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CMIP6 simulations showed a weak human
contribution to 2022-like Central Andes spring
droughts, due to compensating impacts between
anthropogenic greenhouse gases and aerosols.

he Central Andes is a semiarid mountainous

region (above 4000 m MSL) with a short period

of precipitation between late spring and early
summer (Sanabria et al. 2014). The Central Andes
includes southern Peru, western Bolivia, and
northern Chile and is vulnerable to hydroclimatic
extremes, such as droughts and floods (Mortensen
et al. 2018; Giorgi et al. 2018; Potter et al. 2023).
According to the WMO annual report (WMO 2023),
the 2022 rainfall deficits over the Central Andes
ranged from 20% to 60% and were mostly associated
with the La Nifia condition. The austral spring
(September—-November) of 2022 was the driest
(beyond the 20 range) over the Central Andes since
1951 (Fig. 1a). The extremeness of the drought in 2022
was from interannual variability imposed onto this
negative trend through weak northeastward moisture
transports in 2022 (blue arrows in Fig. 1b). This drying
trend was found in previous studies (Vera et al. 2019;
Morales et al. 2023).

According to the U.S. Department of Agriculture,’!
the austral spring is
a planting season of
major crops over the

Uhttps://ipad.fas.usda.gov/ogamaps
[cropcalendar.aspx.
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Fig. 1. Atmospheric and oceanic conditions of the Central Andes in the spring of 2022. (a) Black and
red lines depict the averages and the maximum/minimum values of nPREC among the five observed
data products, respectively. (b) Background colors depict the first (red), second (orange), and third
(yellow) lowest precipitation since 1951, and gray and blue arrows depict the climatological moisture
fluxes over 1951-2022 and moisture flux anomalies in 2022, respectively. (c) Background colors and
contour lines depict sea surface temperature anomalies relative to the climatology and the temporal
correlations of SSTs with nPREC over 1951-2022, respectively. (d) Bars depict the pattern correlation
coefficients of the observed and simulated temporal correlation maps of SST teleconnections [contour
lines in (c) and see Fig. S1] across the 11 CMIP6 models [CMi on the y axis in (d) is depicted in Table S1].

Central Andes. The Cconchaccota lagoon in Peru has been a vital water source for communi-
ties. It was totally dried out in the austral spring of 2022, threatening 3000 local communi-
ties (Bricefio 2022). According to the International Federation of Red Cross and Red Crescent
Societies report,? Bolivia presented the national drought response plans in November 2022,
providing assistance to 53 municipalities in eight out of nine
departments. The 2022 drought in Bolivia provided a favorable Zhttps://adore.ifrc.org/Download.aspx?Fileld=744525.
condition for forest fires, which resulted in extensive wildfires
over 2.7 million hectares in 2023 (Arriaza 2023).

Variability of the regional precipitation over the Central Andes is associated with orographic
uplift along the eastern hill side and meridional wind convergence at high elevations (Lenters
and Cook 1995). Increasing anthropogenic greenhouse gas emissions contributed to a positive
trend of 200-hPa zonal wind anomalies and associated precipitation deficits over the Central
Andes, but with a relatively weak magnitude compared with internal variability (Neukom
et al. 2015; Vera et al. 2019).

Regional climate model projections showed that surface warming increases the water
vapor holding capacity of air and thus intensifies hydroclimatic variability, resulting in more
frequent intense precipitation and severe droughts over the Central Andes (Potter et al. 2023).
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However, these previous studies about the attribution, mechanism, and future change of the
Central Andes hydrological extremes have focused on the austral summer season due to its
importance on the annual total of the regional precipitation. Aerosol optical depth (AOD) of
the Central Andes has a strong seasonality with a peak season between August and October
(Pérez-Ramirez et al. 2017). While GHG-driven surface warming plays a role in melting the
glaciers over the Andes, increases in deposition of anthropogenic aerosols, such as black car-
bon from biomass burning and atmospheric particulates from local mining activities, affect
the regional climate (Csavina et al. 2012; Cereceda-Balic et al. 2022; Bonilla et al. 2023). The
role of these anthropogenic aerosols in spring droughts over the Central Andes still remains
unknown.

