown in Fig. 2,
for precipitation (P') and vertical velocity (@') at 500 hPa.
Consistent with Watanabe et al. (2014), the o(P') increases
substantially for more than 30% K~! over some parts of
equatorial Pacific, and the regional average over 5°S—5°N,
180°-90°W is 16.5% K~ !. The o(P') also increases over a
large area from South Asia to Northwest Pacific Ocean, but
deceases over a major part of the subtropical areas. The
regional averaged amplitude of do(P") within 20°S—-50°N
is 1.4% K~ !. The sign of 6(P') seems to be related to the
climatological vertical velocity. Most of the climatologi-
cal ascending regions are dominated by increased o(P’),
while a substantial part of the climatological descending
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Fig.2 Percentage change of the standard deviation at interannual
timescale for precipitation (a) and vertical velocity (b) scaled by sur-
face warming (unit: %K) based on RCP8.5 and Historical experi-
ments. Thick black line indicates the zero contour of mean state
vertical velocity at 500 hPa in the Historical simulation. All the phe-
nomena are based on the multi-model median (MMM), whereas the
projected changes agreed by more than 70% of the individual mod-
els are stippled. The regional averaged changes for the whole region,
the climatological ascending region (Asd) and the climatological
descending region (Dsd) are marked on the upper-right corner of each
panel

regions are dominated by decreased ¢(P') except equatorial
Pacific. The regional averaged do(P') within the clima-
tological ascending regions and descending regions are
3.2% K~ ! and —0.3% K~ !, respectively. Excluding the
equatorial Pacific (5°S-5°N, 180°-90°W), the regional
averaged J6o(P') over the other parts of the descending
regions is — 1.7% K~ ' In general, do(P’) tends to increase
over climatological ascending regions and the equato-
rial Pacific, but decrease over the subtropical subsidence
regions.

Previous studies also suggested enhanced interannual var-
iability of precipitation over most areas of the globe except
the subtropical subsidence regions (Seager et al. 2012; Pen-
dergrass et al. 2017), but the detailed number of change
differs among the studies due to different regions, seasons
are focused on and different metrics are adopted. Based on
multiple models from CMIP3, Seager et al. (2012) reported
a decrease of the interannual variability of annual mean
precipitation minus evaporation (P — E) over a substantial
area in the subtropical subsidence regions but an increase
elsewhere. Based on RCP8.5 experiment of CMIP5 models,
Pendergrass et al. (2017) reported a decrease in both inter-
annual and intraseasonal precipitation variability over sub-
tropical subsidence regions and an increase elsewhere, and
they claimed an global averaged increase of precipitation

variability of 3-4% K~!. Our results about the change in
o(P') is consistent with previous studies in terms of its spa-
tial pattern and overall magnitude. Most of the previous
studies adopted multi-model mean, but one important cau-
tion is that multi-model mean value over arid area may be
severely distorted by outlier models, since the climatological
o(P") over the arid area is very small in some models and
an increase of o(P’) could give rise to a very high do(P’).
Indeed, there are 103 grid points in the individual models
with a 6(P") of higher than 400%K~!, and all of these out-
lier grid points are located at the arid area in climatological
descending region. These outliers severely bias the multi-
model mean (Fig. S1 in Supplementary Information), but
has little impact on the multi-model median, confirming the
superiority of the median to mean (Glecker et al. 2008).

In contrast to the generally enhanced precipitation vari-
ability, o(w") at 500 hPa is projected to decrease over most
tropical and subtropical regions, but increases over a nar-
row band at equatorial Pacific (Fig. 2b), which is consist-
ent with Seager et al. (2012). The regional averaged do(@")
within 20°S—50°N is —3.4% K~ '. Unlike the opposite signs
of do(P') between the averages in climatological ascending
and descending regions, the averaged do(w') over ascending
and descending regions are —2.9% K~ ! and —3.9% K~ !,
respectively. Even in the equatorial Pacific, the magnitude
of the increase in (') does not exceed 20% K™, and the
regional average over 5°S—5°N, 180°-90°W is 6.2% K~!,
much smaller than the local increase in o(P’). Excluding
equatorial Pacific, the regional averaged do(w") over other
parts of the descending regions is —4.7%K ™. There is seem-
ingly a mechanism which acts to suppresses o(@') globally.

