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Abstract The effects of differences in climate base state are related to processes associated with the
present-day South Asian monsoon simulations in the Energy Exascale Earth System Model version 2
(E3SMv2) and the Community Earth System Model version 2 (CESM2). Though tropical Pacific and Indian
Ocean base state sea surface temperatures (SSTs) are over 1°C cooler in E3SMv2 compared to CESM2, and
there is an overall reduction of Indian sector precipitation, the pattern of South Asian monsoon precipitation

is similar in the two models. Monsoon-ENSO teleconnections, dynamically linked by the large-scale east-west
atmospheric circulation, are reduced in E3SMv2 compared to CESM2. In E3SMv2, this is related to cooler
tropical SSTs and ENSO amplitude that is less than half that in CESM2. Comparison to a tropical Pacific
pacemaker experiment shows, to a first order, that the base state SSTs and ENSO amplitude contribute roughly
equally to lower amplitude monsoon-ENSO teleconnections in E3SMv?2.

Plain Language Summary Two different Earth system models are analyzed to investigate how
differences in simulated base state tropical sea surface temperatures (SSTs) and El Nifio/Southern Oscillation
(ENSO) amplitude affect the processes associated with the South Asian monsoon. Though tropical SSTs are
over 1°C cooler in the Energy Exascale Earth System Model version 2 (E3SMv2) and there is overall reduced
Indian sector precipitation, the regional pattern of South Asian monsoon precipitation is similar in the two
models. More significantly, monsoon-ENSO teleconnections are reduced in E3SMv2 compared to Community
Earth System Model version 2 (CESM2) due to cooler mean tropical SSTs combined with ENSO amplitude in
E3SMV2 that is less than half that in CESM2.

1. Introduction

Given the socioeconomic importance of the South Asian monsoon to the lives of millions of people living across
that region, it is critical to understand the processes that produce fluctuations in the amplitude and patterns of
monsoon precipitation. It is only then that credible monsoon predictions are possible for the near-term on seasonal
to decadal timescales, as well as longer term projections beyond decadal. When evaluating monsoon simulations
by Earth system models, it has long been recognized that the simulation of the climate base states in individual
models can affect the characteristics of the monsoon simulations in those respective models where details of
those models' formulations are well known and are related to the monsoon simulations (Cook et al., 2012; Harrop
et al., 2019; Meehl, Shields, et al., 2020; Meehl et al., 2006, 2012; Shields et al., 2016). The effects of climate
base states have been studied across collections of models for possible changes to monsoon characteristics in a
warmer climate (Annamalai et al., 2007; Li & Ting, 2015; Narsey et al., 2020) including connections to ENSO
(McGregor et al., 2022). Changes in Indo-Pacific SSTs can produce precipitation anomalies that affect monsoon-
ENSO connections through the large-scale east-west atmospheric circulation (Annamalai et al., 2013; Power
et al., 2013). There is a model dependence on these connections (Annamalai et al., 2007; Li & Ting, 2015),
though there is evidence that a warmer base state produces a strengthening of monsoon-ENSO connections
(McGregor et al., 2022).

While previous studies have analyzed large multi-model ensembles, here we focus on two models, E3SMv2 and
CESM2, to illustrate in more detail how differences in the simulation of the present-day climate base states can
affect processes involved with the South Asian monsoon simulations and monsoon-ENSO connections in those
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two models. So-called “two model analyses” have a long history in the literature (e.g., Baumhefner, 1976). A
single model analysis is just that, model results produced with knowledge of only one model's representation of
the climate system, but no larger interpretability context. A multi-model ensemble analysis (e.g., CMIP) is able
to document phenomena from a large number of models, but with little information with regards to the physical
processes in the different models. A two model analysis advances understanding in the context of a familiarity
with the processes in the two models. This provides more well-informed insights into the relevant physical mech-
anisms that emerge from analyses of those processes in the two models.