This study aims to assess the anthropogenic contribution to the likelihood of 2022-like
austral spring droughts over the Central Andes, using historical (HIST; natural + greenhouse
gas + aerosol), natural-only (NAT; solar + volcanic), anthropogenic GHG-only (GHG), and
anthropogenic aerosol-only (AER; black carbon, sulfur dioxide, atmospheric particulates,
etc.) forcing simulations of 11 phase 6 of the Coupled Model Intercomparison Project (CMIP6)
models (Eyring et al. 2016). The findings of this study will advance our knowledge about the
relative importance of anthropogenic individual forcings on Central Andes spring droughts
and provide an actionable information to develop region-specific strategies for climate change
mitigation and adaptation.

Data and methods

In this study, column integrated moisture fluxes were calculated from monthly meridional
and zonal winds and specific humidity from the land product of the fifth major global re-
analysis produced by the European Centre for Medium-Range Weather Forecasts (ECMWF)
(ERA5-Land; Mufoz-Sabater et al. 2021). The regional averages of austral spring precipitation
(PREC) over the Central Andes (4°-25°S of the west side of the Andes) were calculated from five
observational data products: NOAA/CIRES-DOE Twentieth Century Reanalysis (20C), version
3 (1836-2015; Slivinski et al. 2019); CRU TS v4.07 (Harris et al. 2020); GPCC (Schneider et al.
2017); GPCP (1979-2022; Adler et al. 2012); and ERA5-Land. The study period was chosen over
19512022 because of a large difference of the regional averages between the CRU and GPCC data
before 1951. This study used the Extended Reconstructed Sea Surface Temperature (ERSST),
version 5, dataset (Huang et al. 2017) to compute the Nifo-3.4 index (5°N-5°S, 120°-170°W).

This study used simulated PREC and SST data from 68, 58, 50, and 57 ensemble runs of
11 CMIP6 models with HIST-, NAT-, GHG-, and AER-forcing, respectively. These ensemble
runs of the 11 models were selected based on the availability of multiple ensemble members
(>3 ensemble members of HIST-, NAT-, GHG-, and AER-forcing runs). The HIST-forcing runs
(ended in 2014) were extended up to 2022 using the corresponding ensemble members of the
shared socioeconomic pathway (SSP) 2.45 scenario runs, considering their similar future ra-
diative forcing over 2015-22 (O’Neill et al. 2016). Details of the ensemble runs of each model
were provided in Table S1 (in the online supplemental material). For the consistent spatial
scale for analysis, a bilinear method was used to interpolate the model data onto the observed
grids (1°) and then the regional averages of SST and PREC over the Nifio-3.4 region (5°N-5°S,
170°-120°W) and Central Andes and were calculated, respectively. The linearly detrended
Nifo-3.4 regional averages (Nifio-3.4) were used to identify years with a cold phase of the
tropical Pacific Ocean in the corresponding model, like the year of 2022.

The regional averages of PREC from individual forcing runs were normalized by the 2003-22
means and standard deviations from the HIST-forcing runs (nPREC). The contributions of
HIST-, NAT-, GHG-, and AER-forcing to the observed nPREC were examined during the 2022
and 2010 springs (first and second driest springs since 1951; Fig. 1b). The nPREC values are
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similar to the 3-month standardized precipitation index, except for fitting to the Gaussian
distribution function. Here, a drought year was defined when the observed nPREC value was
less than the 2010 value (-1.2), as the 2022 value (-2.37) is rare in CMIP6 model simulations.
This threshold value was used to compute the drought frequency from all the experiment
forcing runs. In this study, drought frequency was computed by the ratio of the number of
the drought years to the preceding 20 years.