In order to examine the inter-model uncertainty and the
dependence of the results on the emission scenario, Fig. 3
compares the regional averaged values between RCP8.5 and
RCP4.5 scenarios in terms of box-whisker plot. The MMM
of the regional averaged fractional changes per degree of
warming under RCP4.5 are very close to those under RCP8.5,
regardless of the entire domain, the ascending region or the
descending region (Fig. 3). The spatial pattern of the projected
changes under RCP4.5 (Fig. S2 in the Supplementary Infor-
mation) also closely resembles those under RCP8.5. Mean-
while, the range of the inter-model uncertainty, as indicated by
the range between the 25th and 75th percentiles or the range
between the maximum and the minimum, is smaller under
RCP8.5 scenario than RCP4.5 scenario (Fig. 3), possibly
because of the stronger forced response relative to the inter-
nal variability under the high emission pathway of RCP8.5.
The difference of the MMM between RCP4.5 and RCP8.5 is
negligible compared with the large inter-model uncertainty,
suggesting the percentage change per degree of warming does
not depend obviously on the emission scenario. Previous study
focused on extreme precipitation and heat waves also revealed
similar rate of change per degree of warming under RCP8.5

@ Springer
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Fig.3 Box-whisker plot for the
regional averaged percentage

(a) 3o(P)

(b) 30(w) at 500 hPa

changes (unit: %K~") in the
interannual variability of precip-
itation (a) and vertical velocity
at 500 hPa (b), showing the
minimum, the 25th percentile,
the median, the 75th percentile
and the maximum among the 30
models. The projected regional
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ments, respectively

and RCP4.5 scenarios (Donat et al. 2016; Perkins-Kirkpatrick
and Gibson 2017), suggesting the scenario-uncertainty can be
suppressed if we focus on the changes per degree of warming.
To be brief, the analyses in the rest of the paper are based on
RCPS8.5.

The above evidences suggest that the interannual variabil-
ity of precipitation generally intensifies but the interannual
variability of vertical velocity generally weakens under GHG
forcing, but their spatial patterns are complicated. Although
the standard deviation (or variance) of geopotential height
increase under global warming condition (Lu and Fu 2010;
Lee et al. 2014), it may not indicate an increase in the interan-
nual variability of atmospheric circulation, since the circula-
tion is determined by the horizontal gradient rather than the
absolute magnitude of geopotential height (He et al. 2015;
Huang et al. 2016; Chen and Bordoni 2016). The enhanced
variability of geopotential height is actually a result of the
increased variability of tropospheric temperature, according
to the hypsometric equation (Hu et al. 2014, 2017; He et al.
2015). The mechanism for the pattern and magnitude of the
responses will be addressed in the next two sections for pre-
cipitation and circulation, respectively.

5 Mechanism for the change in interannual
rainfall variability

In order to understand the mechanism for the projected change
of o(P’) in terms of its magnitude and spatial pattern, we try to
construct a theoretical framework by simplifying the moisture
budget equation. Following Chou et al. (2009), the moisture
budget equation is written as

P
P:E—<w£>—(V-Vq)+R )
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where P. E, g, , and V represent precipitation, evaporation,
specific humidity, vertical velocity and horizontal wind vec-
. . . | pt
tor, respectively. R is the residual, and (-) = g s -dp
denotes column integration from surface to the top of the
atmosphere. The column integrated vertical moisture advec-

tion term —<a)3—Z is equivalent to column integrated hori-

zontal wind convergence expressed as —(¢V - V) in some
previous studies (Seager et al. 2010; Lin et al. 2014). Desig-
nating the mean state of each variable with an overbar and
the anomaly at interannual timescale with a prime, the
anomaly of precipitation at interannual timescale can be
approximated by

P ~E — <w’@> _ <@a_q’> —(V'-vg) —(V-Vq')

op ap
2

In Eq. (2), the higher-order terms and the residual are omit-
ted. Based on an evaluation on the relative importance of the
five terms on the right-hand side of Eq. (2) (Fig. S6 in the
Supplementary Information), —{ o’ Z—Z dominates the phase

and amplitude of the interannual variability of P’, since it has
a greater temporal correlation and a smaller root-mean-square
deviation with P’ than the other four terms. Previous studies
also claimed that the anomalous vertical advection of mean
state moisture (equivalent to the anomalous convergence/diver-
gence of mean state moisture) is the most important contribu-
tor to precipitation variability (Seager et al. 2012; Li et al.
2013; Lin et al. 2014; Huang and Xie 2015; Wang et al. 2017a;
Wau et al. 2017). Over the arid land regions, P’ has the highest
correlation with £’ (Fig. S6a in the Supplementary Informa-
tion), but the interannual variability of £’ is constrained by P’
rather than constraining P'. As — <co’ Z—Z > is the most important

contributor to P', Eq. (2) can be approximated as
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Equation (3) involves vertical gradient of specific humid-
ity and vertical integration. It can be further simplified by
a two-layer conceptual model, where the averaged specific
humidity at the upper and lower layers is used to approxi-
mate the vertical gradient of specific humidity. Therefore,
Eq. (3) can be further approximated as