We pose a hypothesis based on the analyses of Bonfils et al. (2015), Katzenberger et al. (2021), and McGregor
et al. (2022) that monsoon-ENSO connections would be stronger both due to the warmer base state SSTs and the
larger amplitude ENSO in CESM2 compared to E3SMv2.

2. Models

The horizontal resolution configuration of E3SMv2 analyzed here consists of a 110-km atmosphere, 165-km
land, 0.5° river model, and an ocean and sea ice with mesh spacing varying between 60 km in the mid-latitudes
and 30 km at the equator and poles (Golaz et al., 2022). The ocean represents the biggest physical difference
between E3SMv2 and CESM2 in that E3SMv2 uses an MPAS-Ocean (Petersen et al., 2019) while CESM2
includes a conventional grid point ocean model, POP2, as discussed below.

The atmospheric model in CESM2, as in E3SMv2, has a nominal 1° latitude-longitude resolution (Danabasoglu
et al., 2020). The ocean model in CESM2 is a version of POP2 (Parallel Ocean Program, version 2) used in
CESM1 but with many improvements to the physics (Danabasoglu et al., 2020). The POP2 ocean has a nominal
one degree horizontal resolution and enhanced resolution in the equatorial tropics, and 60 levels in the vertical
with ocean biogeochemistry. While the meridional resolution in the MPAS ocean in E3SMv2 is very similar
to POP2 in CESM2, the grid cells are much more isotropic. This gives the MPAS ocean in E3SMv2 a much
higher effective resolution than that in CESM2. A more full description of the two models is given in Supporting
Information S1.

Pacemaker experiments with CESM2 (ten ensemble members) use time-evolving SST anomalies in the tropical
Pacific nudged to observations (ERSSTv5, 1880-2019) whereby the observed evolution of ENSO is maintained
along with the model's base state climate, while the rest of the model's coupled climate system is free to evolve
(methodology described by Kosaka & Xie, 2013; Deser et al., 2017; Meehl, Hu, et al., 2020). More details of the
pacemaker experiments are given in Supporting Information S1.

Experiments analyzed here are the historical simulations described in Danabasoglu et al. (2020) and Golaz
et al. (2022) from 1850 to 2014. Both models have 20 ensemble members each. Analyses are performed for
the South Asian monsoon season June-July-August-September (JJAS). Teleconnections between ENSO and the
South Asian monsoon are calculated as running 13-year correlations between JJAS All-India Rainfall (defined
as area-averaged rainfall over land grid points, 5°N—40°N, 60°E-100°E) and Nifio3.4 SSTs (area-averaged SSTs
in the eastern equatorial Pacific, 5°N-5°S, 170°W-120°W). To make the dynamical connection between the
monsoon and ENSO, Nifio3.4 time series are regressed onto 200 hPa velocity potential for the JJAS season.
Additional analyses of the CMIP6 models also include Nifio4 SSTs (5°N-5°S, 160°E-150°W).

3. Results

Figure 1 contrasts the seasonal mean climate base states in June-July-August-September (JJAS) in the two models
as differences for E3SMv2 minus CESM2. E3SMv?2 simulates tropical SSTs around 0.5°C cooler than observa-
tions (Golaz et al., 2022) while CESM2 has tropical SSTs at least 0.5°C warmer-then-observed (Danabasoglu
et al., 2020). Therefore, differences for E3SMv2 minus CESM2 show negative tropical SST anomalies of over
1°C (Figure 1a). There is little change in SST gradients across the equatorial Indian and Pacific Oceans since
there are nearly uniform SST anomalies there of about —1°C across the two ocean basins. As a consequence,
E3SMv?2 has generally reduced JJAS precipitation in the tropical Indian and Pacific sectors compared to CESM2
(Figure 1b) as previously noted (Danabasoglu et al., 2020; Golaz et al., 2022). There are negative precipitation
anomalies for E3SMv2 minus CESM2 of about —1.5 mm day~! (roughly 15%-20%) in the tropical Indian Ocean,
southern India, Myanmar, Indonesia, southeastern China, and the central equatorial Pacific (Figure 1b).
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Figure 1. Mean base state differences for E3SMv2 minus CESM2, JJAS, 1995-2014, for (a) surface temperature (°C),
differences greater than about +0.5°C are significant at the 99% level; and (b) precipitation (mm day~"), differences greater
than about +0.2 mm day~! are significant at the 99% level.

