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Abstract Many Mediterranean-type climates (MCs) have experienced wintertime drying trends since 1979.
Using a dynamical adjustment method, we separate the effects of circulation-induced drying trends from other
residual trends. Our analysis reveals that circulation trends are the leading cause of the observed drying in
Central Chile and the US Southwest, and that models show the drying across Southern Hemisphere MCs is
independent of trends in the Southern Annular Mode. All Mediterranean-type climates have exhibited residual
drying trends from both internal variability and externally forced thermodynamic processes. Large ensembles
suggest internal variability contributes significantly to the observed drying. However, in many regions the
observed drying lies outside the ensemble distribution, raising questions about model accuracy.

Plain Language Summary Many Mediterranean-type climates (MCs) have experienced declining
winter rainfall since 1979. To understand why this is happening, we use a method to separate the effects of
changes in air circulation from other factors. In Central Chile and the US Southwest, changes in air circulation
are the main reason for the drying. Even though the Southern Hemisphere MCs are located at similar latitudes,
their drying is not linked to global scale patterns of circulation change across those latitudes. Large model data
sets suggest natural climate variability plays a key role in the drying, but in some cases, the observed changes are
more extreme than the models simulate.

1. Introduction

Mediterranean-type climates (MCs) feature dry summers and wet winters. There are five main subtropical MCs:
Central Chile, Southwest South Africa, Southern Australia, the US Southwest, and the Mediterranean itself (Beck
et al., 2018; Polade et al., 2017). The annual precipitation cycle in these regions makes water management
challenging (Reyes-Garcia & Jofré, 2024; Tortajada et al., 2017), and observations since 1900 indicate a decline
in wintertime precipitation in MCs (Seager et al., 2019). In some locations, this decline has accelerated in the 21st
century and contributed to extreme droughts, such as the recent “megadrought” in Central Chile since 2010
(Boisier et al., 2016, 2018) and the Cape Town “Day Zero” drought in the late 2010s (Pascale et al., 2020). From
model projections, future drying is expected in many of these MCs due to both dynamical and thermodynamic
mechanisms (Polade et al., 2017; Seager et al., 2019, 2024).

Large-scale circulation trends have been identified as possible drivers of this precipitation decline. A circulation
dipole over the South Pacific has been identified as one cause of the drying over Chile (Garreaud et al., 2020,
2021), and the poleward shift of the westerlies has been implicated across all three Southern Hemisphere MCs
(Central Chile, Southwest South Africa, Southern Australia) (Seager et al., 2019, 2024). These zonal wind trends
have been associated with a more positive Southern Annular Mode (SAM) over recent decades (Fogt &
Marshall, 2020; Marshall, 2003). In the US Southwest, Lehner et al. (2018) found that much of the annual-mean
observed drying can be attributed to the development of a ridge over the North Pacific, and circulation variability
has also been linked to the late 20th-century decline in wintertime precipitation in the Mediterranean (Kelley
et al., 2012).

Thermodynamic “wet-get-wetter, dry-get-drier” arguments have also been used to understand the subtropical
precipitation decline driven by global warming (Held & Soden, 2006). However, this framework has limitations
due to changing relative humidity and temperature gradients with rising temperatures (Byrne & O’Gor-
man, 2015). Seager et al. (2019) used a more complex moisture budget in CMIP5 models to analyze the
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importance of local dynamic and thermodynamic changes, and found that both were crucial to Southern
Hemisphere MC drying in the near future. Given that we generally have greater confidence in the thermodynamic
aspects of climate change (Held & Soden, 2006; Shepherd, 2014), it is useful to isolate the precipitation trends
caused by dynamics where natural variability can play a relatively important role. Dynamical adjustment methods
can do this by quantifying the influence of large-scale dynamics on a target precipitation field (Deser et al., 2016;
Lehner et al., 2018). These methods leverage the fact that surface climate variability, such as regional rainfall, is
influenced by circulation patterns. Thus, circulation trends and variability affect rainfall trends and variability.
However, localized dynamic processes (e.g., convection) and non-dynamic factors (e.g., soil moisture, humidity)
can also contribute, forming the residual influences. Multiple different dynamical adjustment methods exist
(Sippel et al., 2019), including constructed circulation analogs (CCAs). These have shown use in understanding
European climate trends (Deser & Phillips, 2023) as well as Northern Hemisphere precipitation trends (Guo
et al., 2019).

