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ABSTRACT: The South Paci � c convergence zone (SPCZ) is evaluated in simulations of historical climate from phase
5 of the Coupled Model Intercomparison Project (CMIP5) and phase 6 (CMIP6) models, showing a modest improvement
in the simulation of South Paci� c precipitation (spatial pattern and mean bias) in CMIP6 models but little change in the
overly zonal position of the SPCZ compared with CMIP5 models. A set of models that simulate a reasonable SPCZ are
selected from both ensembles, and future projections under high emissions (RCP8.5 and SSP5–8.5) scenarios are examined.
The multimodel mean projected change in SPCZ precipitation and position is small, but this multimodel mean response
obscures a wide range of future projections from individual models. To investigate the full range of future projections a
storyline approach is adopted, focusing on groups of models that simulate a northward-shifted SPCZ, a southward-shifted
SPCZ, or little change in SPCZ position. The northward-shifted SPCZ group also exhibit large increases in precipitation in
the equatorial Paci� c, while the southward-shifted SPCZ group exhibit smaller increases in equatorial precipitation but
greater increases within the SPCZ region. A moisture budget decomposition con� rms the � ndings of previous studies: that
changes in the mean circulation dynamics are the primary source of uncertainty for projected changes in precipitation in
the SPCZ region. While uncertainty remains in SPCZ projections, partly due to uncertain patterns of sea surface tempera-
ture change and systematic coupled model biases, it may be worthwhile to consider the range of plausible SPCZ projections
captured by this storyline approach for adaptation and planning in the South Paci� c region.

SIGNIFICANCE STATEMENT: The South Paci � c convergence zone is a band of intense rainfall that in� uences the
weather and climate of many Paci� c Island communities. Future changes in the SPCZ will therefore impact these com-
munities. We examine climate model representations of future climate to � nd out how the SPCZ might change in a
warmer world. While the models disagree on future changes in the SPCZ, we suggest that it may be useful to consider
groups of models with common“ storylines” of future change. The changes in the position of the SPCZ in a warmer world
correlate strongly to the amount of rainfall change locally. Some models suggest a northward movement of the SPCZ,
while others suggest a southward movement. Consideration of the full range of possible future behavior of the SPCZ is
needed to better prepare for the impacts of a warmer climate.

KEYWORDS: South Paci � c convergence zone; Climate change; Coupled models; Model evaluation/performance

1. Introduction

The South Paci� c convergence zone (SPCZ) is a band of in-
tense precipitation, low-level wind convergence, and active con-
vection that stretches from the equatorial west Paci� c to the
southeast Paci� c (Vincent 1994; Brown et al. 2020; Widlansky
et al. 2011). The SPCZ is most active in the austral summer

months, and strongly in� uences the climate of South Paci� c
islands and surrounding regions. Variability in the position and
intensity of the SPCZ occurs on interannual and decadal time
scales (e.g.,Kiladis et al. 1989; Vincent 1994; Folland et al.
2002; Vincent et al. 2011; Cai et al. 2012), altering precipitation
and atmospheric circulation and in� uencing regions of tropical
cyclone genesis (Jourdain et al. 2011; Vincent et al. 2011;
Menkes et al. 2012). In some years with very strong El Niño
events (e.g., 1982/83 and 1997/98), the SPCZ shifts toward the
equator and becomes near zonal, merging with the intertropical
convergence zone (ITCZ) into a single convergence zone dur-
ing so-called “ zonal SPCZ” events (Vincent et al. 2011; Cai
et al. 2012; Chung and Power 2016; Chung and Power 2015).

Changes in the location, intensity, variability, or existence of
the SPCZ may also occur due to anthropogenic global warm-
ing. Because the SPCZ is a band of intense rainfall, such a
change would profoundly affect the rainfall climate of Paci� c
Islands within or adjacent to the SPCZ. However, projected
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changes to the SPCZ in a warmer climate are not well con-
strained, with no consistent shift in SPCZ position for phase 3 of
the Coupled Model Intercomparison Project (CMIP3; Meehl
et al. 2007) models (Brown et al. 2012) and phase 5 of the Cou-
pled Model Intercomparison Project (CMIP5; Taylor et al.
2012) models (Brown et al. 2013). Despite these inconsistencies,
however, these studies identi� ed a robust drying of the eastern
edge of the SPCZ, and a robust tendency for a more northward-
shifted SPCZ during El Ni ño events in a warmer climate.
Changes in SPCZ intensity and location may depend on com-
peting thermodynamic and dynamic mechanisms, with decreases
in SPCZ precipitation predicted for moderate levels warming,
while higher levels of warming may lead to increases in precipi-
tation (Widlansky et al. 2013).

