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Abstract

The Upper Blue Nile river basin (uBN) is vital to three countries' water, food,

and energy security (Ethiopia, Sudan, and Egypt). It is also a region with sub-

stantial interannual precipitation variability and the potential for significant cli-

mate change in coming decades. The El Niño–Southern Oscillation (ENSO)

affects both variability and trends in uBN precipitation, with El Niño episodes

historically connected with below-average rainfall. In this context, this study

seeks to: (a) examine the representation of ENSO–uBN rainfall teleconnections

in simulations from the sixth Coupled Model Intercomparison Project (CMIP6),

as compared to the previous generation of models (CMIP5); (b) distinguish

between teleconnections during the peak of the rainy season (July–August [JA])
and the agriculturally critical end-of-season rains (September–October [SO]);

(c) investigate evidence for Tropical Easterly Jet (TEJ) mediation of these

teleconnections in CMIP6 versus CMIP5 and for both peak rains and end of the

rainy season. Using a subset of high performing models, we find that CMIP6

simulations of uBN precipitation show somewhat less bias than CMIP5 for JA

total rainfall, and that correlations with ENSO have become more consistent

across models, but that differences between CMIP5 and CMIP6 are modest.

CMIP6 simulations, like CMIP5, overestimate SO rainfall and suggest a stronger

ENSO association in SO than is indicated by observations. Model representation

of the TEJ and its association with both ENSO and uBN precipitation show no

systematic change between CMIP5 and CMIP6. The mediating influence of the

TEJ appears to be more important in JA than SO.
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1 | INTRODUCTION

The coupled model intercomparison projects (CMIP; Eyring
et al., 2016; Baker and Huang, 2014) coordinate leading cli-
mate modelling institutions to perform a suite of consistent

general circulation model (GCM) simulation experiments.
These experiments are used to study sensitivity of the cli-
mate system, to understand GCM performance and capabili-
ties, to simulate past climates, and, in perhaps their most
widely used application, to make quantitative climate
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forecasts for the 21st century (Miao et al., 2014; \Yang et
al., 2018). Despite the well-documented limitations of GCMs
for providing localized climate information or for rep-
resenting precipitation processes (IPCC, 2013; Otieno and
Anyah, 2013; Jury, 2015), many projections of climate
change impacts on hydrology rely on the CMIP GCM reali-
zations as a direct or indirect source of precipitation esti-
mates (Kitoh and Endo, 2016), and these estimates carry
through to estimates of future climate change impacts on
environment, water resources, and agriculture (Kundzewicz
et al., 2008; Chen et al., 2011; Sivakumar, 2011). The impli-
cations of relying on GCMs for these projections are particu-
larly acute for Africa, where progress on GCM
representation of relevant climate dynamics and climate var-
iability has been limited (Zappa et al., 2013; Bhattacharjee
and Zaitchik, 2015; Vashisht et al., 2021).

In assessing the reliability and usefulness of GCM
projections for applications in Africa, it is useful to con-
sider the models' ability to capture large-scale climate fea-
tures relevant to climate variability and change. Even
when coarse spatial resolution and biases in parameter-
ized processes limit the fidelity of a GCM's simulation of
rainfall in a specific location, for example (Dibike and
Coulibaly, 2006; Bokke et al., 2017), it is possible that the
model captures large-scale atmospheric dynamics that
drive rainfall variability at that location. This information
can be applied to climate analysis and projections when
GCM results are used in concert with appropriate bias
correction and downscaling techniques (Wilby and
Wigley, 1997; Chen et al., 2012). Conversely, if a GCM is
unable to capture the key large-scale drivers of climate
dynamics in a given region then its projections will be
suspect, even if the model has relatively low bias in met-
rics like mean annual precipitation at a site of interest.

In this paper we study the representation of large-
scale climate models and teleconnections relevant to the
Upper Blue Nile basin (uBN) in the latest generation of
CMIP simulations (CMIP6; Eyring et al., 2016). Specifi-
cally, we have compared CMIP6 to the previous genera-
tion of models, CMIP5, focusing on models that provided
reasonably realistic performance for this region in
CMIP5. This allows us to address the question of whether
there has been any systematic improvement among the
leading models for uBN applications between CMIP5
and CMIP6. As rainfall in the uBN is highly sensitive
to the El Niño–Southern Oscillation (ENSO; Abtew
et al., 2009; Emile-Geay et al., 2013; Zaroug
et al., 2014; Le et al., 2020; Vashisht et al., 2021), we
focus on model representation of the ENSO influence
on uBN rainfall, including the intermediate question
of how each model captures ENSO influence on the
Tropical Easterly Jet (TEJ), which has been hypothe-
sized to be a driver of interannual precipitation

variability in this region (Gleixner et al., 2017;
Vashisht et al., 2021), and how TEJ variability projects
onto uBN rainfall variability. We consider the main
rainy season in the uBN and divide the analysis into
the period of peak rainfall season (July–August) and
the late rainy season (September–October), which is
critical for agricultural activities and is highly variable
between years (Berhane et al., 2014).

2 | DATA AND METHODOLOGY

2.1 | Study area

The uBN is one of Ethiopia's most important food-
producing basins. It is the Nile River's single largest
source of water, making it important for both large-scale
hydropower and irrigation, as well as a vast population
of subsistence farmers (Conway and Hulme, 1993;
Sutcliffe and Parks, 1999). The boreal summer rainfall
(Figure 1), which peaks in July and August (hereafter
referred to as JA) and concludes in September and
October (hereafter referred to as SO), is extremely
important to the uBN. The uBN experiences substantial
interannual climate variability, which can have negative
impacts on local agriculture (Zaitchik et al., 2012) and
major implications for regional food security (Berhane
et al., 2014) and transboundary hydroeconomics (Block
and Strzepek, 2012).