P~ —o,(3-3.)/8 @
where g is gravitational acceleration, w,, stands for the verti-
cal velocity at the mid-troposphere, and g, and g, are the
specific humidity for the lower and upper troposphere. Many
previous studies used the vertical velocity at 500 hPa to
approximate the dynamic contribution to precipitation (e.g.,
Wen et al. 2015; Chen and Bordoni 2016; Long et al. 2016).
Following these studies, ®,, is approximated by the vertical
velocity at 500 hPa. Since specific humidity of the atmos-
phere damps exponentially upward from the surface, g; and
g, are approximated by the specific humidity at 925 and
400 hPa, respectively. An examination shows that it is rea-
sonable to approximate — <a)’ Z—Z > with -/ (g, — g,)/g. since
the high temporal correlation and low root-mean-square

deviation between P’ and —<co g—p> is not destroyed by such

approximation (Fig. S7a,d in Supplementary Information).
As mean state specific humidity at lower troposphere is

much higher than at upper troposphere, g, — g, = g;, and
Eq. (4) can be further simplified as
P~ - g/8 5)

Omitting the upper-level specific humidity has almost no
impact on the accuracy of the conceptual model (Fig. S7b,e
in Supplementary Information). According to Eq. (5), P’ is
approximately proportional to @/ at interannual timescale.,
since the g, is constant under a given climate background.
Therefore, 6 (P') » —0o(®] )q,/ g should be hold for both 20C
and 21C. As o (P’ ) is approximately proportional to the prod-
uct of 6(@/)) and g, the fractional change of o-(P’) can be
approximated by the sum of the fractional changes in o(@/))
and g, (see the “Appendix A” for detailed derivation), i.e.,

so(P) =~ 56(60;1) +6q, (6)

Figure 4a shows the fractional change of mean state
humidity at 925 hPa (6g,), and Fig. 4b shows dc(@/ ) + 67,
(50’((0;” ) is already shown in Fig. 2b), in order to examine
whether the theoretical prediction by Eq. (6) agrees with the
projected 50(P’ ) The projected g, is positive everywhere
and the regional average is 6.4% K™, consistent with the
prediction by Clausius—Clapeyron relationship (Held and
Soden 2006; Schneider et al. 2010). The increase of g, is
slightly stronger along the equator and at the mid latitudes,
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Fig.4 a The MMM-projected percentage change in the mean state
specific humidity at 925 hPa (6g;) per degree of warming (unit:
%K~!). b The sum of MMM-projected percentage changes in the
mean state specific humidity and the standard deviation of vertical

velocity at interannual time scale, i.e., so(«! ) + 6g,. The black con-

tour indicates the MMM-simulated zero contour of climatological
vertical velocity at 500 hPa

but relatively weak on the southern and northern flanks of
the equator (Fig. 4a), consistent with the SST warming pat-
tern (Zhang and Li 2014). According to Eq. (6), the increase
low-level specific humidity contributes to a relatively uni-
form increase of 6o (P') for about 6.4% K.

The sum of 6c(@/,) and 6g, reproduces the general pat-
tern of projected 6o (P’ ) (Fig. 4b), and its pattern correlation
coefficient with Fig. 2a is 0.81. Compared with the projected
o (P') by CMIP5 models in Fig. 2a, the approximation by
Eg. (6) reproduces the strong increase of o (P’) over equa-
torial Pacific, modest increase of o-(P’) over ascending
regions, and decrease of rainfall variability over the sub-
tropics. However, the approximation in Eq. (6) underesti-
mates the decrease of U(P’ ) over subtropical descending
regions. The regional averaged 66(w! ) + g, over ascending
regions (based on the mean state vertical velocity of MMM)
is +3.7% K~ !, close to the projection by CMIP5 models.
But the regional averaged do (/) + 6g, over the descending
region is +2.7% K™, far from the projected 6o (P'), primar-
ily due to the overestimation in the subtropical subsidence
region. In all, the theoretical prediction by Eq. (6) captures
the fractional change in the interannual rainfall variability
over climatological ascending regions but does not perform
well in the subsidence regions.

To further examine the relationships between 6o (P’) and
do(w! ) + 6, in terms of spatial pattern and inter-model
spread, Fig. 5 shows the scatter diagram between 56(P’ )
and é0(w! )+ 6g, among all grid points of all models.
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Fig.5 Scatter diagram about the
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(b) Descending regions
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Given the mean state differs among models, each grid point
of an individual model within 20°S—-50°N is categorized
into either climatological ascending regions or descend-
ing regions, based on the climatological vertical velocity
at 500 hPa in the Historical experiment of the model itself
(not based on the MMM). Over ascending regions, 5o (P') is
linearly related with 6o(w/ ) + 6g,. The least-square fit line
almost overlaps the diagonal line of ¥ = X, and the correla-
tion coefficient is 0.71 (Fig. 5a), suggesting the theoretical
model of Eq. (6) well explains the spatial pattern and inter-
model spread in climatological ascending regions. Over
the descending regions, the correlation coefficient between
6o (P') and So(w! ) + 67, is 0.02 and the regression line
deviates from the diagonal line (Fig. 5b). There are some
outliers with a very high 6o (P’) at some grid point over the
arid descending regions of some models, since the G(P’ ) is
too small in Historical experiment and a modest increase of
o (P') could induce a very high 6o (P"). Even if the outliers
with a 86 (P') of higher than 400% K~' (totally 103 grid
points) are excluded, the 6o (P’) over descending regions
is not so closely related to 6o(w/,) + 6g; as in the ascending
regions, and the regression slope is 1.20 (Fig. S8). It again
suggests that Eq. (6) does not give an as good estimation of
SG(P’ ) in descending regions as in ascending regions.