The ability of climate models to simulate the SPCZ, and
produce reliable projections of its change, is limited by sys-
tematic biases in the tropical Paci� c including the “ cold
tongue” and “ double ITCZ ” biases (e.g.,Christensen et al.
2013). Regional biases in sea surface temperatures (SSTs) and
SST gradients are likely to be the cause of the overly zonal
orientation of the SPCZ (e.g., Brown et al. 2011; Brown et al.
2013; Niznik et al. 2015). These SST patterns are themselves
likely in � uenced by factors including topographic effects (e.g.,
Takahashi and Battisti 2007). CMIP3 and CMIP5 models with
a worse double ITCZ bias tended to exhibit weaker global
mean surface warming with increasing greenhouse gas con-
centrations (i.e., they have lower climate sensitivity, seeTian
2015). It may therefore be useful to test whether SPCZ
changes and climate sensitivity might also be related, since
they both appear to be sensitive to tropical Paci� c SST pat-
tern effects.

Studies have attempted to address the in� uence of model
biases on climate projections using a range of methods, in-
cluding bias correction of SSTs as input to dynamical down-
scaling (e.g.,Nguyen et al. 2012; Evans et al. 2016; Dutheil
et al. 2019). As the new generation of CMIP6 climate models
(Eyring et al. 2016) have an improved simulation of some as-
pects of the tropical Paci� c climate including a reduced “ cold
tongue” bias (e.g., Grose et al. 2020), they may produce a
more realistic simulation of the SPCZ, increasing con� dence
in future SPCZ projections. However, some degree of uncer-
tainty in future changes to the SPCZ is likely to remain, with
diverging future pathways of physical change remaining possi-
ble due to uncertainty in future emissions and model uncer-
tainty (e.g., Hawkins and Sutton 2009; Hawkins and Sutton
2011). In the present study we will therefore adopt the ap-
proach of Shepherd et al. (2018), attempting to characterize
the diverging future pathways of SPCZ changes as distinct
“ storylines.” These storylines will explore the range of plausi-
ble changes to the SPCZ with global warming, exploring
model-to-model differences. By clarifying the plausibility of
these diverging futures in the present study, next-users of cli-
mate change projections can simplify their applications to a
more limited set of internally consistent physical-change nar-
ratives, rather than contending with the full ensemble of cli-
mate models and their simulations. Some examples of useful
applications might include stress-testing future water resource
systems, or adaptation options for species habitats.

The aim of the present study is twofold. First, we evaluate
the SPCZ in available CMIP5 and CMIP6 models, and identify
those models suitable for further use in our regional projec-
tions analyses. We then identify distinct storylines of possible
future changes to the SPCZ in a warmer climate, and investi-
gate some of the underlying mechanisms leading to those
changes.

In section 2, we describe the data and methods used in the
present study. In section 3, we evaluate the simulation of the
SPCZ in the CMIP5 and CMIP6 climate model ensembles,
identifying models appropriate for regional projections of the
SPCZ. In section 4, we investigate the diverging projected
SPCZ changes in the CMIP5 and CMIP6 ensembles in a
warmer future climate, relating the changes in the SPCZ to
historical biases, as well as global and regional processes.
Finally, in section 5, we summarize and discuss our� ndings,
and make concluding remarks.

2. Data and methods

a. Models

Model data are provided by the World Climate Research
Programme’s CMIP5 and CMIP6 (Taylor et al. 2012; Eyring
et al. 2016) climate models. These models vary in terms of
model components and parameterizations, and represent the
state-of-the-art approaches to modeling the complex interac-
tions within the climate system. [SeeTable A1 in the appen-
dix for details of the models (30 from CMIP6 and 36 from
CMIP5) used in the present study. Due to the availability of
required model variables, the moisture decomposition is con-
ducted for a subset of analyzed models (40 of the 51 eventu-
ally selected models, seeTable A2).]