In this study, we use CCAs to quantify the contribution of changes in the large scale circulation to the observed
wintertime precipitation decline in MC regions over the satellite era. We make use of large ensemble (LE) data
from three CMIP6-class models and an atmosphere-only (AMIP) ensemble plus observations and reanalysis. As
with multiple other studies (Deser & Phillips, 2023; Deser et al., 2016; Guo et al., 2019; Lehner et al., 2018), we
use the LE data to understand the contribution of external forcing and internal variability to the observed pre-
cipitation trends.

2. Data and Methods
2.1. Observational Data Sources

We use precipitation gauge data from the Climatic Research Unit Time Series (CRU-TS) version 4.07 (Harris
et al., 2020). This is a 0.5° X 0.5° gridded data set of total monthly precipitation from 1901 to 2022. We also use
the satellite-gauge product from the Global Precipitation Climatology Project (GPCP) (Adler et al., 2003) for total
monthly precipitation from 1979 to 2022, remapped to the same 0.5° X 0.5° grid. This allows for a reliable
observational estimate in regions with sparse gauge coverage. We use 0.5° X 0.5° monthly mean sea level
pressure (SLP) data from the ERAS reanalysis (Hersbach et al., 2023). We also use a land-sea mask from ERAS
when calculating all precipitation averages with a 50% land threshold.

2.2. Model Data Sources

We compare the observed trends to three large ensemble (LE) data sets from the Multi-Model Large Ensemble
Archive (Deser et al., 2020). The first is a 100 member ensemble from the Community Earth System Model
version 2 (Rodgers et al., 2021) (nominal 1.0° resolution). The second is a 50 member ensemble using the MPI-
ESM1.2-LR model (Olonscheck et al., 2023), (nominal 1.5° resolution). The third is a 50 member ensemble
produced by the Swedish Meteorological and Hydrological Institute using the EC-Earth3 model (SMHI-LENS,
Wiyser et al. (2021)) (nominal 1.0° resolution). Hereafter, these LEs are referred to as CESM, MPI and EC-Earth
respectively. Each of these LEs is forced with CMIP6 historical forcing from their initialization in 1850 until
2014, and are forced with the SSP370 scenario from 2015 to 2100. The CESM LE includes 50 members with
smoothed biomass burning emissions instead of the CMIP6 default, but as no significant trend differences were
found, all 100 members were combined in this study. These models were selected for their consistent forcing
(SSP370), ensemble size (>50 members), and contrasting SH jet biases (Simpson et al., 2020). We also compare
the observations and LEs to the 10-member CESM2 Prescribed SST AMIP Global Ensemble (referred to here as
CESM-AMIP) to isolate the influence of observed SSTs on the precipitation trends, using data from 1979 to 2019
(Phillips & Simpson, 2024).

2.3. Dynamical Adjustment Using Constructed Circulation Analogs

A dynamical adjustment framework is used to isolate the contribution of large-scale dynamics on rainfall. We use
a constructed circulation analog method similar to Deser et al. (2016) and Lehner et al. (2018). The general
method is described in more detail in Deser et al. (2016), but we give an explanation below, with Figure S1 in
Supporting Information S1 as an example. We use SLP instead of 500 hPa geopotential height as our dynamical
variable due to its better performance in capturing precipitation variance (see Figure S2 in Supporting
Information S1).
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Using wet season months only, we calculate SLP and precipitation monthly anomaly fields versus the 1979-2022
climatology (see Section 2.4 for an explanation of the domains and wet seasons). For each “target month” (e.g.,
July 2021 in Figure S1 in Supporting Information S1), we find the N, wet season months in our data set which
exhibit the most similar pressure anomalies, using cosine-latitude-weighted total Euclidean distance. A random
subsample of size N, is selected without replacement from these N, analog months to avoid overfitting. Next, we
regress the target month pressure field onto each of the N, pressure analogs. This gives us a corresponding
regression coefficient g; for each analog month i € [1,N;]. The target month's pressure field is then reconstructed
as a weighted sum of these analogs, using the coefficients f; derived from the regression. The reconstructed
pressure field closely matches the original (Figures S1b vs. Slc in Supporting Information S1).