The theoretical model in Eq. (6) does not work well
in descending regions possibly due to the scarce mean
state precipitation, and as a result the rainfall anomaly is
insensitive to anomalous vertical moisture advection. For
example, in the years with negative precipitation anom-
aly, there is almost no precipitation here, and a stronger
negative vertical moisture advection anomaly due to
increased specific humidity could not further enhance the
negative precipitation anomaly. Since the magnitude of
rainfall variability is also constrained by the abundance
of mean state rainfall (Watanabe et al. 2014; He et al.
2017a), the relationship between the mean state precipi-
tation (P) and the magnitude of interannual precipitation
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variability (60'(P’)) based on all the grid points of all
individual models is examined in Fig. 6a, b. Over the
descending regions, 6o (P’)is closely correlated with P,
and the regression equations are G(P' ) = 0.30P + 6.08 and
o(P') = 0.34P + 3.50 for Historical and RCP8.5 experi-
ments, respectively. The intercept of the regression line
is small and negligible, and U(P’) is nearly proportional
to P, i.e., o(P')  P. Under the assumption of propor-
tionality between ¢ (P') and P over descending regions,
the fractional change in the interannual rainfall variability
should be equal to the fractional change in the mean state
rainfall, i.e.,

6o (P') ~ 6P @)
Thus the theoretical model in Eq. (5) can be adjusted as

N J do(@)+6q .. @,<0
solP) =1 57 N ®

The relationship between 6o (P’) and P for the grid
points of all models in the descending regions is shown in
Fig. 6¢ (the 103 grid points in the 30 models with a 5o (P')
greater than 400% K~ ! are excluded). It is clear that the
regression line almost overlaps the diagonal line of Y =X,
with a regression slope of 0.99, suggesting relationship of
50'(P’) ~ 6P is valid over the descending regions.

The spatial pattern of 6P projected by the MMM is
shown in Fig. 7a. The mean state precipitation increases
sharply over equatorial Pacific, possibly due the local max-
imum amplitude of SST warming (Watanabe et al. 2014;
Liet al. 2016). It also increases substantially over the mon-
soon region from Asia to West Pacific, consistent with the
“richest-get-richer” mechanism (Zhang and Li 2017). The
reduced P over the descending regions at the subtropics
may be modulated by the dry horizontal advection (Chou
et al. 2009) or changes in mean state circulation associ-
ated with land-sea thermal contrast (He and Soden 2017).
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Fig.6 Scatter diagram for the (a) 20C

(b)21c

grid points located at descend-
ing regions of all individual
models. a The interannual
precipitation variability (¢(P'),
y-axis) as a function of mean
state precipitation (P, x-axis) for
20C in Historical experiment
(unit: mm). b Same as (a) but
for 21C in RCP8.5 experiment.
¢ Percentage change in the inter-
annual precipitation variability
(86(P"), y-axis) as a function

of the percentage change in
mean state precipitation (6P,
x-axis). The black line is the
least-square regression line, and
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The pattern of 8P looks like 66(P’ ), but the regional aver-
aged 6P within 20°S—50°N is 0.4% K~ !, much lower than
SU(P’). This regional averaged percentage is lower than
the global averaged value of 2% K~ ! obtained by Held and
Soden (2006) but with no contradiction. Held and Soden
(2006) addressed the fractional change of global aver-
aged rainfall, and their fractional change was computed
after averaging global rainfall, so the wet regions (i.e.,
ascending regions) contribute more than the dry regions
(i.e., descending regions) to the average. But our study
shows the average of the fractional changes, and the frac-
tional change at each grid point is computed before taking
regional average, so that dry regions and wet regions are
equally weighted.

Figure 7b shows the estimation of 5o (P’) based on
Eq. (7). Given the mean state differs among models,
the estimation based on Eq. (7) is made for each model
according to the mean state vertical velocity (w,,) of
the individual model itself, and MMM of the estimated
6 (P') by the 30 models is shown. The regional average

(c) Ratio of Change
400 ———

Y=0.99X+2.03

within 20°S-50°N is + 1.4% K~ ! (Fig. 7b), well match-
ing the projected 5o (P') (Fig. 2a). The averaged values
over the ascending and descending regions of the MMM
is +3.4% K~ !and —0.4% K~ !, respectively (Fig. 7b), also
well matching the projectedéo (P’). Under RCP4.5 sce-
nario, the theoretical framework in Eq. (8) also explains
the projected 6o (P’) almost exactly (Fig. S3 in Supple-
mentary Information). The salient features in Fig. 2a,
such as the substantially increased rainfall variability over
equatorial Pacific, the modest increase in the climatologi-
cal ascending regions, and the decrease over subtropical
oceans, are well reproduced by Eq. (8) (Fig. 7b). The pat-
tern correlation between Figs. 7b and 2a is 0.87. There-
fore, the theoretical model in Eq. (8) gives a satisfactory
estimation of the magnitude and spatial pattern of the pro-
jected changes in interannual precipitation variability, for
both ascending and descending regions.