However, these differences in base state SSTs and precipitation do not translate into large differences in the
patterns of simulated monsoon rainfall. Figures 2a—2c show monsoon precipitation and 850 hPa wind for
seasonal mean (JJAS) simulations for E3SMv2, CESM2, and observations. Most previous versions of Earth
system models simulate precipitation maxima that extend too far west in the western Indian Ocean (e.g., Meehl,
Shields, et al., 2020; Meehl et al., 2012). E3SMv2 and CESM2 also have this error when compared to observa-
tions (Figures 2e and 2f) with positive differences in the western Indian Ocean. Additionally, basin maxima of
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Figure 2. South Asian monsoon precipitation (mm day~") and 850-hPa wind vectors (m s~!) for JJAS, 1995-2014; scaling arrow at upper right (a) E3SMv2, (b)
CESM2, and (c) observations (GPCP/ERA-5); (d) precipitation differences, E3SMv2 minus CESM2; panel (e) same as (d) except for E3SMv2 minus observations; (f)
same as (e) except for CESM2 minus observations; Stippling in (d)—(f) represents statistically significant differences at the 99% level using a student 7-test. Wind data
from the model was interpolated to 850 hPa and therefore is masked out over the Himalayas.

precipitation are too far upstream to the west of the main orographic features in the Arabian Sea and the Bay of
Bengal. Also, as in previous model versions, the observed precipitation maximum near 5°S in Figure 2c is not
well simulated in either model, with negative differences near 5°S in both (Figures 2e and 2f).

Precipitation maxima over the monsoon region in both models compared to observations have negative anom-
alies over northern India, but positive anomalies over southern India, Sri Lanka, the Himalayas, Myanmar and
Thailand (Figures 2e and 2f). In general, these larger-than-observed precipitation anomalies are manifested by
greater-than-observed vertically integrated moisture transports (IVT) in both models compared to observations
(Figure S1 in Supporting Information S1). IVT values in CESM2 are greater than E3SMv2, and both are greater
than observations, with a greater extent of values of nearly 600 kgm~! s~! compared to observed values of about
450 kgm~! s~! extending from the Arabian Sea across southern India to the Bay of Bengal. Neither model is able
to capture the northward penetration of IVT into northern India seen in the observations. This southward-shifted
concentration of IVT is a reflection of the greater-than-observed precipitation over southern India in both models
(Figures 2e and 2f).

Even with these differences in the magnitude of the precipitation anomalies, the similarity of the precipita-
tion patterns in both models is indicated by spatial pattern correlations between the two over the South Asian
monsoon region depicted in Figure 2 of +0.95. The pattern correlations with observations over the South Asian
monsoon region are +0.89 and +0.91 for E3SMv2 and CESM2, respectively. While there is a somewhat lower
RMSE in E3SMv2 (2.19) compared to CESM2 (2.48) over the monsoon region, the differences in base state SST
and precipitation shown in Figure 1 do not materially affect the patterns of precipitation over the South Asian
monsoon region.

The northward progression of monthly mean precipitation over the South Asian monsoon region from 70°E-100°E
reflects the precipitation errors in both models. There is a similar seasonal progression of monthly mean precip-
itation, though the July precipitation maxima near 15°N is less in E3SMv2 (about 12 mm day~") compared to
CESM2 (roughly 14 mm day~"), and both of these maxima are less than observed (about 11 mm day~') and south
of the observed maximum near 20-25°N (Figure S2 in Supporting Information S1). This is associated with the
somewhat reduced amplitude of monsoon precipitation in E3SMv2 compared to CESM2 and the cooler tropical
Indian Ocean SSTs in the E3SMv2.