Here the last 20-yr segment of austral spring nPREC (2003-22) were used to estimate the
contribution of each forcing to the observed anomalies in 2022, following the methods of
previous studies (Kam et al. 2021, 2022). In this study, the 20-yr segments (2001-20) of the
NAT-, GHG-, AER-forcing ensemble runs were used because most of the CMIP6 individual
forcing runs were ended in 2020. We constructed the 95% uncertainty range of each forcing’s
contribution by randomly sampling the 20-yr segment of the HIST runs 68 times with replace-
ment, that is, the total sample size is 1360 (20-yr segment x 68 ensemble runs). This 20-yr
segment was weighted by each model’s contribution to the total ensemble runs. For example,
the 20-yr segment for CESM2 was randomly sampled with replacement 3 times among three
available ensemble runs. This 20-yr segment random sampling procedure was repeated 1000
times (bootstrapping).

This study used the austral spring averages of the observed (daily) and simulated (monthly)
AOD at 550 nm from the MODIS Daily L3 Products® (MOD08_D3; 2000-22) and the 11 CMIP6
models, respectively (Ramachandran et al. 2022). Fewer ensemble members of the 11 CMIP6
models are available for AOD than PREC and SST (see Table S1).
The simulated AOD data were regridded at the 1° resolution.
Then, the regional averages of the observed and simulated
AODs over the study region were calculated over 2000-22 and
1951-2022, respectively.

The discrete probability distributions of nPREC for HIST-, NAT-, GHG-, and AER-forcing runs
(Py, Py, P;, and P,) were constructed, and then the probabilities of exceeding the observed
2022 (first driest since 1951) and 2010 (second driest) values were calculated for all the cases
and negative Nifo-3.4 cases to check whether the anthropogenic impact has been affected
by La Nifia-like phases. The probability ratios (PRs) were calculated for Py;s1/Pyat, Porc/Prars
and P,gr/Pyar. The 95% uncertainty range of PRs was estimated using the 1000 bootstrapped
samples of the 20-yr segments.

3 https://ladsweb.modaps.eosdis.nasa.gov/archive/
allData/61/MOD08_D3/.

Results

The observational data showed the first and second lowest nPREC for 2022 and 2010, respec-
tively (Fig. 1a). The nPREC values for 2022 and 2010 ranged from -3.25 (CRU) to —2.37 (ERA5)
and from -1.6 (GPCP) to —1.2 (CRU), respectively. The observational data showed a wide range
in the mid-1980s and late-1990s, indicating a significant uncertainty of the data sources. For a
conservative analysis (the least observed deficit), the observed nPREC values, —2.37 and -1.2,
were used for 2022 and 2010, respectively. In the austral spring of 2022, the Nifio-3.4 index
showed a cold phase, which is well known as the last year of triple-dip La Nifia (Fig. 1c; Jones
2022). Historically, the cold Nifio-3.4 phase was associated with precipitation deficits over
the study region, but with a limited explanatory power (<20%; ., < 0.5). The CMIP6 models
showed diverse SST teleconnections with the Central Andes precipitation compared to the
observed SST teleconnections (green contour lines in Fig. 1c). The pattern correlation between
the SST-PREC correlation maps from the observed and the CMIP6 models (the multiensemble
mean of each model) ranged from —0.38 to 0.6 (Fig. 1d), indicating significant uncertainties of
the CMIP6 models in reproducing SST teleconnections for this region (Fig. S1). This tendency
might be spring-specific, which is needed to study further for other seasons.
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Observed drought frequency showed an increasing trend since 2010 (Fig. 2a). Multiensemble
model means (MMMs; the average of the ensemble averages of each model, that is, one vote
for one model) of the CMIP6 models showed an increasing trend only from the AER-forcing
runs. The MMMs of nPREC showed a decreasing (moderately decreasing) trend of nPREC from
the AER-forcing (HIST-forcing) runs (Fig. 2b). This result indicated a possible impact of the
AER-forcing on decreased nPREC over the Central Andes.