To estimate the in� uence of anthropogenic warming on the
SPCZ, we compare 50-yr periods (1950–99, and 2050–99) to
distinguish the forced response more clearly from decadal
variability, which is notable in this region (e.g., Folland et al.
2002). To examine a strong climate change signal (not be-
cause the emissions pathway is more likely than others), we
use the � rst run for each model from two sets of simulations:
a historical scenario including known historical changes in at-
mospheric composition, and a future scenario forced using a
high emissions pathway (RCP8.5 in CMIP5 models and
SSP5–8.5 in CMIP6 models). We focus on one scenario for
simplicity; however, we acknowledge that the SPCZ changes
are potentially sensitive to the level of global warming and
therefore the scenario chosen, as described inWidlansky et al.
(2013). We conduct our analyses for the December–February
austral summer season when the SPCZ is strongest, well de-
veloped, and has its greatest impacts on the South Paci� c re-
gion, as done in previous studies (e.g.,Vincent et al. 2011;
Brown et al. 2013).

b. Observations

The GPCP observation-based precipitation dataset is used
as a benchmark for real world precipitation ( Adler et al.
2003). Since global precipitation observations are limited to
the satellite era, GPCP data only spans the period from 1979
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onward, hence a short period is employed for the observed
precipitation climatology (1979–2020). The main conclusions
of the present study were not affected by using an alternative
precipitation dataset, CMAP (not shown) ( Xie and Arkin
1997). The HadISST observation based SST dataset is used
as a benchmark for real world SST (Rayner et al. 2003).
HadISST data are used here for the period 1950–99.

c. SPCZ line fitting

The SPCZ slope and position are calculated using a simple
linear regression method within the domain from 308S to the
equator and from 1558to 2208E following Brown et al. (2011)
and Vincent et al. (2011). In this method, the latitude of maxi-
mum precipitation is found at each longitude within the do-
main, and a line-of-best-� t is calculated for those locations.

The diagnosis of SPCZ orientation and location is sensitive
to the domain chosen, as well as axis of integration (e.g.,
searching for longitude of maximum precipitation for each
latitude in the domain, not shown here). However, iterating
through the longitudinal axis yields a subjectively more sensi-
ble � t, perhaps because the SPCZ is more zonal in orientation
than it is meridional, especially in models. We also choose
here to follow the established method of Brown et al. (2011)
and Vincent et al. (2011) for consistency of approach and to
facilitate comparison of results presented in this study with
previous work.

d. Dynamic-thermodynamic decomposition

To better understand the causes of the projected changes in
SPCZ precipitation, we analyze changes in components of the
moisture budget between the historical and future scenario ex-
periments, similar to Widlansky et al. (2013). Following Chung
et al. (2014), we estimate “ thermodynamic” and “ dynamic”
components of the precipitation changes in each model using a
simpli� ed method adapted from Seager et al. (2010)to approx-
imate the moisture budget equation. Chung et al. (2014)de� ne
the change� in precipitation P between two states to be

� P � � TH 1 � MCD 1 � COV 1 � E, (1)

where TH is the thermodynamic contribution to precipitation
change, MCD is the contribution due to changes in mean cir-
culation dynamics, COV is related to the covariability of
moisture and circulation, and E is evaporation. The quantities
� P and � E are available as model outputs, while � TH and
� MCD are estimated as follows:

� TH �
2 1
r g

� ps

TOA
� · ( u0[� q])dp, (2)