Can Eq. (8) explain the inter-model uncertainty on the
projected SG(P’ ) and which term in Eq. (8) contributes the
most to the inter-model uncertainty? Figure 8a shows the
spatial pattern for the inter-model correlation coefficients
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Fig.7 a The MMM-projected percentage change in the mean
state precipitation per degree of warming (unit: %K~"). b The esti-
mation of §o(P') based on Eq. (8), i.e., the multi-model median of
bo(w! ) + 6g, in ascending regions and 6P over descending regions of
the individual models. The black contour is the zero contour of mean
state vertical velocity at 500 hPa

between projected 5o (P') and the estimation based on
Eq. (8). It is obvious that the inter-model correlation is
significant at the 95% confidence level for almost all grid
points (Fig. 8a), suggesting the theoretical model in Eq. (8)
accounts for the inter-model uncertainty. As suggested by
the inter-model correlation between projected 6o (P’ ) and
each term in Eq. (8) (Fig. 8b-d), the inter-model correla-
tion between 56(P’) and 6g, is much weaker than the inter-
model correlation between 6o (P') and 66 (a',,) over cli-
matological ascending regions (Fig. 8b, c), and the 60'(P' )
over descending regions has a much higher inter-model
correlation with 6P than with 6g, or éo(w’,,). Previous
study also indicated that the increase of specific humidity
contributes to a uniform increase of extreme precipitation,
whereas the regional pattern and inter-model uncertainty
is dominated by circulation changes (Pfahl et al. 2017).
Our evidences suggest that the inter-model uncertainty of
the changes in o-(P’) is dominated by the uncertainty of
circulation variability over ascending region but by mean
state rainfall in descending region.

Based on the above analyses, the mechanism for the pro-
jected change of interannual precipitation variability is dif-
ferent between ascending regions and descending regions.
Over climatological ascending regions, o-(P’ ) is modulated
by vertical moisture advection which is contributed by the
abundance of mean state specific humidity and the interan-
nual variability of vertical velocity. The percentage change in
o (P’ ) is well explained by the sum of the percentage changes
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Fig. 8 a Inter-model correlation coefficients between projected 5o(P")
and the estimated change based on Eq. (8). b—d Inter-model correla-
tion coefficients of the projected 6o(P’) with 6g, (b), 6o(w/ ) (c) and
8P (d). The correlation coefficients significant at the 95% confidence
level according to t-test are stippled. The black contour is the zero
contour of mean state vertical velocity at 500 hPa

in low-level specific humidity (g;) and the magnitude of vari-
ability of mid-tropospheric vertical velocity (¢ (e’,, )). How-
ever, o (P’ ) is strongly constrained by the abundance of mean
state precipitation over climatological descending regions (i.e.,
dry regions), where the percentage change of G(P’ ) almost
equals to the percentage change in mean state precipitation.
The inter-model uncertainty for the projected change in ¢ (P’ )
is dominated by the interannual variability of vertical veloc-
ity in ascending regions but by the mean state precipitation
over descending regions, Further effort is needed to narrow
the uncertainty of the projected change in o (P").
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6 Mechanism for the change in interannual
circulation variability

The atmospheric circulation in the tropics and summer-
time subtropics is driven by diabatic heating (Rodwell and
Hoskins 2001; Liu et al. 2004; Li et al. 2012), and the inter-
annual variability of diabatic heating explains a substan-
tial fraction of the interannual circulation variability (Wei
et al. 2014; Leonardo and Hameed 2015; Zhang et al. 2016).
Indeed, the interannual standard deviation of column diaba-
tic heating is projected to get enhanced (weakened) where
the interannual precipitation variability is enhanced (weak-
ened), and its change is dominated by latent heating associ-
ated with precipitation variability (Fig. S9 in Supplementary
Information). Such enhanced variability of diabatic heating
acts to enhance the interannual variability of atmospheric
circulation (Cai et al. 2014; Chung and Power 2016). On
the other hand, the static stability of the troposphere also
increases under global warming, as a result of moist adiaba-
tic adjustment (Knutson and Manabe 1995; Schneider et al.
2010). In a more stable atmosphere, a weaker circulation
anomaly could be stimulated by a diabatic heating anomaly
(Ma et al. 2012; Li et al. 2015). Following previous studies
(Li et al. 2015; Pendergrass and Gerber 2016), horizontal
temperature gradient can be omitted and the thermodynamic
equation is simplified as

O~ —-Sw 9)
where Q, S, @ are diabatic heating, static stability and verti-
cal velocity. Therefore, the anomaly of diabatic heating at
interannual timescale is balanced by