To address monsoon-ENSO connections, Figure 3a shows running 13 years correlations between the observed
JJAS All-India Rainfall (AIR, averaged over India) and the observed JJAS Nifio3.4 SSTs, and comparable plots
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Figure 3. Running 13-year correlations between JJAS All-India Rainfall (AIR) and Nifio3.4 SSTs for (a) observations (HadISST), (b) individual ensemble members
from the CESM2 historical simulation, with the ensemble mean in black; and (c) years 1-1200 from the CESM2 pre-industrial control run; (d) same as (b) except for
E3SMv2; panel (e) same as (c) except for 500 years from the E3SMv?2 pre-industrial control run.

for historical simulations from the models in Figures 3b and 3d where AIR is defined as rainfall averaged over
land points 5°N—40°N, 60°E-100°E. Both models show negative correlation values, as do the observations, indi-
cating the well-known relationship between El Nifio events and reduced monsoon precipitation (e.g., Rasmusson
& Carpenter, 1983) and vice versa for La Nifla events. E3SMv2 shows weaker correlations averaging —0.42
(Figure 3d) compared to —0.63 for CESM2 (Figure 3b), and —0.55 for observations (Figure 3a). The difference in
correlations between the models is statistically significant with p < 0.01. Observed correlations range from about
—0.9 to +0.2 (Figure 3a), while CESM2 has a similar range. The E3SMv2, with its smaller average correlations,
also has an upward-shifted range of values from about —0.8 to +0.3 (Figure 3d). Therefore, these results indicate
that the E3SMv2 has a weaker monsoon-ENSO connection compared to CESM2.
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Figure 4. Nifio3.4 time series regressed onto 200 hPa velocity potential, 19502014, season average JJAS (X106 m? sec~%/°C), (a) E3SMv2, (b) CESM2, (c)
differences, E3SMv2 minus CESM2, (d) E3SMv2 values from panel (a) minus CESM2 pacemaker, and (¢) CESM2 values from panel (b) minus CESM?2 pacemaker.
Stippling indicates 99% significance using a student 7-test.

To put the models' monsoon-ENSO connections into a longer-term context, Figures 3c and 3e show values
from the long pre-industrial control runs for CESM2 and E3SMv2, respectively. By construction, only internal
variability can affect the results since there are no changes in external forcings in these simulations. Both are
close to the magnitudes of the correlations in the respective historical runs in Figures 3b and 3d, with CESM2
having a larger amplitude average correlation of —0.64 compared to E3SMv2 with a smaller amplitude correla-
tion of —0.40. The difference between the correlation values from the two models is statistically significant with
p < 0.01. Thus, there are weaker (in general) monsoon-ENSO correlations in E3SMv2 compared to CESM2 in
both the historical and pre-industrial control runs, suggesting that monsoon-ENSO processes are being affected
by either differences in model formulations or model base state climate simulations.

The processes that connect the monsoon and ENSO involve well-known dynamics of the large-scale east-west atmos-
pheric circulation (the Walker Circulation) between the Pacific and Indian sectors (e.g., Meehl, 1987; Rasmusson &
Carpenter, 1983). To illustrate these processes, Figures 4a and 4b show the regression of Nifio3.4 SST on 200 hPa
velocity potential for the two models. Both models show similar patterns that are seen in observations (e.g., Gill
et al., 2015). There are negative values over the Pacific sector indicating, for El Nifio events, anomalous upper level
divergence associated with warmer SSTs and stronger precipitation and upward vertical motion there. Over the Indian
sector, there are positive values denoting anomalous upper level convergence producing stronger downward vertical
motion that acts to suppress monsoon precipitation. It is this connection via the large-scale east-west atmospheric
circulation that produces the negative correlations between monsoon rainfall and Nifio3.4 SSTs seen in Figure 3.
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As has been previously documented, both models have ENSO SST centers of action in the equatorial Pacific
shifted somewhat westward as in most models (Capotondi et al., 2020; Golaz et al., 2022), so the locations of
the negative centers of the 200 hPa velocity potential regressions in the tropical Pacific are roughly comparable
between the two models (Figure 4). However, the amplitude of the regression maxima in CESM2 is about 50%
larger than in E3SMv2. In the Pacific and Indian sectors, there are statistically significant anomalies in CESM2
in Figure 4b of about —2.5 x 10° m? sec™%/°C, and +2.5 X 10°® m? sec~?%/°C, respectively, while in E3SMv2 in
Figure 4a, those maxima are also statistically significant with values of roughly —1.5 x 10% m? sec=%/°C and
+1.5 X 10°m? sec~%/°C, respectively. This produces statistically significant differences for E3SMv2 minus CESM2
(Figure 4c) approaching +1.0 X 10 m? sec~%/°C over the tropical Pacific and over —1.0 X 10°® m? sec~?/°C in
the Indian sector. The negative differences over the Indian sector and positive differences over the Pacific in
Figure 4c are indicative of the weaker monsoon-ENSO connection in E3SMv?2 compared to CESM2 consistent
with results in Figure 3.