� MCD �
2 1
r g

� ps

TOA
� · ( q0[� u])dp, (3)

where r is the density of water, g is the acceleration due to
gravity, ps is the surface pressure, TOA is the top of atmo-
sphere,u is the horizontal wind vector, q is the speci� c humid-
ity, and the subscript 0 denotes values from the historical
period. The thermodynamic component (� TH) gives the

change in precipitation arising from changes in moisture con-
vergence in the absence of circulation changes. The dynamic
term ( � MCD) gives the change in precipitation arising from
changes in the moisture convergence due to circulation
changes, in the absence of changes in the vertical moisture
pro� le. The covarying term (� COV) represents the contribu-
tion of coherent changes in time and space covariability in
both moisture and the circulation to long-term average mois-
ture convergence. Here � COV is approximated as the differ-
ence between precipitation change (� P) and all the other
terms. Although this is not a precise estimate of � COV it is a
reasonable approximation for the purposes of this study since
� COV is typically small compared to other terms ( � MCD and
� TH) and is known to be small in the region of interest here
(seeSeager et al. 2010, their Fig. 3).

e. Indices

As described above, the SPCZ varies with the El Niño–
Southern Oscillation (ENSO). We characterize ENSO variabil-
ity using December–January–February relative SST in the
Niño-3.4 region (58N–58S, 1708–1208W). Relative Ni ño-3.4 SST
is calculated as the difference between the SST in the Nĩno-3.4
region and the mean SST over all tropical oceans (308S–308N)
for each season. This is similar to the relative Nĩno-3.4 index of
van Oldenborgh et al. (2021); however, one key difference is
that our index does not require a de� ned baseline period, and
as such is relevant for changes in both the variability as well as
the mean state of tropical Paci� c asymmetry (e.g.Ramsay and
Sobel 2011; Grose et al. 2014).

Equilibrium climate sensitivity (ECS) is a measure used to
gauge each model’s global climate response to greenhouse gas
concentrations, and is quanti� ed as the change in global mean
surface temperature in response to a doubling of atmospheric
CO2 concentration allowing for time to equilibrate, typically
150 years (National Research Council 1979). ECS values for
CMIP5 and CMIP6 models computed using theGregory et al.
(2004) method are taken from Tables 1 and 2 ofMeehl et al.
(2020) and summarized later (Table A2). Note that CMIP6
models indicate a larger range of climate sensitivity, with ECS
values spanning 1.88–5.68C across models and exceeding 4.58C
in 10 of these models (compared to 2.18–4.78C in CMIP5, e.g.,
Zelinka et al. 2020), leading to a higher warming in the future
climate simulations in those models with high climate sensitiv-
ity and in the CMIP6 multimodel mean.

Many climate models have an equatorial Paci� c cold-tongue
bias (Li and Xie 2014), where cold SSTs extend too far westward
into the west Paci� c warm pool region and in� uence the regional
climate. Here we quantify the cold-tongue bias using a simple
cold tongue index (CTI) following Grose et al. (2020): the average
model SST bias in the west Paci� c warm pool region (1558–1758E,
108S–108N), calculated relative to HadISST observations.

3. Model evaluation

a. The SPCZ mean state

The biases in the CMIP5 and CMIP6 multimodel mean
SST and precipitation in the tropical Paci� c relative to
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observations are shown in Fig. 1. The biases in SST
(Figs. 1a,b) are known to be important for simulating tropical
precipitation, including the SPCZ (e.g., Brown et al. 2013), and
are also known to in� uence future projections of tropical precip-
itation (e.g., Chadwick et al. 2014; Grose et al. 2014). As noted
in other studies (e.g., Grose et al. 2020), some aspects of the
biases in tropical Paci� c SST in the multimodel mean (MMM)
are reduced in the CMIP6 ensemble compared with the CMIP5
ensemble. There is a reduction in the cold bias in the southwest
Paci� c and the ensemble mean zonal SST gradient in the tropi-
cal Paci� c is slightly closer to observed. However, the cold
tongue bias in the western equatorial Paci� c appears to be
slightly larger east of the date line in CMIP6 models.

