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Abstract Two outlying projections of the East African Long Rains suggest the seasonal rainfall may
double by the late 21st century. Previous work has linked these extremes—found in the IPSL‐CM5A
model—to an exceptional March to May warming of the southern Indian Ocean. The current study shows a
strong feedback between sea surface temperature (SST) increases and reduced low‐level cloud cover (with
similar behavior in other southern subtropical oceans). An observational constraint is developed by
demonstrating a correlation across 28 models between the strength of present‐day interannual SST‐cloud
sensitivity and future SST response. Verification of the present‐day sensitivity finds that IPSL‐CM5A's
feedbacks are very likely overestimated. It is therefore suggested its projections should be discounted for the
March toMay southern Indian Ocean and East African Long Rains. This narrows the CMIP5 plausible range
of Long Rains totals by a third.

Plain Language Summary Predictions of seasonal mean rainfall for the middle to late 21st
century vary substantially between climate models. This is problematic for those making policy and
infrastructure decisions that must remain resilient to a range of possible futures. Consequently, climate
scientists are often requested to identify the most and least reliable models, in order to narrow this range.
This study focuses on the Long Rains of East Africa, for which one unusual model suggests a doubling of
seasonal totals by the late 21st century. The primary physical causes of this exceptional prediction are
examined and then linked to the strength of two‐way interactions between clouds and surface temperatures
in the southern Indian Ocean for a comparison with observational data. It is concluded that this model's
extreme predictions for both the southern Indian Ocean and the East African Long Rains are likely
unreliable. The plausible range of the full ensemble of Long Rains predictions is narrowed by about a third.

1. Introduction

Multimodel ensembles of simulated regional climate change exhibit considerable spread in their projected
anomalies, yet regional managers and policymakers must take decisions today that are resilient to an altered
future climate. This issue is particularly pertinent in the tropics where high dependence on agriculture,
water resources, and drainage, alongside low adaptive capacity, increase vulnerability to climate change
(Niang et al., 2014 and references therein). Thus, policy makers and impacts scientists frequently request
that climate scientists identify the most and least reliable models, in the hope of narrowing the plausible
range of future climate outcomes. This study focuses on that question for the Long Rains of East Africa
(e.g., Nicholson, 2017; Yang et al., 2014), which occur from March to May (MAM).

Approaches taken toward constraining model projections can be split into two categories, labeled here as
“present‐centric” and “future‐centric.” The more commonly adopted present‐centric approach begins by
validating models' present‐day (PD) behavior. The chosen metrics are founded—implicitly or explicitly—
on a prior judgment about which aspects of models' PD behavior should be well simulated in order that their
future projections are deemed trustworthy. This then informs a discrimination of models. For example, one
might suspect that those models with least skillful reproduction of the annual cycle of East African rainfall
are those with least trustworthy projections of the future rainfall change. However, it could be that the
processes that most strongly drive errors in these aspects of historical climate may differ from those driving
the errors and uncertainty in projected change. This might be expected because the balance of dominant
forcings is likely to change through the coming decades—from slow internal variations of the climate system
to a stronger influence from the modified atmospheric composition—thus altering the balance of processes
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that drive past and projected errors. As Klein and Hall (2015) succinctly state, “past climate variations are an
incomplete lens through which to judge the credibility of a climate model's future predictions.” Indeed, over
Africa for example, Rowell et al. (2016) show that projection uncertainty of seasonal mean temperature or
rainfall change is not usually reduced through evaluation of standard regional performance metrics.

In contrast, the future‐centric approach begins by trying to understand the causes of projection spread
among models and then attempts to relate this to aspects of the present climate that display similar intermo-
del behavior, with an underpinning physical understanding of this past‐future relationship. Observations of
this PD behavior are then used to weight each model's projection or determine which models are judged
unreliable. This yields a so‐called emergent or observational constraint (e.g., Eyring et al., 2019 and
references therein).