The reason for this stronger connection in CESM2 compared to E3SMv2 is likely twofold. First, the warmer
base state SSTs in CESM2 provide a stronger large-scale east-west connection through the well-documented
non-linear relationship between SST and precipitation that would produce stronger convective maxima during
ENSO events and thus a stronger forcing through the large-scale east-west circulation (e.g., Bonfils et al., 2015;
McGregor et al., 2022; Power et al., 2013; Yun et al., 2021). Second, CESM2 has over twice the amplitude of
ENSO than E3SMv2 (Figure S3 in Supporting Information S1), and other studies have shown evidence for larger
amplitude ENSO with a warmer base state climate (Cai et al., 2021, 2022). Therefore, the results from CESM2
and E3SMv2 are consistent with previous findings that larger amplitude ENSO, combined with warmer base
state SSTs, can force stronger large-scale east-west connections between Pacific and Indian sectors (e.g., Bonfils
et al., 2015; Turner et al., 2005).

To isolate the influence of each of these processes, model experiments using the tropical Pacific pacemaker
methodology in CESM2 described earlier (and in Supporting Information S1) are analyzed. Of relevance to
this analysis, only the SST anomalies over the tropical Pacific, not the total SSTs, are nudged to observations,
thus maintaining the model's climate basic state. Therefore, ENSO amplitude is as observed by construction, is
reduced in the pacemaker experiment compared to the standard CESM2 version, and is close to that in E3SMv2
(Figure S3 in Supporting Information S1). Meanwhile, the mean tropical SSTs in the pacemaker experiment
remain over 1°C warmer than E3SMv2. In this way, with the caveat that these are somewhat different models and
configurations, the relative influences of cooler tropical SSTs or reduced ENSO amplitude can be isolated, to a
first order, with regards to monsoon-ENSO connections.

The differences between the E3SMv2 and the CESM2 pacemaker in Figure 4d show statistically significant
negative anomalies over the Indian sector of about —0.6 X 10° m? sec~%/°C, and mostly positive anomalies, when
taken over the entire Pacific sector, averaging around +0.4 X 10° m? sec=%/°C. This result indicates that the effect
of colder tropical Pacific SSTs in E3SMv2, but with the same ENSO amplitude as in the Pacific pacemaker
experiment, produce a weaker monsoon-ENSO connection. Conversely the differences between the CESM2 and
the pacemaker experiment in Figure 4e show significant positive anomalies of around +0.6 X 10® m? sec%/°C
over the Indian sector, and mostly negative anomalies, when taken over the entire Pacific sector, averaging around
—0.4 x 10® m? sec™?/°C. Therefore, the effect of greater ENSO amplitude in the standard CESM2 compared
to the specified observed ENSO amplitude in the pacemaker experiment, but with the same base state tropical
SSTs, is a stronger monsoon-ENSO connection. Since the total of the simulations with both effects together
in Figure 4c is statistically significant with values of about —1.2 x 10 m? sec~%/°C over the Indian sector and
around +0.8 X 10% m? sec=?/°C over the Pacific sector, the differences using the pacemaker experiment as the
reference in Figures 4d and 4e show significant respective differences about half that for the total in Figure 4c.
These results suggest that, for these models to a first order, the reduced monsoon-ENSO connection in E3SMv2
compared to CESM2 is about half due to the colder base state tropical SSTs in E3SM, and half due to the reduced
ENSO amplitude in E3SMv2.