The biases in CMIP5 and CMIP6 MMM seasonal average
precipitation and model agreement on bias displayed as stippling
(Figs. 1c,d) are similar in the South Paci� c, with an overly dry
equatorial western Paci� c in the region of model cold SST
biases. This western equatorial Paci� c dry bias is greater in
the CMIP6 MMM, consistent with the stronger SST cold
bias. There is a reduced bias in the subtropical or diagonal
component of the SPCZ in the CMIP6 MMM, evident in a
smaller dry bias to the southwest of the SPCZ and a smaller
wet bias to the northeast of the SPCZ. The“ double ITCZ ” in
the eastern Paci� c persists in the CMIP6 MMM but is reduced
in magnitude compared with the CMIP5 MMM. As a result of
the mean-state biases in models, both the CMIP5 and CMIP6
MMM have an SPCZ that is too zonal in orientation

compared to observations, and even with the improvements in
the double ITCZ bias in CMIP6 models, the CMIP6 MMM
SPCZ orientation shows no clear improvement compared to
the CMIP5 MMM.

Model performance is also evaluated by calculating the spa-
tial (pattern) correlation coef � cient and root-mean-square error
(RMSE) of precipitation over the SPCZ region (30 8S–08,
1558E–1408W) for all models relative to observations ( Figs. 2a,b
and Table A1). The spread of correlations and RMSE values
for the CMIP5 and CMIP6 ensemble members provides infor-
mation about the full range of model performance, whereas the
MMM bias shown in Fig. 1 does not capture this model range.
The improvement in SPCZ-region precipitation from CMIP5 to
CMIP6 models is striking, with 75% of CMIP6 models perform-
ing better than the median model in the CMIP5 ensemble for
spatial correlation and lower RMSE values for the CMIP6
models. The SST climatology spatial correlation with HadISST
is only slightly improved in CMIP6 compared to CMIP5, while
the RMSE is similar between ensembles (not shown).

The inter-model ranges of slope and position of the SPCZ
are quite large (Fig. 2c and Table A1). No individual model
produces an SPCZ slope equal to or larger than observed,
while there is no systematic bias in the SPCZ position in either
CMIP5 or CMIP6 ensembles. However, some outliers in SPCZ
position and slope are identi� ed. These models are also found
to have a poor spatial correlation with observed precipitation
over the SPCZ region, suggesting an especially poor SPCZ

FIG. 1. Multimodel mean biases in SST (8C) relative to HadISST observations for (a) CMIP5 and (b) CMIP6 models
and multimodel mean biases in precipitation (mm day2 1) relative to GPCP for (c) CMIP5 and (d) CMIP6 models.
Temperature biases are for 1950–99, while precipitation biases are for 1979–99. Stippling indicates where greater than
two-thirds of models are biased in the same direction. The contours represent the 288C SST contour in (a) and (b) and
the 5 mm day2 1 contour in (c) and (d) for observations (solid) and the MMM (dashed). The diagnosed SPCZ position
(linear � t to maximum precipitation) for observations (solid) and the MMM (dashed) are shown in red.

J O U R N A L O F C L I M A T E V OLUME 356552

�8�Q�D�X�W�K�H�Q�W�L�F�D�W�H�G���_���'�R�Z�Q�O�R�D�G�H�G���������������������������������$�0���8�7�&



simulation, although this may be linked to a failure of our
method to accurately separate the SPCZ from regional biases
(e.g., eastern Paci� c double ITCZ). Attempts to modify the
identi� cation scheme, or the domain used, did not subjectively
improve the identi � cation of the SPCZ in those models (not
shown). Poor identi� cation of the SPCZ appears to be related
to the strength of the eastern Paci� c double ITCZ in some
models (Figs. S1 and S2in the online supplemental material).

To investigate future projections of the SPCZ, we therefore
subset the CMIP5 and CMIP6 ensembles to include only those
models that we deem able to simulate the SPCZ, or where our di-
agnostic can identify the model SPCZ. We de� ne an inadequately
simulated SPCZ as follows. For all following analyses, we exclude
any model in which the diagnosed SPCZ is oriented from the
southwest to the northeast (i.e., has a slope. 08), a mean SPCZ
position south of 158S, or a spatial correlation coef� cient of pre-
cipitation pattern against observations of less than 0.65. Of the 15
models excluded, 13 are from the CMIP5 ensemble.

b. Variability of the SPCZ

In observations, the SPCZ varies on time scales ranging from
days to decades (Brown et al. 2020). Here we evaluate a well-
documented feature of the observed SPCZ} how its position
varies with ENSO on interannual time scales. We consider how
the identi� ed position of the SPCZ varies with the relative Ni ño-
3.4 index, comparing the relationship in models with observations
(Figs. S3 and S4). We � nd that there is no obvious improvement
in the relationship between SPCZ position and relative Niño-3.4
index in the CMIP6 ensemble compared to CMIP5.