For East Africa, an opportunity to derive such a constraint arises from the work of Rowell and Chadwick
(2018; henceforth RC18). They found that uncertainty in the projected change in the Long Rains total
reflects an exceptional warming in the southern subtropical Indian Ocean in two versions of the IPSL‐
CM5A model (differing only in their resolution; Dufresne et al., 2013), from which large lower‐tropospheric
moisture anomalies are advected by the mean flow to East Africa. RC18 evidence this from the impact of
IPSL‐CM5A on Indian Ocean‐East Africa correlation analyses and on a separation of regional versus remote
uncertainty drivers, as well as visualization of the MAMmean flow from the Indian Ocean to East Africa. In
the context of the future‐centric approach, these findings reveal the potential to reduce the plausible range of
Long Rains change. For models contributing to phase 5 of the Coupled Model Intercomparison Project
(CMIP5; Taylor et al., 2012) this range is a change of −20% to +120% of the historic climatology, that is, a
plausible range of 140% (for a region from northwest Tanzania to southwest Ethiopia; RC18). If the extreme
wet IPSL‐CM5A projections are judged unreliable, by evaluating the processes driving their exceptional
subtropical Indian Ocean warming, then this would reduce the plausible range by more than a third
(0.38) to changes of −20% to +67% of the historic climatology, that is, a total range of 87% (or if
millimeters‐per‐day data are examined, the fractional reduction is 0.28). Conversely, if IPSL‐CM5A is judged
plausible, then this also provides useful information, suggesting that as far as possible planning should
continue to be resilient to the full CMIP5 range.

This paper therefore aims to derive a physically based observational constraint on the projected warming of
the southern Indian Ocean, so determining the reliability of IPSL‐CM5A's projected extreme enhancement
of the East African Long Rains (noting that uncertainty in other models' Long Rains projections is domi-
nated by different processes; RC18). This will inform the plausible range of projections for onward use in
impacts science and decision making.

2. Data

Data from three climate experiments are examined, run under the CMIP5 protocol. These are the future
projection forced by representative concentration pathway 8.5 (RCP8.5), for which data are averaged over
2070–2099; the “historical” run forced by realistic anthropogenic and natural forcings, providing the base-
line for the projections, with data averaged over 1950–1999; and the “piControl” run in which all external
forcing is fixed at preindustrial conditions, the first 20 years of any spinup is removed, and the remaining
data (230–1031 years) are detrended to remove any long‐term drift. The necessary variables for all three
experiments are available for 28 models (listed in the lower panel of Figure 4). For consistency, only the first
member of initial condition ensembles is analyzed, all data are interpolated to a 1.25° latitude × 1.875° long-
itude grid (that of HadGEM2‐ES), and all data are averaged over MAM.

Two sources of observational data are required. Sea surface temperature (SST) data are obtained from
version 2.2 of the Met Office Hadley Centre sea ice and SST data set (HadISST2.2; Kennedy et al., 2017),
available for 1940–2015. Ten realizations are provided, which represent uncertainties due to measurement
errors, bias adjustments, and the reconstruction process. Net cloud radiative effect (NetCRE) estimates are
derived from the International Satellite Cloud Climatology Project FD data set (ISCCP‐FD; Zhang et al.,
2004) available for 1984–2009 and from the Clouds and the Earth's Radiant Energy System (CERES)
Energy Balanced and Filled (EBAF) edition 4 data set (Loeb et al., 2018) available for 2000–2017. This study
focuses more on the former because of its longer time period. All observational data are also interpolated to
the 1.25° × 1.875° grid for consistency with the model data and averaged over MAM for each available year.
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3. Understanding IPSL‐CM5A's Exceptional Projection Anomalies