For this study, we approximate the uBN area with a
box of 7.5�–12.5�N, 33.5�–40�E. We aggregate JA precipi-
tation to represent “peak rainy season” conditions, and
we aggregate SO precipitation to capture the end of the
rainy season. Though June is typically included in ana-
lyses of uBN summer rainfall, here we focus on JA and
SO because June is considered to be a transition month
(Nicholson, 2014) and was shown to have weak relation-
ship with ENSO variability by Berhane et al. (2014).

FIGURE 1 Monthly precipitation in the uBN, based on

CenTrends data for 1950–2005
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2.2 | Observational data

We draw precipitation data from the CenTrends dataset
(Funk et al., 2015a; 2015b) which provides a reasonably
complete and accurate gridded precipitation product for
east Africa (15�S–18�N, 280�–54�E) with 0.1� resolution
from 1900 to 2014. The Extended Reconstructed Sea Sur-
face temperature version 3b (ERSSTv3b; Smith
et al., 2008) monthly values are used for observed sea sur-
face temperature (SST). We used monthly precipitation
throughout the year to examine seasonality in GCMs rel-
ative to observations.

For the observational record, El Niño (La Niña)
events were defined as years with Niño3.4 index (ONI) in
excess of plus (minus) one standard deviation (Shaman
and Tziperman, 2011; Vashisht et al., 2021) for the
2-month average of the period of interest (JA or SO),
where ONI is defined using SST averaged over the
Niño3.4 region (5�S–5�N, 120�–170W). Atmospheric
fields used to study ENSO teleconnections to the uBN are
drawn from NCEP-NCAR reanalysis records. From this
record the spatial coverage of 2.5� latitude × 2.5� longi-
tude global gridded monthly zonal and meridional wind
fields from the year between 1950 and 2005 were used.
This period is chosen to align with the latter half of the
historical simulations in CMIP5. We choose not to
include the full historical simulation on account of non-
stationarity in the character of tropical climate variability
between the first and second halves of the 20th century
(e.g., Nicholson, 1995). Additionally, the Ethiopian mete-
orological network was not established until the 1950s,
and there were very few meteorological stations in the

country to inform gridded precipitation reconstructions
prior to this decade (Funk et al., 2015a; 2015b).

2.3 | CMIP data and processing

The model data come from six different CMIP5 and
CMIP6 (Taylor et al., 2012; Eyring et al., 2016) coupled
GCMs (Table 1). These six models were selected because
they have been found, in their CMIP5 version, to simu-
late nonlinear ocean–atmosphere coupling as well as
rainfall in the eastern Pacific correctly (Cai et al., 2014).
Each had also shown some ability to capture observed
teleconnections between ENSO and East Africa
(Bhattacharjee and Zaitchik, 2015; Siam and
Eltahir, 2017; Vashisht et al., 2021), and had historical
simulations from the same model lineage available in
both CMIP5 and CMIP6 archives at the time we con-
ducted this analysis. Monthly precipitation output fields
from these experiments are used and only the first mem-
ber of the ensemble simulations is utilized in order to
provide consistent statistics across models. The monthly
outputs used are SST, precipitation, geopotential height,
and zonal and meridional winds. Models used in this
study for CMIP5 are CanESM2, MPI-ESM-MR, MRI-
CGCM3, MIROC-ESM, GISS-ES-R, IPSL-CM5A-LR and
for CMIP6 are CanESM5, MPI-ESM1-2-LR, MRI-ESM2-0,
MIROC6, GISS-E2-1-G, and IPSL-CM6A-LR. For each
simulation, uBN precipitation was extracted using the
same box as defined for observations. El Niño and La
Niña events were defined using 2-month averaged
Niño3.4 anomalies from model SST fields, following the

TABLE 1 Basic information about

the selected coupled GCMs and their

historical experiment in this study
Model ID Modelling centre

Atmospheric resolution
(lat× lon, number of layers)

1 CanESM2 Canada 2.8� × 2.8�, L35

2 MPI-ESM-MR Germany 1.875� ×�1.9�, L95

3 MRI-CGCM3 Japan 1.125� ×�1.1�, L48

4 MIROC-ESM Japan �2.8� × 2.8�, L80

5 GISS-ES-R USA 2.5� × 2�, L40

6 IPSL-CM5A-LR France 3.75� ×�1.9�, L39

7 CanESM5 Canada 2.8125� ×�2.8�, L49

8 MPI-ESM1-2-LR Germany 1.875� ×�2�, L47

9 MRI-ESM2-0 Japan 1.125� ×�1.1�, L80

10 MIROC6 Japan �1.4� × 1.4�, L81

11 GISS-E2-1-G USA 2.5� × 2�, L40

12 IPSL-CM6A-LR France 2.5� ×�1.3�, L79

Note: Model IDs 1-6 are from CMIP5 and 7-12 from CMIP6.
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same method as used for observations. The model years
identified as El Niño and La Niña for each simulation are
listed in Table 2.