4. Projected changes to the SPCZ

a. CMIP5 and CMIP6 projected SPCZ changes

The multimodel mean projected changes in surface tem-
perature (relative to the tropical mean SST change) and

precipitation are shown for both CMIP5 and CMIP6 ensem-
bles (Fig. 3). The SPCZ region warms less than the tropical
mean SST in both ensembles. The pattern of absolute precipi-
tation change in CMIP6 MMM is similar to CMIP5 MMM,
and the strong increase in equatorial precipitation is similar.
However, the drying on the eastern edge of the SPCZ is
stronger, and there is a slight increase in degree of model
agreement on the sign of precipitation change in the western
SPCZ region, in CMIP6 models compared with CMIP5 mod-
els. One interesting development is the reduced precipitation
change in the west Paci� c warm pool (e.g., 1508E–1808 near
the equator) in the CMIP6 ensemble compared to CMIP5.
This is surprising since west Paci� c precipitation changes ap-
peared to be related to SST biases in CMIP5 models (Brown
et al. 2013), and the SST and precipitation biases in that re-
gion are slightly larger on average in the CMIP6 historical
simulations compared to CMIP5 (seeFig. 1).

The MMM precipitation changes in the SPCZ region are
small in both the CMIP5 and CMIP6 cases, masking large con-
trasts between individual models in their future projections of
SPCZ precipitation ( Figs. S5 and S6). Similarly, the diagnosed
SPCZ slope and position in both the CMIP5 and CMIP6
MMMs does not change markedly between historical and fu-
ture climates (Figs. 3c,dand Table A2). As we will describe
below, this re� ects a cancellation between opposing changes in
the SPCZ found in individual models in each ensemble.

The model spread in changes in SPCZ position and orienta-
tion are correlated (r = 0.71), with equatorward shifts in the
SPCZ being accompanied by a zonal change in the SPCZ ori-
entation in individual models, and vice versa (Fig. 4a). There
is no clear indication from the two ensembles on the direction
of SPCZ changes, with a similar number of models predicting
equatorward and poleward shifts in the SPCZ.

How do the changes in the diagnosed SPCZ position and
slope relate to projected precipitation changes in the Paci� c

FIG . 2. Historical SPCZ precipitation climatology (a) spatial pattern correlation, (b) RMSE (mm day 2 1), and (c) diagnosed SPCZ position
vs slope in each model, compared against GPCP observations (dotted line) for CMIP5 and CMIP6 models. All calculations are for the SPCZ
region (308S–08, 1558E–1408W). Shading in (c) represents each model’s spatial pattern correlation. Circled models are excluded based on
poor simulation of SPCZ (see text for details). Correlation ( r) between SPCZ position and slope is given in (c) for the non-excluded models.
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and beyond? We correlate precipitation changes at every
location with the changes in SPCZ position (Fig. 4d) and SPCZ
slope (Fig. 4e) across the set of included models. Precipitation
changes over most of the SPCZ region are highly anticorrelated
with changes in the SPCZ position. Notably, the region with the
strongest positive correlation with SPCZ position changes is in
the equatorial Paci� c. We provide the scatterplot of SPCZ posi-
tion change against precipitation change at two locations as an
example, one in the central equatorial Paci� c (Fig. 4b), and the
other in the SPCZ region itself ( Fig. 4c). In contrast, the changes
in the SPCZ slope appear to be only weakly related to South Pa-
ci� c precipitation changes. Instead, the changes in the SPCZ
slope correlate with changes in precipitation in the eastern Paci� c
basin, with a wave-like pattern extending into the North Paci� c.

The results presented here show that large changes to the
SPCZ in a warmer climate are possible as predicted by individ-
ual models, and that due to the strong disagreement between
models, the ensemble mean change in the SPCZ may be de-
ceptive when considering future risk. Although the changes in
SPCZ slope and position are correlated, it is the change in
SPCZ position that correlates best with changes to rainfall
in the region. Next we will use the changes in SPCZ position
to construct storylines of future changes to the SPCZ.

b. Competing storylines of projected SPCZ change

The multimodel mean change in the SPCZ (Fig. 3) is clearly
the midpoint between very different potential outcomes ( Fig. 4a).