Figure 1 (top row) illustrates the projections of enhanced lower tropospheric moisture in a warming world,
comparing the CMIP5 ensemble average (top left) with the exceptional change of the two IPSL‐CM5A
models (top center). Overlaid is the 0.75 contour of RC18's intermodel MAM correlation between projected
anomalies of local 850‐hPa moisture content and East African rainfall (computed using the coupled
models employed in CORDEX), which provides consistent orientation across panels and highlights
IPSL‐CM5A's key link to East Africa. The extent of IPSL‐CM5A's unusual behavior is further clarified by
plotting (top right) its average anomaly standardized by those from the full CMIP5 ensemble. To measure
the extent to which a pair of models stand apart from the remainder of the ensemble, these plots also con-
tour the standardized anomaly that would be computed for the two largest or smallest projections in a
hypothetical uniformly distributed 28‐member ensemble (±1.6). Thus, if the IPSL‐CM5A models have
an absolute standardized anomaly beyond this contour, they can be interpreted in this sense as “outliers”
at that location. Hereafter, standardized projected anomalies placed in this context will be referred to as a
measure of “outlier extent” (OE). Thus, IPSL‐CM5A southern Indian Ocean 850‐hPa specific humidity
exhibits a peak OE of 3.0, this being located in the region of westward flow on the northern flank of the
subtropical high.

This exceptional moisture increase stems from an exceptional increase in southern Indian Ocean SSTs
(Figure 1, row 2, and RC18), along with a concomitant large increase in evaporative anomalies (supporting
information Figure S1, row 4). This unusual warming is primarily driven by IPSL‐CM5A's regional pro-
cesses, illustrated by its large anomalies of both actual SSTs and SSTs scaled by global annual mean marine
warming (ΔSSTglo; Figure 1, rows 2 and 3); global processes add a lesser contribution, illustrated by the smal-
ler OE peak in row 3 compared to row 2, and noting ΔSSTglo OE is 1.3.

A surface energy budget analysis then reveals that an exceptional increase in net surface shortwave (SW)
radiative heating over the southern Indian Ocean (Figure 1, row 4) likely drives the large regional warming.
Second‐order contributions (Figure S1) result from an increase in the downwelling longwave (LW) flux
(with values in the left and center panels being largely offset by surface LW cooling), surface warming
due to oceanic processes (noting the lack of spatial coherence), and budget closure and from large evapora-
tive cooling fluxes. Furthermore, we note the occurrence of large SST and SW OEs throughout subtropical
and lower midlatitudes of all three southern ocean basins. In the context of similar atmospheric character-
istics across these oceans (more similar than their oceanic characteristics), this also suggests that atmo-
spheric, rather than oceanic, processes are primarily responsible for IPSL‐CM5A's exceptional southern
Indian Ocean anomalies.

The penultimate row of Figure 1 shows that the source of IPSL‐CM5A's exceptional SW surface heating is an
exceptional decrease in cloudiness, with Figure S2 suggesting that this primarily occurs at lower levels
(alongside an upward shift of high clouds). Previous studies have also demonstrated a notable influence
in the opposite direction, with enhanced SSTs leading to a decline in low cloud cover. This is due to stronger
mixing of dry air from the free troposphere into the marine boundary layer (Chung & Teixeira, 2012; Rieck
et al., 2012). Brient and Bony (2013) also elucidate similar mechanisms over regions of weak tropical subsi-
dence in IPSL‐CM5A to explain an unusually strong positive feedback between projected warming and
declining low cloud cover.

Thus, it seems an unusually strong positive feedback between IPSL‐CM5A's subtropical Indian Ocean pro-
jections of SST and cloud cover (also apparent in the southern subtropical Atlantic and Pacific) instigates a
mechanistic chain that at least partly explains its exceptional projections of the East African Long Rains.
This understanding of the origin of these unusual future projections opens up the possibility that
IPSL‐CM5Amay also exhibit a similar large regional positive feedback in its PD climate. If so, then this could
be assessed against observations, providing the opportunity for the development of an observational
constraint. We pursue this in the following section, where the focus is on NetCRE because it is readily
available from satellite data. Thus, the bottom row of Figure 1 illustrates the CMIP5 and IPSL‐CM5A
projected changes in NetCRE, showing that the total (SW + LW) effect of clouds on atmospheric radiative
heating depicts a similar pattern over the southern Indian Ocean—and similar OEs—to that of total cloud
fraction (except, by definition, they have opposing signs). Figure S3 reemphasizes the dominant role of
SW cloud effects over the key area of the southern Indian Ocean, with LW effects playing a secondary
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Figure 1. Representative concentration pathway 8.5 minus historical March to May changes. (left) Mean of all CMIP5 models. (center) Mean of the two
IPSL‐CM5A models. (right) Outlier extent of IPSL‐CM5A (see text for detail). Left and center panels use the left color scales; right panels use the right
color scale. Rows are 850‐hPa specific humidity (g/kg), SSTs (K), SSTs scaled by the global annual mean marine warming, net downward surface SW radiation
(W/m2), total cloud fraction (%), and NetCRE (W/m2). The white contour marks an intermodel correlation of 0.75 between projected changes in March to
May local 850‐hPa specific humidity and East African rainfall. The top left panel also locates Rowell and Chadwick's (2018) East Africa region. SST = sea
surface temperature; SW = shortwave; NetCRE = net cloud radiative effect.