3 | RESULTS AND DISCUSSION

3.1 | Rainfall climatology in the Upper
Blue Nile sub-basin

Figures 2 and 3 show historical uBN precipitation clima-
tology in the peak rainy season (JA) and end of rainy
season (SO) using both CMIP5 and CMIP6 versions of
the six selected GCMs, as well as CenTrends observation
of JA rainfall (Figures 2b and 3b). Most models capture
the general spatial character of JA rainfall peak success-
fully placing the highest rainfall totals in the western
highlands of Ethiopia (though IPSL-CM5A-LR has a
slight southeasterly bias in the precipitation peak). The
total magnitude of precipitation, however, varies dra-
matically across models, with MIROC5 exhibiting a pre-
cipitation peak of over 750 mm while the GISS ES-1-G
maximum barely exceeds 175 mm. Comparing CMIP6 to
CMIP5, it is clear that the difference between models far
exceeds the difference between CMIP generations. IPSL-
CM5A shows the most obvious improvement, as the
spatial character and magnitude of JA precipitation
more closely matches observation in the CMIP6 version
of the model. The MIROC5 wet bias is reduced in
MIROC6, and the MRI-CGCM3 dry bias is reduced in
MRI-ESM2. Other models show small changes in the
spatial structure and magnitude of precipitation in their
CMIP6 iteration, but with no clear improvement relative
to observation. When results are broken down by month
(July and August) the results are generally similar
(Figures S1 and S2).

Looking at the historical precipitation climatology
during SO, there are some similarities to the patterns
identified for JA. Again, MIROC5 has a wet bias that is
somewhat reduced in MIROC6, and the GISS models are
again the driest of this ensemble. Interestingly, a south-
ward bias in the precipitation maximum found in MRI-
CGCM3 is improved in MRI-ESM2, indicating that the
CMIP6 version of this model has improved representa-
tion of intertropical convergence zone (ITCZ) migration
in this portion of East Africa. The tendency is evident in
both September and October (Figures S3 and S4). GISS-
ES-G-1, though dry relative to observations, shows
improved magnitude and spatial distribution of SO pre-
cipitation compared to GISS-ES-R in the CMIP5 ensem-
ble. This includes capturing the general character of the
southeasterly progression in the precipitation maximum
from September to October.

3.2 | Associations of ENSO with uBN
precipitation

Though mean statistics of precipitation are commonly
invoked as measures of GCM performance, the ability of
models to capture large-scale drivers of precipitation vari-
ability is arguably more important (Bhattacharjee and
Zaitchik, 2015). Mean precipitation can, when necessary,
be adjusted through bias correction procedures. Ability to
capture critical teleconnections, however, is less easily
addressed on a nonstationary climate background, so
projections are more likely to rely on the GCM to capture
these relationships over time.

For this region, ENSO is a leading driver of inter-
annual precipitation, as most major droughts in the uBN
have come under El Niño conditions. This association is
evident in the strong negative correlations between the
Niño3.4 index and precipitation across the uBN in JA
(Tables 3 and 4). The representation of this tele-
connection is inconsistent across models. The GISS and
IPSL models capture the character of the negative associ-
ation in both CMIP5 and CMIP6, while MIROC and MRI
models show only a weak negative correlation in CMIP5
and actually degrade to a slight positive correlation in
CMIP6. The greatest improvement between CMIP5 and
CMIP6 is seen in CanESM and, to a lesser degree, MPI-
ESM, which both show strengthened negative correlation
in CMIP6 relative to CMIP5. Overall, the ensemble of the
six model realizations does capture a negative association
between Niño3.4 and uBN precipitation in both CMIP5
and CMIP6, with a negligible strengthening of that nega-
tive association between CMIP5 and CMIP6.

It is instructive to consider the spatial distribution of
these correlations across the uBN and surrounding areas.
Observations indicate a clear divide between a northwest
region of negative correlation that includes the uBN
highlands and a southeast region that has positive corre-
lations (Figure 4). This spatial distribution is evident in a
general sense (allowing for GCM imprecision at local
scales) in GISS and MIROC models, and to a lesser extent
in MRI and MPI models. IPSL does not include the
southeastern region of positive correlation, and CanESM
correlation patterns bear little resemblance to observa-
tions. This result suggests that models like MIROC6
might offer meaningful simulation of the ENSO tele-
connection if spatial biases could be accounted for, as the
region of negative correlation simply seems to be dis-
placed from the uBN. And while CanESM5 captures the
spatially averaged correlation quite convincingly
(Table 4), the odd spatial character of the correlation
results encourages further investigation.

The issue of ENSO correlation becomes more compli-
cated in SO. Though we group these months because they
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represent the end of the rainy season in the uBN—the
month of cessation can differ from year to year or across
locations within the uBN—the months are transitional in

that they capture the recession of the ITCZ and a gradual
shift in the nature of ENSO projection onto the region.
Whereas negative correlations between ENSO and

FIGURE 2 Historical JA precipitation climatology (mm�year−1) over uBN using (a) CMIP5 models, (b) CenTrends, and (c) CMIP6

models

FIGURE 3 Historical SO (end of rainy season) precipitation climatology (mm�year−1) over uBN in (a) CMIP5 models, (b) CenTrends,

and (c) CMIP6 models
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rainfall are generally understood to dominate in JA,
boreal autumn sees the onset of the “short rains” in equa-
torial East Africa, in which there are generally positive
correlations between ENSO and rainfall. SO, then, falls
in a time of shifting teleconnection sign and mechanism.
Recognizing this transitional nature, we look at SO as a
combined 2-month “end of rainy season” period and also
examine each month separately.