Q ~ -8 —S@ 10)
where bar and prime stand for the mean state and anomaly,
respectively, and the higher-order term (§'@’) is omitted.
At interannual time scale, the contribution of §’@ to Q' is
much smaller than S’ and can be neglected (Fig. S10 in

the Supplementary Information). So, the anomaly of vertical
velocity can be expressed as

o ~-Q'/8 an

According to Eq. (11), the interannual standard deviation
of circulation is expressed as o(w’) ~ —6(Q")/S since the
mean state static stability S has no temporal variation for
a given climate background, and the fraction of change in
o(w") can be estimated by the fractional changes of ¢(Q’) and
S (See Appendix A for detailed derivation), i.e.,

so(@') ~ 50(Q') — 68 12)

To examine whether Eq. (12) explains the projected
change in o(w’), the diabatic heating is calculated based
on the thermodynamic equation following Yanai and
Tomita (1998), and the fractional changes of ¢(Q’), S,
and their difference at 500 hPa are shown in Fig. 9. The
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Fig.9 Projected percentage changes of a the interannual variability
of diabatic heating (65 (Q’)), b mean state static stability (65), and ¢
their difference (66(Q’ ) — 65) at the isobaric surface of 500 hPa per
degree of warming (unit: % K1)

interannual variability of diabatic heating enhances sub-
stantially at equatorial Pacific for as much as 20% K™,
and it also enhances modestly from South Asia to western
North Pacific but slightly weakens over the most subtropi-
cal oceans, consistent with the projected change in rain-
fall variability (Fig. 2a). The static stability at 500 hPa
increases everywhere and it has a rather spatially uniform
pattern (Fig. 9b), contributing to a rather uniform decrease
of o(w’) according to Eq. (12). The difference of 56(Q")
and 65 (Fig. 9c) well reconstructs the pattern of §o(w’) at
500 hPa, including the obvious increase along the equato-
rial Pacific and a modest decrease elsewhere. The pattern
correlation between 66(Q’) — 65 and do(w’) at 500 hPa is
0.77. The regional averaged 65(Q’) and 83 over 20°S—50°N
are 0.6% K~! and 4.5% K~ !, contributing to a regional
averaged 60(Q’) — 65 of —3.9% K™, suggesting a slight
overestimation of the decrease in o(w’). This overesti-
mated decrease in o(w’) is mainly contributed by the extra-
tropical region within 40°N-50°N. Over 20°S—40°N, the
regional averaged do(w') is —3.6% K~ ! and 66(Q’) — 65
is —3.8% K"~ 1, which are very close to each other. In all,
Eq. (12) gives a satisfactory estimation of the projected
fractional change in the interannual circulation variability
at 500 hPa, especially over the tropics.
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Fig. 10 a Inter-model correlation coefficients between do(w') and
SG(Q’ ) — 65 at 500 hPa. b—c Inter-model correlation coefficients
between do(w') with 66(Q’ ) (b) and 65 (c). The correlation coeffi-
cients significant at the 95% confidence level according to r-test are
stippled

The inter-model uncertainty of the projected change in
60(w') is also highly correlated with the inter-model uncer-
tainty in 66(Q’) — 68 (Fig. 10a), suggesting the theoretical
model in Eq. (12) well captures the inter-model uncertainty
of the projected change in o(@’). The inter-model correlation
between 5o(w') and 66(Q") exceeds the 95% confidence level
according to t-test at almost all grid points (Fig. 10b), resem-
bling the correlation pattern between o(w’) and 66(Q") — 6S.
But the inter-model correlation between do(w’) and 65 is
weak and insignificant at almost all grid points (Fig. 10c).
These evidences suggest that the inter-model uncertainty
in the projected change in o(®’) is dominated by the inter-
model uncertainty in the changes in ¢(Q’), whereas the inter-
model uncertainty in the mean state static stability makes a
negligible contribution.

To address whether the vertical structure of projected
5o(w’) can be explained by Eq. (12), Fig. 11 shows the verti-
cal profiles of 56(Q’), 65 and their difference, in comparison
with the projected §o(w’). 56(Q’) intensifies at the mid-to-
upper troposphere along the equator and over subtropical
South Asia to West Pacific (Fig. 11a, b), consistent with
enhanced convective rainfall variability in these regions
because the enhanced latent heating associated with deep
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convection is located at mid-to-upper troposphere (Li et al.
2015). The intensification is especially strong over the equa-
torial Pacific, acting to enhance the local interannual vari-
ability of atmospheric circulation (Cai et al. 2014, 2015).
On the other hand, the static stability increases at almost all
pressure levels below 200 hPa (Fig. 11c, d), acting to reduce
the circulation variability everywhere, according to Eq. (12).
The increase of static stability reaches its maximum at about
300-400 hPa, consistent with Li et al. (2015).