On one end of the spectrum an equatorward shift in the SPCZ
with global warming whereby South Paci� c Islands on the south-
ern edge of the SPCZ could experience severe drying (e.g., up
to 2.5 mm day2 1 decrease at some locations, seeFig. 9). On the
other end of the spectrum a poleward shift in the SPCZ with
global warming whereby South Paci� c Islands on the southern
edge of the SPCZ could experience an increase in precipitation
(e.g., up to 2.5 mm day2 1 increase at some locations, seeFig. 9)
and all its associated impacts. Therefore, describing the future
of the SPCZ lends itself to a “ storyline” approach to explore the
future projection uncertainty space (Shepherd et al. 2018).

For the analysis presented next, we� rst combine all CMIP5
and CMIP6 models that were deemed suitable for diagnosing
SPCZ changes using our methodology, as described insection 3.
The remaining models are then divided into three groups, each
portraying a different storyline of future SPCZ changes: one in
which models exhibit a projected northward shift in the SPCZ
(change in SPCZ position more than 0.58northward), another
in which models exhibit a projected southward shift in the
SPCZ (change in SPCZ position more than 0.58 southward),
and a third group where the SPCZ does not change position
dramatically (SPCZ position changes less than 0.58 north- or
southward). This results in similar sample sizes in each category
(18 “ northward,” 15 “ small shift,” and 18“ southward” models;
seeTable A2 for classi� cation).

In Fig. 5 we compare the MMM spatial patterns of change
for the three storylines described above. Some key differences

FIG . 3. Projected changes in (a),(b) relative surface temperature (8C) and (c),(d) absolute precipitation (mm day 2 1),
for the (left) CMIP5 MMM and (right) CMIP6 MMM. Stippling indicates where greater than two-thirds of models agree
on the direction of change. Relative surface temperature change is calculated by subtracting the tropical mean SST
change (308S and 308N). The contours represent the 288C SST contour in (a) and (b) and the 5 mm day2 1 contour in
(c) and (d) for the future period (solid) and historical period (dashed). The diagnosed SPCZ for the MMM are shown for
the future period (solid blue) and the historical period (dashed red).
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appear in the composites for these three groups of models.
The northward models have a strong equatorial precipitation
increase in the composite mean, but weak MMM precipitation
changes in the SPCZ region, and poor model agreement on
the changes in the southwest Paci� c (Fig. 5a). The southward
group has a weaker equatorial precipitation increase than the
other two groups, and a clear increase in precipitation on the
southern � ank of the SPCZ, with strong model agreement on
the pattern of change (Fig. 5c). This group of models has a
stronger drying on the eastern edge of the SPCZ; however, all
three groups consistently show a similar pattern of drying to
the southeast of the SPCZ. The small shift MMM exhibits a

small increase in precipitation over most of the SPCZ region
(Fig. 5b). The three storylines thus represent a continuum of
patterns of precipitation change.

The equatorial SST warming relative to the tropical mean
(Figs. 5d–f) is largest in the northward MMM, and extends
farthest into the west Paci� c, while the southward MMM ex-
hibits weaker relative SST warming at the equator. Historical
SST biases are less clearly related to the chosen storylines;
however, the southward group has larger tropical equatorial
cool biases, while the northward group has a larger east
Paci� c warm bias on average (Figs. 5g–i). Associated with
those historical SST biases, the southward group has the

FIG . 4. The change in diagnosed SPCZ position (8N) vs (a) the change in diagnosed SPCZ orientation (8N/8E),
(b) the change in absolute precipitation (mm day2 1) at position X (2.258S,1908E), and (c) the change in precipitation
at position O (21.758S,184.58E); these positions are marked in (d). The correlation between absolute precipitation
change and (d) change in SPCZ position and (e) change in SPCZ slope, is shown for each location. The correlationr
shown in (a)–(c) is for all models.
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