As shown in Tables 3 and 4, the shifting tele-
connection is captured in observations as a shift from
strong negative correlation in September to nonsignifi-
cant, slightly negative correlation in October. Taken
together there is significant negative correlation in SO,
but it is approximately half as strong as the correlation
seen for JA. The general pattern of waning correlations
from September to October is captured in the ensemble
average of both CMIP5 and CMIP6. Indeed, all simula-
tions considered in this study for both CMIP5 and CMIP6
show a more strongly negative correlation in September

than in October. All but two models capture the overall
negative sign of correlation for SO (the exceptions are
CanESM2 in CMIP5 and MRI-ESM2 in CMIP6). Com-
paring the CMIP6 ensemble to the CMIP5 ensemble,
there is a general weakening in the strength of
September correlations that drives the ensemble away
from observations. October results are difficult to char-
acterize, as there is a wide spread between models and
there is little consistency within model families
between CMIP5 and CMIP6. Overall, it appears that the
timing of the shift in ENSO teleconnections between
boreal summer and boreal fall is a difficult dynamic for
models to capture in a consistent way. This has consid-
erable implications for projections of future climate
impacts in the uBN, where the end of the rainy season
is critical for a number of agricultural activities (Zeleke
et al., 2017; Ademe et al., 2021).

Spatially, the shift in correlation pattern from JA to
SO is evident as a strengthening and extension of the
zone of positive ENSO correlation to the southeast of the
uBN and a patchwork of correlations in the uBN itself
(Figure 5). It is difficult to see evidence of this spatial pat-
tern in the CMIP models. There is some indication of an
east–west correlation split in some models, and MPI-ESM
and CanESM5, both in the CMIP6 ensemble, show per-
haps the closest resemblance to the spatial distribution of
correlations seen in observations, but the resemblance is
not strong. This lack of spatial coherence is further indi-
cation that GCMs struggle to capture the end-of-rains
transition in ENSO influence.

It is important to keep in mind that these ENSO cor-
relation results are for a reasonably modest number of
events, and that we are considering only univariate cor-
relations in this study. As each ENSO event in the his-
toric record or in a model realization occurs in the
context of other modes of climate variability and with
its own distinctive character, these results should be
viewed as general indicators of model performance rela-
tive to the limited historical record. As shown in
Figure 6, the uBN precipitation anomaly associated
with El Niño and La Niña events differs substantially
between events.

Tables 5 and 6 approach ENSO-related precipitation
anomalies probabilistically, considering the percentage of
events that show the expected anomaly. In the
CenTrends record, we see that there has been a 68.4%
alignment between JA El Niño events and negative pre-
cipitation anomalies, but for SO and for JA La Niña there
are counterexamples to the standard narrative that El
Niño brings drought and La Niña brings above average
precipitation to the uBN. In the CMIP5 and CMIP6
ensembles, MRI-CGCM3 and MRI-ESM2 stand out as
being particularly unlikely to simulate negative

TABLE 3 Correlations of Niño3.4 SST with uBN precipitation

(CMIP5)

Model JA SO Sep Oct

CenTrends −0.72 −0.13 −0.23 0.45

CanESM2 −0.06 0.13 −0.01 0.34

GISS5-ES-R −0.41 −0.35 −0.54 0.01

MIROC5 −0.10 −0.30 −0.55 0.14

IPSL-CM5A-LR −0.51 −0.01 −0.29 0.32

MPI-ESM-MR −0.01 −0.11 −0.28 0.10

MRI-CGCM3 −0.22 −0.14 −0.25 0.06

Ensemble −0.22 −0.13 −0.32 0.16

Note: Bold font indicates significance for a 2-tailed test at p< .05 for

1950–2005.

TABLE 4 Correlations of Niño3.4 SST with uBN precipitation

(CMIP6)

Model JA SO Sep Oct

CenTrends −0.72 −0.13 −0.23 0.45

CanESM5 −0.45 −0.18 −0.24 −0.01

GISS-ES-1-G −0.51 −0.15 −0.41 0.13

MIROC6 0.12 −0.01 −0.36 0.36

IPSL-CM6A-LR −0.51 −0.22 −0.24 −0.15

MPI-ESM −0.22 −0.12 −0.25 0.01

MRI-ESM2 0.02 0.37 −0.17 0.50

Ensemble −0.26 −0.05 −0.28 0.14

Note: Bold font indicates significance for a 2-tailed test at p < 0.05 for
1950–2005.
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FIGURE 4 Historical JA (beginning of rainy season) precipitation correlations of uBN with Niño3.4 regions in (a) CMIP5 models,

(b) CenTrends, and (c) CMIP6 models. Correlations are calculated for 1950–2005 in CenTrends and 1950–2005 in models. Stippling indicates

statistical significance at p< .05

FIGURE 5 Historical SO (end of rainy season) precipitation correlations of uBN with Niño3.4 regions in (a) CMIP5 models, (b)

CenTrends, and (c) CMIP6 models. Correlations are calculated for 1950–2005 in CenTrends and 1950–2005 in models. Stippling indicates

statistical significance at p< .05
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anomalies during JA El Niño events, relative both to
observations and to other models. For SO, MIROC6 and
MRI-ESM2 are the least likely to capture low

precipitation associated with El Niño. For La Niña, CMIP
models are relatively consistent in simulating positive
precipitation anomalies in JA—especially in the CMIP6

FIGURE 6 uBN precipitation

anomalies (mm) for El Niño and La

Niña events during the 1950–2005
baseline observational period. Years

with only a single bar result from ENSO

events that were present only in

JA or SO

TABLE 5 Percentages of El Niño/La Niña events showing the expected precipitation anomaly (mm), and the average precipitation

anomaly for those events, for JA and SO of CMIP5

Model name

El Niño La Niña

JA SO JA SO

% neg.
anom.
events

Mean.
pre.
anom.

% neg.
anom
events

Mean.
pre.
anom.