The longitude-height profile of §6(Q’) — 6S well resem-
bles the projected do(w’) over both equatorial region and
the subtropical region (Fig. 11e, f). At the equatorial region
(averaged within 5°S—-5°N), 66(Q’) — 88 is positive over
the Pacific sector but negative elsewhere, with an average
of — 0.6% K™, close to the averaged value of 0.0% of the
projected 6o(w’), with a pattern correlation coefficient of
0.95 between 66(Q’) — 68 and 66(w') (Fig. 11e). At the sub-
tropical northern hemisphere (averaged within 20°-30°N),
606(Q") — 65 and 60(w') are negative at almost all longitudes
through the troposphere, and they are more negative over the
subtropical Atlantic but approaches zero over subtropical
Asia-West Pacific. The averaged values are —1.7% K~ ! for
606(Q") — 68 and —1.3% K~ ! for 6o(w'), with a pattern corre-
lation of 0.87. In all, the combined effect of increased mean
state static stability and the change in diabatic heating vari-
ability well explains the overall vertical structure of §o(w’).

In order to examine whether the spatial pattern of the pro-
jected 66 (') is captured by the theoretical model in Eq. (12)
at each pressure level, o(w’) at all the grid points of all the
individual models are plotted in Fig. 12 as a function of
56(Q") — 5S. The correlation coefficient between 5o (') and
606(Q’") — 68 ranges from 0.73 to 0.91 from 850 to 200 hPa,
but is relatively low at 925 hPa (0.47). The regression slopes
for the pressure levels within 850 and 200 hPa ranges from
0.63 to 0.82, which are slightly smaller than 1, indicating
that the spatial variation of §c(’) is overestimated by the
theoretical model in Eq. (12). The regression relationship
between 60(w') and 66(Q’) — 6S for MMM is similar to
those based on all the individual models (Fig. S11 in Sup-
plementary Information). Although the estimation based
on Eq. (12) does not exactly reproduce the spatial varia-
tion of o ("), especially at 925 hPa, the results have shown
that it well reproduces the overall horizontal and vertical
pattern and regional averaged magnitude of 5o(w’), under
both RCP8.5 and RCP4.5 scenarios (see Figs. S4, S5 for the
results under RCP4.5 scenarios).

Based on the above theoretical formulation and diagnostic
analyses, the response of the magnitude of interannual cir-
culation variability to GHG forcing is generally controlled
by two factors: mean state static stability and the variability
of diabatic heating. The static stability shows a horizontally
uniform increase throughout the troposphere as a result of
moist adiabatic adjustment (Knutson and Manabe 1995;
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Fig. 11 Same as Fig. 9, but for the longitude-height profiles of the
averaged values within 5°S—5°N (left column) and within 20°-30°N
(right column). The contours in (e) and (f) show the MMM projected
do(w"), and the contour interval is exactly the same as the shading.

Schneider et al. 2010), and it acts to reduce the amplitude of
interannual variability of vertical velocity. The change in the
variability of diabatic heating, which dominates the inter-
model uncertainty of projected §o(w’), is mainly contributed
by latent heating associated with precipitation. It enhances
where o(P’) enhances at the mid-upper troposphere, espe-
cially over equatorial Pacific. Therefore, the changes in o (P’)
and o(w’) may be coupled with each other: On the one hand,
increased (decreased) circulation variability acts to enhance
(reduce) the rainfall variability. On the other hand, increased
(decreased) rainfall variability enhances (reduces) local dia-
batic heating variability and further enhances (reduces) cir-
culation variability.

7 Conclusion and discussion

In this study, the response of the amplitude of interannual
climate variability to GHG forcing is assessed, by compar-
ing the RCP8.5/RCP4.5 experiment with Historical experi-
ment based on CMIP5 models. The amplitude of interan-
nual variability is measured by the standard deviation (o)
of 8-year high-pass filtered time series, and the magnitude

The average value for the shading in each panel is marked on its
upper-right corner, and the averaged value for the MMM-projected
do(w'") is marked in the parenthesis in (e, f)

and spatial pattern of the changes in the interannual vari-
ability of precipitation and circulation (vertical velocity) are
assessed. By constructing and validating theoretical models,
the relative contributions of the factors responsible for the
changes in precipitation and circulation are addressed. In
general, the projected changes are similar between RCP8.5
and RCP4.5, in terms of the spatial pattern and the regional
averaged changes per degree of warming. The responses of
the interannual variability of precipitation and circulation
under global warming are modulated by the changes in the
mean states of precipitation, specific humidity and static
stability, which are summarized in Fig. 13 and as follows.
(1) The interannual variability of precipitation generally
amplifies but its spatial pattern is complicated. The inter-
annual variability of rainfall amplifies substantially over
equatorial Pacific, and it also increases modestly in the
climatological ascending regions, but decreases over the
subtropical areas where the mean state rainfall decreases,
with a regional averaged 65(P') of 1.4% K~ !. The interan-
nual precipitation variability is constrained by mean state
precipitation in the descending regions but by vertical
moisture advection in ascending regions. Over the descend-
ing regions with relatively scarce mean state rainfall, the