10.1029/2019GL082847Geophysical Research Letters

ROWELL 4



role (peaking further south), consistent with the primary impact stemming from low‐level cloud changes (cf.
Webb et al., 2006).

4. Development of an Observational Constraint

To derive an observational constraint that will determine the reliability of IPSL‐CM5A's southern Indian
Ocean climate change and its projections of the East African Long Rains, a PD metric is required that is
affected by the same processes that give rise to this model's future changes in SSTs and cloud cover. The pre-
requisite is that intermodel variability in the PD metric is broadly consistent with intermodel variability in
the projected change in SSTs, including the unusual behavior of IPSL‐CM5A. This will evidence a physical
robustness to the proposal that the feedback processes are broadly independent of forcing rather thanmerely
coincidental behaviors within the IPSL‐CM5Amodel. Note that for the projections, we focus on the SST side
of the feedback, since this provides a more direct link with the key changes in lower tropospheric moisture
and East African rainfall.

Our PD feedback metric is inspired by Qu et al.'s (2014) study of the spread of projected changes in marine
cloud cover over five lower midlatitude regions and is exploited here to measure the interannual sensitivity
of NetCRE to southern Indian Ocean SSTs. Time series of MAM seasonal mean SSTs and NetCRE are com-
puted from the unforced piControl simulations. Then, for each model and each grid point, the 230+ years of
NetCRE data are regressed onto the SST data. Figure 2a maps the intermodel correlation between this inter-
annual sensitivity and the long‐term projected change in SSTs. Large correlations across the southern sub-
tropical Indian Ocean demonstrate a strong connection between this PD metric and future change,
indicating the emergence of a useful constraint on the region's SST projections. Note that even when
IPSL‐CM5A is excluded (Figure 2b), this past‐future relationship remains robust across the ensemble, that
is, it is not dominated by IPSL‐CM5A's unusual behavior.

The spatial patterns of interannual SST‐NetCRE sensitivities are examined in Figure 3. The CMIP5 ensemble
mean exhibits some large‐scale similarity with observations across the Indian Ocean, namely, a weak
negative relationship along the equator contrasting with positive relationships through the remainder of
the tropics and subtropics (noting that any anthropogenic contribution to the observed sensitivity is likely
dominated by unforced natural variations). However at finer scales, substantial model‐observed differences
are apparent in both patterns and magnitude. Moreover, CMIP5 exhibits remarkable intermodel variability
in its simulation of PD SST‐cloud interactions (Figure S4). In the southern subtropics, IPSL‐CM5A displays
the strongest PD sensitivities (Figures 3 and S4), matched only by CSIRO‐Mk3.6.0's high sensitivity further
south and MIROC‐ESM's excessive south equatorial sensitivity. Thus, this PD metric also captures
IPSL‐CM5A's exceptional SST‐cloud interactions and shows them to be substantially overestimated in the
region of strongest moisture links to East Africa, casting doubt on the reliability of its projections of the
East African Long Rains.

Figure 2. Maps of the March to May intermodel correlation between local present‐day SST‐NetCRE sensitivity and local
representative concentration pathway 8.5 minus historical sea surface temperature change, for (a) all CMIP5 models and
(b) all models except IPSL‐CM5A. The white contour marks an intermodel correlation of 0.75 between projected changes
in March to May local 850‐hPa specific humidity and East African rainfall. SST = sea surface temperature; NetCRE = net
cloud radiative effect.