% pos.
anom
events

Mean.
pre.
anom.

% pos.
anom.
events

Mean.
pre.
anom.

CenTrends 68.4 −3.2 52.6 1.4 72.2 7.7 38.9 10.8

CanESM2 83.3 −81.0 40.0 34.0 0.0 −65.1 0.0 −46.1

MPI-ESM-MR 66.7 −14.0 33.3 4.7 60.0 8.1 83.3 18.8

MRI-CGCM3 55.6 −4.1 57.1 −7.1 66.7 10.1 25.0 −13.4

MIROC5 71.4 −16.5 57.2 −6.3 100.0 47.9 50.0 5.2

GISS-ES-R 83.3 −12.9 54.6 0.0 83.3 11.7 60.0 0.7

IPSL-CM5A-LR 87.5 −64.8 44.4 4.2 80.0 57.9 25.0 −14.9

Note: Anomalies are calculated as the average JA (SO) precipitation total in El Niño or La Niña years minus the climatological mean JA (SO) precipitation. for
1950–2005.
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ensemble—while results for SO are inconsistent in both
the CMIP5 and CMIP6 ensembles.

4 | MECHANISM

4.1 | Climatology of TEJ

The mechanisms through which ENSO influences boreal
summer uBN precipitation are still a topic of research
(Vashisht et al., 2021). One leading hypothesis is that
ENSO modulates divergence in the exit region of the TEJ
(Hastenrath, 1991; Grist and Nicholson, 2001; Diro
et al., 2011). The TEJ is weaker under El Niño conditions,
which can have the effect of reducing exit region diver-
gence over the Ethiopian Highlands, thus inhibiting deep
convection (Gleixner et al., 2017). Working from this
hypothesis, and building on previous work on TEJ rela-
tionships with uBN rainfall in the CMIP5 ensemble
(Vashisht et al., 2021), we examine associations between
ENSO state, TEJ activity, and uBN precipitation in our
ensemble of selected CMIP5 and CMIP6 GCMs.

First, we consider model representation of the basic
features of the TEJ in JA and SO. The TEJ is a dominant
feature in the upper troposphere across tropical Asia and
Africa in boreal summer. It is characterized by strong
easterly mean flow, though it includes frequent meanders
to the north or south. It reaches peak velocity in June–
September, with a wind speed maximum located over the
central and western Indian Oceans at a height of �150
mb (Flohn, 1964). The jet extends from Southeast Asia to
Africa, where it gradually weakens from east to west
(Figure 7b). Meridionally, easterly flow associated with

the jet occurs in the zone 5�–20�N (Wang et al., 2005),
the mean axis of maximum winds being located between
5�N and 15�N, perhaps slightly closer to the equator over
Africa than in the entrance region over Southeast Asia.
Its intensity shows a strong relationship to the intensity
of the Indian monsoon, with a stronger (weaker) jet asso-
ciated with anomalously high (low) monsoon rainfall
(Pattanaik and Satyan, 2000; Nicholson and
Klotter, 2021). Detailed knowledge about the jet stream's
location, altitude, and strength is a key factor for weather
and climate forecasts in the South Asian monsoon region
(Rao and Srinivasan, 2016). The TEJ fades in strength
and shifts southeast at the end of boreal summer, with
average windspeeds on the order of 20–25 m�s−1 in the
core of the jet (Figure 8b).

All GCMs in our selected CMIP5 and CMIP6 ensem-
ble contain a wind feature that resembles the TEJ, indi-
cating that the models are able to capture the large-scale
thermal wind relation between the tropical Indian Ocean
and the Tibetan Plateau. The character of this feature,
however, differs dramatically across models. Among
CMIP5 GCM's (Figure 7a), MPI-ESM-MR and, to some
extent, MIROC5 and IPSL-CM5A-LR capture the maxi-
mum intensity feature of the JA TEJ core, while Can-
ESM2 underestimates intensity and GISS-ES-R and IPSL-
CM5A-LR have a weak JA TEJ that is displaced eastward
relative to observations. In CMIP6 (Figure 7c), CanESM5
shows improved representation of TEJ core strength,
while MPI-ESM and MIROC6 maintain their CMIP5 per-
formance. IPSL-CM6A-LR captures the spatial character
of the TEJ but wind speeds are weak relative to observa-
tion and to the CMIP5 version of the model. Insomuch as
TEJ strength is important to uBN precipitation processes

TABLE 6 Percentages of El Niño/La Niña events showing the expected precipitation anomaly (mm), and the average precipitation

anomaly for those events, for JA and SO of CMIP6

Model name

El Niño La Niña

JA SO JA SO

% neg.
anom.
events

Mean.
pre.
anom.

% neg.
anom.
events

Mean.
pre.
anom.

% pos.
anom.
events

Mean.
pre.
anom.

% pos.
anom.
events

Mean.
pre.
anom.