The AER-forcing made the mean precipitation more negative but the GHG-forcing increased
the probability of more extreme positive precipitation, indicating the asymmetry in the prob-
ability distributions from the AER- and GHG-forcing runs (the right tail of the distribution).
This asymmetry is important for changes in the risk of extreme precipitation deficits. This
asymmetry is important for changes in the risk of extreme precipitation deficits. These impacts
of the AER- and GHG-forcings were compensated in the HIST-forcing runs. The PR values of
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Fig. 2. (a) Observed and simulated drought frequencies and (b) simulated normalized precipitation
from the HIST-, GHG-, AER-, and NAT-forcing runs. (c) Lines depict the discrete probability distribu-
tion of the 20-yr segment bootstrapped samples from the HIST- (orange line), NAT- (blue), GHG- (red),
AER-forcing (green) runs. (d) Circles depict the me-dian ratios of exceeding probability of 2022- and
2010-like nPREC (first and second lowest), and error bars depict their 95% uncertainty range. (e)
Orange, blue, red, and green lines depict the regional average of the simulated AOD values over the
Central Andes by the HIST-, NAT-, GHG-, and AER-forcing ensemble runs. (f) Background colors depict
the averages of the AOD differences between the AER- and GHG-forcing ensemble runs over 2000-20.
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Py/Py, P;/Py, and P,/P), for the observed nPREC in 2022 (2010) from the 20-yr segment are 0.9
(1.2), 0.6 (0.5), and 1.7 (1.6) (Fig. 2d).

The contribution of AER-forcing to 2022/10-like spring droughts was marginal, which was
compensated with GHG forcing-driven effect on increasing precipitation. Given the negative
Nifio-3.4 phases, the values of Py/Py, P;/Py, and P,/Py of 2022 (2010)-like spring droughts were
0.37 (0.82), 0.33 (0.26), and 2.6 (2.3). This result implied that a negative Nifo-3.4 phase can
amplify the impact of both forcings, resulting in the overwhelming impact of the GHG-forcing
in the HIST-forcing (AER + GHG) simulations. Assessment of the combined impact of AER-
and GHG-forcing in various SST conditions and their SST-teleconnection diversity should be
further investigated (Rugenstein et al. 2023).

Over 1951-2022, the increasing trends of observed and simulated AODs were likely a fa-
vorable condition for reduced rainfall over the Central Andes (Fig. 2e). The NAT-forcing runs
showed an increase of AODs in early 1960s and 1990s, which was related to the 1963/64 Agung
and 1991 Pinatubo 1991 eruptions. This result indicated that eruption-associated increased
aerosols were smaller than the human-activity-associated aerosols over the Central Andes.
The MMMs of the AODs of the AER-forcing runs showed a large difference over the Central
Andes and western Amazon (due to biomass burning and atmospheric particulates) from
those of the GHG-forcing on average (Fig. 2f), which was consistent with the observed AOD
patterns from the MODIS product (Fig. S2).

In summary, the 2022 Central Andes spring was the driest on record since 1951. Based
on the selected 11 CMIP6 simulations, AER-forcing has likely contributed to the increased
probability of such spring droughts, by a factor of 1.7. The cold sea surface conditions with
AER-forcing can increase it up to 2.6 but with a wide 95% uncertainty range. In contrast, the
GHG-forcing has likely contributed to the decreased probability of 2022-like spring droughts
by the shift toward a wetter condition. In this study, CMIP6 individual forcing runs were
used to assess the contribution of increasing anthropogenic greenhouse gases and aerosols
to 2022-like droughts, but not the abrupt increase of AODs observed in 2022. Furthermore,
the compensating impact of the AER- and GHG-forcing resulted in no conclusive anthropo-
genic attribution to 2022-like droughts over the Central Andes. A poor representation of SST
teleconnections with Central Andes spring precipitation in CMIP6 models suggests a possible
underestimation of the increased probability of a 2022-1ike drought. Another potential uncer-
tainty source of the current CMIP6 models was a poor representation of complex terrains of
CMIP6 models (Fig. S3). High-resolution regional climate model simulations over the Central
Andes should be designed for detection and attribution assessments, in addition to climate
projection (Llopart et al. 2020), to provide actionable information for climate change mitiga-
tion and adaptation policies.
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