@ Springer



2680 C.He T.Li
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Fig. 13 A schematic illustrating

the mechanisms for the changes y
in the interannual variability of oP

precipitation and circulation.
The red arrows indicate that |
positive (negative) change in
the former box acts to induce

- . . f
positive (negative) change in the 1
next box, whereas blue arrow
indicates that positive (nega-
tive) change in the former box
acts to induce negative(positive)
change in the next box. As static
stability, vertical velocity and
diabatic heating are 3-dimen-

Descending area:
36(P’)~6P
oc(P’)=—0.3%

Interannual

Variability \

36(0’)=50(Q’)-0S
do(®’)= —3.4%

|
sional phenomenon, their : Contro”f”‘? by. mean |
regional averaged values are precipitation 1
500 hPa are listed : I
| Avg:
I 06(Q’)=1+0.6%
‘ 36(P*) = +1.4%

magnitude of interannual precipitation variability is almost
proportional to the abundance of mean state precipitation,
and the percentage change of interannual precipitation vari-
ability approximately equals to the percentage change of the
mean state precipitation, i.e., s¢(P') ~ SP. Over climato-
logical ascending regions with abundant mean state precipi-
tation, the advection of mean state humidity by anomalous
vertical velocity is essential for the interannual variability
of precipitation, and 6o (P’) is determined by the changes
in the specific humidity at lower troposphere and the inter-
annual variability of vertical velocity at mid troposphere,
i.e., 66(P') = éo(@!) + 6g,. In addition, the inter-model
uncertainty of projected 5c(P’) is dominated by éo(w/ )
over ascending regions but by 6P over descending regions.

(2) The interannual variability of vertical velocity enhances
over equatorial Pacific at mid-upper troposphere but weakens
elsewhere, with a regional averaged amplitude of — 3.4% K~!
at 500 hPa. The response of interannual circulation variabil-
ity is modulated by mean state static stability and the inter-
annual variability of diabatic heating, through the relation
so(w') ~ 66(Q') — &S. The static stability increases almost
everywhere in the troposphere with a maximum magnitude at
the upper troposphere, and it acts to weaken the interannual
variability of vertical velocity through the troposphere. The
interannual variability of diabatic heating enhances substan-
tially over equatorial Pacific at the mid-to-upper troposphere,
which overwhelms the effect of increased static stability and
enhances the local circulation variability. The change in the
interannual variability of diabatic heating is mainly contrib-
uted by the changed variability of latent heating associated
with precipitation variability, and it dominates the inter-model
uncertainty of the projected changes in the interannual vari-
ability of vertical velocity.

The pattern and magnitude of the change in the interannual
variability for precipitation and vertical velocity are addressed
in this study, since these two variables are closely coupled with
each other (Seager et al. 2012; Pendergrass and Gerber 2016).
Enhanced interannual variability of precipitation may be asso-
ciated with an enhancement of the hydrological extremes, such
as enhanced extreme precipitation (Trenberth et al. 2003; Liu
et al. 2016; Pendergrass et al. 2017), and the increased inten-
sity of typhoons despite of large uncertainty (Knutson et al.
2010; Park et al. 2017). In addition, the interannual variability
of temperature also greatly impacts human society, and previ-
ous studies claimed a generally enhanced variability of tropo-
spheric temperature over the entire tropics (Hu et al. 2014; Tao
et al. 2015). The increase of the mean state temperature and the
enhanced temperature variability may both have contributions
to the temperature extremes, especially heat waves (Fischer
et al. 2012; Sun et al. 2014; Holmes 2016; Wang et al. 2017b),
but their relative contributions to cold waves and heat waves
still reserve further assessment.
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Appendix A

Suppose a variable X is proportional to the product of the
variables Y and Z, i.e., X=kYZ where k is a non-zero con-
stant. In a warmer climate, all of these three variable will
change. If we denote the mean state in 20C with an over-
bar and the absolute change in 21C relative to 20C with a
prefix of A, the relationship between these three variables
for 21C is expressed as

X+AX =k(Y+AY)(Z+ AZ) =kYZ+ kYAZ + kZAY + kAYAZ
(13)
Since X = kY Z holds for the 20C, and the high-order

term AYAZ is generally small and negligible, Eq. (13) can
be simplified into

AX = kYAZ + kZAY (14)

Since X = kY Z, if the left-hand side of Eq. (14) is
divided by X and the right-hand side of Eq. (14) is divided
by kY Z, the following relation is obtained

AX/X =AY/)Y + AZ)Z (15)

If the prefix “6” to adopted to denote the relative change
of a variable to its climatology in 20C, Eq. (15) can be
expressed as

6X =6Y +6Z (16)

In all, if variable X is proportional to the product of
the variables Y and Z, the percentage change in X under
global warming is the sum of the percentage changes in
Y and Z. Similarly, if the variable Z is proportional to the
quotient between X and Y, i.e., Z=kX/Y, the relationship
6Z = 6X — 6Y can also be obtained.
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