CenTrends 68.4 −3.2 52.6 1.4 72.2 7.7 38.9 10.8

CanESM5 87.5 −53.0 75.0 −16.6 71.4 71.1 75.0 20.0

MPI-ESM 100 −22.7 42.9 −2.0 60.0 6.1 66.7 1.7

MRI-ESM2 50.0 −2.9 22.2 41.1 50.0 8.2 0.0 −39.3

MIROC6 80.0 −12.2 28.6 8.5 80.0 16.5 40.0 −7.0

GISS-ES-1-G 85.7 −24.9 50.0 4.6 80.0 33.6 33.3 −3.8

IPSL-CM6A-LR 57.1 −0.7 57.1 −4.1 80.0 17.1 25.0 −7.9

Note: Anomalies are calculated as the average JA (SO) precipitation total in El Niño or La Niña years minus the climatological mean JA (SO) precipitation for
1950–2005.
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FIGURE 7 TEJ climatological JA zonal wind (m�s−1) at 150 mb in (a) CMIP5 models, (b) reanalysis, and (c) CMIP6 models. Colours

shows zonal wind magnitudes

FIGURE 8 TEJ climatological SO (end of rainy season) zonal wind (m/s) at 150mb for (a) CMIP5 models, (b) reanalysis, and (c) CMIP6

models. Colours show zonal wind magnitudes

FETENE ET AL. 11



and to the ENSO teleconnection to the region, a model's
ability to capture these general features of the JA TEJ
could be important for its reliability in the region.

In SO, there is a general tendency for GCMs to under-
estimate the strength and westward influence of the TEJ.
This tendency persists from CMIP5 to CMIP6 models.
CanESM2 is one exception, as it exhibits a fairly strong
SO TEJ that falls somewhat west of observations
(Figure 8a). MIROC6 offers one example of a GCM that
has improved representation of TEJ position (Figure 8c),
strength, and westward influence relative to the CMIP5
version of the model. All other models show a general
windspeed maximum that extends into the central Indian
Ocean sector, but the feature is weak and is often an
extension of a wind speed peak over Southeast Asia that
extends to the Indian Ocean, rather than appearing as a
local maximum in its own right. Interestingly, if
September is considered alone then the picture is some-
what better, with multiple CMIP5 and CMIP6 GCMs cap-
turing the approximate location of the TEJ windspeed
maximum (Figure S5), though with no systematic change
between CMIP5 and CMIP6. The weak and displaced
TEJ in SO, then, is largely a function of models' simulat-
ing a too-rapid decay of TEJ strength into October
(Figure S6).

The representation of TEJ strength across all models
and for both JA and SO is summarized in Figure 9. The

diversity of TEJ representation between models is evident
in both the CMIP5 and CMIP6 ensembles. Notably, how-
ever, the ensemble means of these six GCMs more closely
resembles observation in CMIP6 than in CMIP5, both in
terms of the longitude of the TEJ peak and the absolute
wind speeds in the TEJ core and to its west. No such sys-
tematic improvement is seen for the SO season.

4.2 | ENSO–TEJ associations

The variability of the tropical easterly wind speed in the
upper troposphere depends on the meridional tempera-
ture gradient between the tropical Indian Ocean and sub-
tropical Asia, and it is also sensitive to influence from the
large-scale tropical atmospheric circulation. Joseph and
Sabin (2008) related the weakening of TEJ associated
with increased warming over the Indian Ocean and thus
higher sea surface temperature (SST) along with convec-
tion. Chen and van Loon (1987) showed that TEJ speed is
also sensitive to changes in divergence associated with
atmospheric circulation patterns. These sensitivities indi-
cate a potential relationship between ENSO state and
TEJ strength, and past studies have shown a negative
association between Niño3.4 SSTs and TEJ strength.

In Figures 10 and 11 we examine spatial correlation
patterns between 150 hPa zonal wind speed and Niño3.4

FIGURE 9 Longitudinal line plot of TEJ climatology (averaged over 2�–12�N, easterlies considered positive) using observations, CMIP5

and CMIP6 GCMs
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FIGURE 10 Correlation (based on absolute wind speed) between ENSO and TEJ in JA (beginning of rainy season) of (a) CMIP5

models, (b) reanalysis, and (c) CMIP6 models. Contour lines indicate wind speed. Correlation coefficients with absolute value >0.264 are
statistically significant at p< 0.05

FIGURE 11 Correlation (based on absolute wind speed) between ENSO and TEJ in SO (end of rainy season) for (a) CMIP5 models,

(b) observation, and (c) CMIP6 models. Contour lines indicate wind speed. Correlation coefficients with absolute value >0.264 are

statistically significant at p< .05
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in JA and SO. For JA (Figure 10) Correlations are nega-
tive in the core TEJ region and in the westward jet exit
region, including over the uBN, in both observation and
models. This general similarity indicates that CMIP5 and
CMIP6 GCMs are able to capture the basic large-scale
relationship between ENSO and TEJ speed, including the
tendency for reduced speeds and hence reduced diver-
gence in the jet exit region during El Niño, which is
hypothesized to be a mechanism for ENSO influence on
the uBN summer rains. Models differ in the extent and
strength of the negative association between Niño3.4 and
150 hPa zonal wind speeds, with CanESM2 showing rela-
tively weak associations and GISS-ES-1-G and MRI-
ESM2 showing particularly strong negative correlations
that extend to the eastern Indian Ocean.

In general, CMIP6 models have stronger and more
extensive negative correlations than their CMIP5 coun-
terparts, indicating stronger simulated coupling between
ENSO and tropical circulations in the upper troposphere.
The comparison in Figure 12 shows, strong negative cor-
relation between Niño3.4 and TEJ wind speed in CMIP6
than CMIP5 models during both SO and JA seasons.
While CanESM5 and IPSL-CM6A-LR show improved
spatial agreement with observation relative to CMIP5
versions of those models, the changes in the other GCMs

sometimes leads to negative correlations that are stronger
and more extensive than those seen in reanalysis.