10.1029/2019GL082847Geophysical Research Letters

ROWELL 5



To finalize the development of an observational constraint, uncertainties in computing the observed
estimates of interannual SST‐NetCRE feedbacks must also be considered. Additionally, it is visually
informative—and common practice—to use spatially averaged data to examine the PD‐future relationship
across models, displayed alongside their evaluation against observations. Four sources of uncertainty are
addressed: choice of geographic region, the construction of observed data sets—NetCRE and SST—and
sampling issues. Data are averaged over two regions: (a) the area of strongest moisture links to East Africa
(“E.Afr‐Δq,” delineated by the white contour east of Madagascar, shown in Figures 1–3) and (b) the area
of strongest PD‐future relationship (“PDsens‐ΔSST,” delineated by the r = 0.7 boundary east of
Madagascar in Figure 2a) to deliberately restrict the influence of other drivers of future change. Note that
interannual anomalies are not coherent across each region, so regression slopes are averaged after being
computed on a grid point basis, which has the impact of incorporating more local noise than is desired.

These results are shown in the upper panels of Figure 4. The relationship between the strength of models' PD
SST‐cloud feedbacks and their projected southern Indian Ocean SST anomalies is reemphasized, and by
design, this is stronger in the “PDsens‐ΔSST” region. IPSL‐CM5A's exceptional PD behavior is also apparent
in both regions (marked by the stars) and reflects its substantially stronger SST‐cloud feedbacks than the
shaded observational estimates; again, suggesting this behavior is implausible. This finding is insensitive
to uncertainties in the reconstruction of historic SST variability (using the 10‐member HadISST2.2
ensemble; width of gray shading) or to the choice of NetCRE data set (ISCCP‐FD or CERES‐EBAF;
dark/light shading). The impact of sampling uncertainty on the observational estimates is however a little
larger (solid curve). This is due to the relatively short satellite era and is addressed by computing a probabil-
ity distribution for each local regression slope (using the longer ISCCP data and assuming independent
Gaussian data), which are then averaged spatially and over the 10 SST reconstructions. The probability that
IPSL‐CM5A is consistent with the mean ISCCP‐based estimate is less than 10% for “E.Afr‐Δq” and less than
0.5% for “PDsens‐ΔSST” (noting these probabilities are likely overestimated since there is no spatial aggre-
gation of local noise prior to computing the probability distributions, in lieu of an impractical statistical
approach that would account for the partial spatial independence of interannual anomalies used in the local
regressions). This therefore substantiates the likely implausibility of IPSL‐CM5A's strong present and future
SST‐cloud interactions, its exceptional southern Indian Ocean SST projections, and its exceptional East
African Long Rains projections. Other models are often more consistent with observed SST‐cloud feedbacks
in the southern Indian Ocean, notwithstanding that a significant minority underestimate these interactions.

Figure 3. March to May interannual SST‐NetCRE sensitivity. (upper) Modeled data for the CMIP5 ensemble mean except IPSL‐CM5A, the mean of two IPSL‐
CM5A models, and the outlier extent of IPSL‐CM5A. (lower) Observed data, using the first member of HadISST2.2. The white contour marks an intermodel cor-
relation of 0.75 between projected changes in March to May local 850‐hPa specific humidity and East African rainfall. ISCCP = International Satellite Cloud
Climatology Project; CERES = Clouds and the Earth's Radiant Energy System. SST = sea surface temperature; NetCRE = net cloud radiative effect.
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Nevertheless, with respect to East Africa, RC18's evidence is that it is only the IPSL‐CM5A model for which
changes in southern Indian Ocean SSTs are the dominant driver of Long Rains change.

Last, we clarify that these outcomes are not particular to the choice of averaging regions, by employing a
broader analysis across the southern Indian Ocean. Grid points at which the SST‐cloud sensitivity signifi-
cantly exceeds the ISCCP observed estimate are accumulated across a large area of the southern Indian
Ocean, spanning latitudes with both climatological easterly flow and large observed SST‐NetCRE sensitivity
(15–27.5°S) and longitudes fromMadagascar to Australia (48–115°E). The lower panel of Figure 4 illustrates
that IPSL‐CM5A's SST‐cloud interactions are significantly stronger than observed across 60% of this region
(at the 5% level using a one‐tailed test). In comparison, other models exhibit excessive sensitivities across
only 0–20% of the region, apart from MIROC‐ESM, which also performs poorly. Figure S5 illustrates the
models that underestimate the SST‐NetCRE sensitivity against the ISCCP data; this affects more models,
though less severely than IPSL‐CM5A's excessive sensitivity. Also, similar results, for both excessively weak
and strong models, are obtained using the shorter CERES data.