4. Broader Implications

The connections documented above for E3SMv2 and CESM2, whereby there is a stronger monsoon-ENSO
connection in the model with larger amplitude ENSO and warmer average Pacific SSTs, can be demonstrated
for a larger group of 56 CMIP6 models (Figure S4 in Supporting Information S1). Figure S4a in Supporting
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Information S1 shows the correlation between the inter-model spreads of annual mean SST at each grid point
and the strength of their respective South Asian monsoon rainfall-Nifio4 correlations averaged over 1950-2014.
Over most of the tropical Pacific and Indian Oceans, the correlations are negative, indicating that stronger nega-
tive correlations between South Asian monsoon rainfall and tropical Pacific SST are associated with warmer
annual mean SST. Statistically significant values are shifted to the west in the tropical Pacific, indicative of the
well-known systematic error noted above that is present in the CMIP6 models of an over-extensive Pacific cold
tongue, and thus stronger connections of the monsoon-ENSO connection farther to the west. This systematic
model error is reflected in the scatter plots in Figures S4b and S4c in Supporting Information S1 for standard
deviation of Nifio3.4 and Nifio4 SSTs plotted as a function of the respective monsoon-ENSO correlations. There
is a stronger relationship for Nifio4 that is farther west (Figure S4c in Supporting Information S1) than for
Nifio3.4 (Figure S4b in Supporting Information S1). Both have statistically significant » values, but Nifio4 in
Figure S4c in Supporting Information S1 is larger with r = —0.46. Therefore, the relationships shown for the two
models in the present paper can be generalized, to first order, to this larger group of climate models, whereby
larger Pacific ENSO SST variability and warmer average tropical Pacific SSTs are associated with stronger
monsoon-ENSO connections.

Data Availability Statement

E3SMv2 model code and tools may be accessed on the GitHub repository at https://github.com/E3SM-Pro-
ject/E3SM. A maintenance branch (maint-2.0; https://github.com/E3SM-Project/E3SM/tree/maint-2.0) has been
specifically created to reproduce E3SMv2 simulations. Complete native model output is accessible directly on
NERSC at https://portal.nersc.gov/archive/home/projects/e3sm/www/WaterCycle/E3SMv2/LR. A subset of
the data reformatted following CMIP conventions is available through the DOE Earth System Grid Federa-
tion (ESGF) at https://esgf-node.llnl.gov/projects/e3sm. The CESM2 solutions/data sets used in this study are
available from the Earth System Grid Federation (ESGF) at esgf-node.lInl.gov/search/cmip6 or from the NCAR
Digital Asset Services Hub (DASH) at data.ucar.edu or from the links provided from the CESM web site at
www.cesm.ucar.edu. The pacemaker experiments with CESM2 are available at https://www.cesm.ucar.edu/
working-groups/climate/simulations/cesm2-pacific-pacemaker. The All-India Rainfall is available from: https://
data.gov.in/catalog/all-india-area-weighted-monthly-seasonal-and-annual-rainfall-mm?filters % 5Bfield_cata-
log_reference%5D=85825&format=json&offset=0&limit=6&sort%5Bcreated%5D=desc. The ERA-5 data
(Hersbach et al., 2020) are available from: https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5.
ERSSTVS data are available from: https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html/. HADiSST data are
available from: https://www.metoffice.gov.uk/hadobs/hadisst/. MERRA?2 data from 1980 to 2015 (https://doi.
org/10.5065/D62R3QFS). GPCP rainfall data (Adler et al., 2003) are from https://www.esrl.noaa.gov/psd/data/
gridded/data.gpcp.html.
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