As shown above, the SO TEJ is weaker and shifted
southeast relative to the JA TEJ (Figure 8). ENSO influ-
ence on zonal winds at TEJ height, however, is still
strong. In this season there are negative correlations
between Niño3.4 and zonal wind speed throughout the
TEJ core and surrounding regions, including the jet exit
region. In this season there are clearer signs of improve-
ment between CMIP5 and CMIP6 (Figure 11a,c). With
the exception of CanESM5, all CMIP6 models show signs
of convergence towards observed correlation patterns rel-
ative to their CMIP5 predecessors. This includes stronger
and more consistent negative correlations in the TEJ core
and exit regions in MPI-ESM1-2-LR, MRI-ESM2, GISS-
ES-1-G, and IPSL-CM6A-LR.

Meridionally averaged correlations between Niño3.4
and TEJ wind speed indicate that observed correlations
are negative between 78�E and 0�E for JA and 60�E and
0�E in SO (Figure 12). This general pattern of positive
correlations in the east and negative correlations in the
west is captured by most CMIP5 and CMIP6 models.
Exceptions are MRI-CGCM3 and MRI-ESM2 in SO and
GISS-ES-R in JA, which show negative correlations at all
longitudes.

FIGURE 12 Longitudinal line plot showing Niño3.4 and TEJ wind speed (150 hPa) correlation for (a, c) JA, averaged over 5�–15�N, and
(b, d) SO, averaged over 2�–12�N, for (a, b) CMIP5 and (c, d) CMIP6 models, alongside observation. All calculations are for 1950–2005.
Correlation coefficients with absolute value >0.264 are statistically significant at p< .05 for observations and for individual models

14 FETENE ET AL.



Comparing CMIP5 to CMIP6, there is a tendency
towards better agreement with JA observations in
CMIP6, including a general tightening of the ensemble
spread (Figure 12a,b). But for SO the CMIP6 ensemble
converges on correlation patterns that are not particu-
larly well aligned with observations (Figure 12c,d). This
causes the CMIP6 ensemble mean for SO correlation pat-
terns to fall quit far from observations, which is in con-
trast to the relatively good alignment between ensemble
mean correlations and observed correlations in JA and,
for CMIP5, in SO.

4.3 | Correlation between TEJ and uBN
precipitation

Figures 13 and 14 examine associations between 150 hPa
winds in the TEJ region and uBN precipitation variability
in observations and models for JA and SO, respectively.
Negative correlations indicate that uBN precipitation
decreases with increasing wind strength, and vice versa.
Consistent with previous studies, we see that in observa-
tion there are strong positive correlations between 150
hPa wind speed in the jet exit region and JA precipitation
in the uBN (Figure 13b). This is consistent with the
hypothesis that reduced wind speed in the jet exit region

inhibits convection in the Ethiopian Highlands due to
reduced divergence aloft. There is evidence of this rela-
tionship in nearly all CMIP5 and CMIP6 models included
in our ensemble: spatially coherent positive correlations
are found between wind speed in the jet exit region and
uBN rainfall in all models except for MPI-ESM-MR and
MPI-ESM1-2-LR (and, to some extent, CanESM2, which
shows weaker positive correlations). Differences between
CMIP5 and CMIP6 are not consistent across models.
Where CanESM5 has stronger correlations than Can-
ESM2, more closely resembling observations, MIROC6
and IPSL-CM6A-LR show weakened correlations over
East Africa, making those models less similar to observa-
tions than their CMIP5 predecessors in the region most
relevant to uBN rainfall.

Notably, while the observed relationships between
150 hPa wind speed and uBN precipitation are relatively
stable across July and August (Figures S7 and S8), several
models show volatility in correlation patterns between
these months. This speaks to the noisiness of precipita-
tion records and wind fields in model simulations and
emphasizes the need for caution when applying seasonal
averages to understand teleconnection mechanisms.

Figure 14 shows uBN precipitation correlations with
150 hPa wind speed for SO. In observation (Figure 14b),
positive correlations are found over the extended TEJ exit

FIGURE 13 Correlation (based on absolute wind speed) between uBN precipitation and TEJ in JA for (a) CMIP5 models,

(b) observation, and (c) CMIP6 models. Contour line is wind speed. Correlation coefficients with absolute value >0.264 are statistically
significant at p< .05
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FIGURE 14 Correlation (based on absolute wind speed) between uBN precipitation and 150 hPa wind speed in SO (end of rainy

season) of (a) CMIP5 models, (b) observation, and (c) CMIP6 models. Contour line is wind speed. Correlation coefficients with absolute

value >0.264 are statistically significant at p< .05

FIGURE 15 Longitudinal line plot showing uBN precipitation and TEJ correlation for (a, c) JA, averaged over 5�–15�N, and (b, d) SO,

averaged over 2�–12�N, for (a, b) CMIP5 models and (c, d) CMIP6 models. Correlation coefficients with absolute value >0.264 are
statistically significant at p< .05 for observations and for individual models
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region, from the Horn of Africa across central and western
Africa. This is sign-consistent with the divergence-
convection hypothesis. Compared to JA, however, these
positive correlations are lower and are more confined to the
exit region, and they are generally statistically insignificant;
weak negative correlations are observed in the TEJ core
and the jet entry region, indicating that TEJ core strength
alone is not a strong predictor of end-season precipitation
in the uBN. Model representation of these associations is
mixed. There is some evidence that in CMIP5 the Can-
ESM2, MPI-ESM-MR, and GISS-E2-R models capture some
elements of this pattern, while in CMIP6 there are features
in CanESM5, MPI-ESM1-2-LR, and IPSL-CM6A-LR output,
but there is no evidence that the CMIP6 ensemble captures
these correlations better than the CMIP5 ensemble. We
note that this analysis is subject to the poor coherence of
signals in SO in general, with results representing a mix of
contrasting September and October signals.