5. Conclusions

Two outlier projections of the East African Long Rains suggest a possible doubling of MAM rainfall totals by
the late 21st century (or a 55% increase by 2035–2064). If the physical basis for these projections is well
founded, there are important consequences for today's decision makers who must plan resilience to the

Figure 4. (upper) Scatter plots of March to May PD SST‐NetCRE sensitivity against March to May future change in SSTs. Data are averaged over the regions
recorded in the panel titles. Stars are IPSL‐CM5A data, dots are other CMIP5 models, dashed line is the best linear fit, and printed values are intermodel correla-
tions. Shading shows the range of observed SST‐NetCRE sensitivity for the International Satellite Cloud Climatology Project (light) and Clouds and the Earth's
Radiant Energy System (dark) data using 10 HadISST reconstructions. Solid line is the probability distribution of observed estimates due to sampling uncertainty.
(lower) Percentage of points in the subtropical Indian Ocean (15°–27.5°S, 48°–115°E) where a model's SST‐NetCRE sensitivity significantly exceeds the
International Satellite Cloud Climatology Project observed estimate at the 5% significance level. IPSL‐CM5A models are highlighted in black. SST = sea surface
temperature; PD = present‐day; NetCRE = net cloud radiative effect.
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impacts of such a large potential change. RC18 found these two projections derive from an exceptional
warming of the subtropical Indian Ocean in two versions of the IPSL‐CM5A model. The current study
focuses on understanding the causes of this regional warming and establishing its reliability.

By examining the mechanistic chain, it is found that this model's exceptional subtropical Indian Ocean
warming arises from an unusually strong future climate feedback between SSTs and low cloud cover (and
similarly for other southern subtropical oceans). Critically, a notable intermodel relationship is found
between the strength of PD interannual SST‐cloud sensitivity and future SST response. This provides the
physical basis for an emergent constraint.

Verification of this PD proxy for future SST response shows IPSL‐CM5A to be unreliable. However, confi-
dence in the observational data and sensitivity to methodological details must also be considered. The judge-
ment of unreliable performance is robust to an alternative NetCRE data set, alternative SST reconstructions,
and the domain of regional averaging. Some sensitivity is found to the sampling uncertainty of observed esti-
mates of SST‐NetCRE sensitivity, due to the short duration of the satellite era, but conversely, it is also noted
that IPSL‐CM5A's poor performance is replicated across a wide domain. We therefore conclude that this
model's projected southern Indian Ocean warming is very unlikely consistent with observations and further-
more that it is likely substantially stronger than estimates consistent with observations.

With regard to East Africa, IPSL‐CM5A's extreme wet projections of the Long Rains should therefore be
substantially downweighted to the extent that their inclusion would have little impact on the plausible range
when very low probability outcomes are discarded. This plausible range is thus reduced by about one third
for late 21st century projections (see section 1) and by a little less than a third for midcentury projections
(noting smaller anomalies for all projections but a relatively larger role of natural variability). This uncer-
tainty reduction is founded on a line of physically based evidence. Additionally, it is noted that the geo-
graphic location and character of the verification metric—southern Indian Ocean SST‐NetCRE sensitivity
—could not have been anticipated a priori and was only revealed by the “future‐centric” approach adopted
here. A similar research line would likely be informative for other regions. Further work must now investi-
gate the causes of Long Rains uncertainty across the remainder of the CMIP5 ensemble, noting that this is
dominated by uncertain regional processes not associated with southern Indian Ocean warming (RC18).
The outcomes must also be considered alongside drivers of uncertainty not accounted for by the large‐scale
models in CMIP5 or the RCP8.5 emissions scenario.
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