The representation of TEJ–uBN precipitation associa-
tion across all models and for both JA and SO is summa-
rized in Figure 15. The diversity of TEJ–uBN precipitation
association between models is evident in both the CMIP5
and CMIP6 ensembles. Notably, the correlations between
TEJ and uBN precipitation are positive from 45�E to 0�E
and 70�E to 0�E in observation during JA (Figure 15a,c)
and SO (Figure 15b,d), respectively. Similarly, most
models also capture the patterns shown in the observation,
but the magnitude of correlation is different.

5 | CONCLUSIONS

As a number of studies have confirmed, ENSO has a signifi-
cant association with Ethiopian highlands precipitation var-
iability. Most previous studies have focused on the summer
season. The end of the rainy season, however, is important
for agricultural activities of the uBN region, and drivers of
variability in this season warrant full consideration. In this
study we have examined GCM representations of precipita-
tion for the peak (JA) and end (SO) of the uBN rainy season
and quantified associations with ENSO and TEJ variability
in historical simulations from the latest two generations of
CMIP experiments: CMIP5 and CMIP6.

The majority of models from both CMIP5 and CMIP6
capture the negative association between ENSO and uBN
rainfall in the peak of the rainy season. Correlations are
weaker in most models than they are in observation, but
there is a modest strengthening in the ensemble average of
models from CMIP5 to CMIP6. The majority of simulations
considered here (though not all) also capture the general
spatial character of correlations in JA, with strong negative
correlations in the western Ethiopian highlands, including
the uBN, grading to positive correlations to the southeast.

Mechanistically, there are interesting differences
between models and between CMIP5 and CMIP6 ver-
sions of models in the details of correlation patterns
between ENSO, the TEJ, and uBN rainfall, but overall
the results are relatively consistent with observation, and
there is some evidence of ensemble-average improvement
in representation of these proposed mechanisms in
CMIP6 relative to CMIP5. Models do differ in their repre-
sentation of ENSO–TEJ correlations, but as noted in
Vashisht et al. (2021), models diverge much more consid-
erably in representing uBN rainfall associations with the
TEJ. This is unsurprising, to some extent, since the uBN
is a small region, precipitation is a difficult variable for
GCMs, and East Africa is generally an understudied
region in which GCMs tend to have uneven performance.

Also, the connection between ENSO and uBN precipita-
tion likely has multiple mediators, including possible influ-
ence of the Indian Monsoon via the Somali Jet or other
atmospheric connections other than the TEJ
(Camberlin, 1997; Diro et al., 2011; Gleixner et al., 2017).
Indeed, while we find some upper-level wind patterns that
are consistent with the hypothesized TEJ mediation of ENSO
influence on uBN summertime rainfall, differences in model
representation of the ENSO–TEJ association do not necessar-
ily explain differences in model representation of ENSO–
uBN correlations (Tables 3 and 4). For example, the GISS
models show reasonably strong ENSO–uBN correlation in
both CMIP5 and CMIP6, despite the fact that there is a
major shift in representation of ENSO–TEJ correlations
between generations of that model (Figure 12). CanESM,
meanwhile goes from showing virtually no ENSO–uBN cor-
relation in CMIP5 to having a strong correlation in CMIP6,
when there is no dramatic change in TEJ-related correlations
between those two models (Figures 12 and 14).

The end of the rainy season (SO) is a more compli-
cated case, perhaps reflecting the transitional nature of
this season. Most of the models included in our analysis
do capture the weak negative association between ENSO
an uBN rainfall in this season, including the fact that the
weak negative relationship is the product of relatively
strong negative correlations in September transitioning to
a less clear relationship in October. October does prove to
be a challenging month, however, as all of the CMIP5
models we considered and a majority of CMIP6 models
show positive ENSO correlations with uBN rainfall in
this month, while observations show a weak negative
association. The spatial character of these relationships is
also poorly captured by models in both CMIP5 and
CMIP6 ensembles, and representation of the influence of
TEJ—which is less than it is in JA, according to
observations—is not consistent across models and does
not show systematic improvement between CMIP5 and
CMIP6. For ENSO correlation with TEJ, in fact, the
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CMIP6 ensemble average appears to be further from
observations than CMIP5.

The analyses presented in this study provide a snap-
shot of how a set of relatively high performing GCMs
capture uBN rainfall, ENSO influence on uBN rainfall,
and one of the leading proposed mechanisms for ENSO
influence on the uBN, in the latest two coupled model
intercomparison projects: CMIP5 and CMIP6. Our results
indicate that the models perform reasonably well in
JA. There is evidence of incremental improvement from
CMIP5 to CMIP6, but overall the ensembles are compara-
ble with respect to these metrics. We note that in limiting
our study to models that perform relatively well for these
metrics in CMIP5, we have set a high bar for demonstrat-
ing improvement. For the agriculturally important end-
of-rains period (SO), GCM performance is mixed with
respect to the metrics evaluated in this study. While the
CMIP5 and CMIP6 ensembles offer similarly mixed per-
formance with respect to precipitation totals and ENSO
correlations with uBN precipitation, the fact that CMIP6
appears to underperform CMIP5 in the representation of
ENSO–TEJ correlations warrants a deeper investigation.
Overall, however, this study finds few systematic and
meaningful differences between CMIP5 and CMIP6 in
the representation of uBN precipitation variability and its
relationship to ENSO. This implies that CMIP6 GCMs do
not necessarily offer a more reliable future climate pro-
jections than those produced by the same set of high per-
forming model families in the CMIP5 ensemble.
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