Next, we select the precipitation anomaly fields from the same N, subsampled analog months. We reconstruct the
target month precipitation as the weighted sum of the analog monthly precipitation anomalies multiplied by the
same p coefficients from the pressure linear regression. This way, we estimate the SLP influence on the pre-
cipitation anomaly field (Figure S1e in Supporting Information S1). This procedure is repeated N, times, and the
average is taken to obtain the dynamic anomaly field. Subtracting this from the total anomaly yields the residual
anomaly. By repeating this with each month as the target, we create two timeseries of dynamic and residual
precipitation. In this study, we choose N, = 50,N; = 30, and N, = 100: this uses a similar proportion of the
overall data as analogs as in Deser et al. (2016).

Precipitation trends are calculated using OLS regression: performing this for each LE member gives a spread in
trends. We interpret the LE mean to be an estimate of the forced trend and the spread of trends as the internal
variability. The difference between the observations and the model mean is interpreted as the contribution of
internal variability to the observed trend, although model and observational errors could contribute. 95% con-
fidence intervals are estimated by bootstrapping with 1,000 resamples.

2.4. Regions and Seasons Studied
We examine five subtropical Mediterranean-type climates, shown in red boxes in Figure 1a. The regions are:

. The US Southwest (“USSW”: 123°W-105°W, 32°N-39°N)
. The Mediterranean (“Med”: 10°W—40°E, 30°N-45°N)

. Central Chile (“Chile”: 74°W-70°W, 30°S—-42°S)

. Southwest South Africa (“SWSA”: 18°E-21°E, 32°S-35°S)
. Southern Australia (“SAus”: 114°E-142°E, 30°S-39°S)

WD A W N =

These contain Koppen Csa- and Csb-type climates as shown in Seager et al. (2019), however in contrast to Seager
et al. (2019) we do not mask by these Koppen regions due to their small size and use precipitation from all land
points within the red boxes. We use the same eastern boundary in Southern Australia as Polade et al. (2017) to
include the CSb-type climate found near 140°E. We choose to analyze winter months in the peak of the wet
season. These are DJFM for USSW, NDJ for Med and MIJA for Chile, SWSA and SAus (see Section 3.1 and
Figure 1). We also only use the analogs from 1979 to 2022, due to unreliable Southern Hemisphere SLP data
before the satellite era (Fogt & Marshall, 2020; Jones & Lister, 2007). For the SAM index, we calculate the
longitudinal-mean SLP difference between 40°S and 65°S. We then use the unnormalized anomaly (the method
of Velasquez-Jimenez and Abram (2023)) as our SAM index. According to convention, we take a positive SAM
index to be higher-than average pressure at 40°S and lower-than-average pressure at 65°S.

3. Results
3.1. Precipitation Climatology and Trends

We begin by analyzing the CRU-TS and GPCP climatological monthly precipitation of the five regions shown in
Figure 1, which also shows the average monthly precipitation for each region and the interquartile range. In
USSW (Figure 1b), we see two annual wet seasons: in DJFM and in July—August. We focus on the wintertime wet
season of DJFM due to the convective nature of the summertime wet season (Adams & Comrie, 1997; Barlow
et al., 1998; Carleton et al., 1990) which is not well captured by dynamical adjustment. In the Mediterranean
(Figure 1c), we see a smooth annual cycle peaking in December with a minimum in July. Defining a strict wet
season is more difficult here, but months NDJ all have mean precipitation of over 50 mm/month in CRU-TS and
60 mm/month in GPCP. We therefore take this to be the wet season. In all three Southern Hemisphere regions
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Figure 1. (a) shows the regions used. Red boxes show the region over which precipitation averages are calculated, and blue boxes show the domains for the pressure
analogs. The y-axis range is different for each region. (b—f) Show the observed climatology (CRU-TS: 1901-2022, GPCP: 1979-2022) of monthly mean precipitation in
the 5 MCs. Shading shows the interquartile range of the monthly rainfall. (g—k) Show timeseries of the wet season mean monthly precipitation in the 5 MCs with a 10-
year rolling average and the trend over the satellite era (1979-2022, black, with 95% confidence interval shaded in color, regions with significant trends indicated by a

blue star).

(Figures 1d-1f), we see a similar seasonal cycle in precipitation with a peak in July and a minimum in the summer
months. By examination, we define the wet season to be MJJA for all three regions.

The timeseries (Figures 1g—1k) reveal that all MC regions have experienced decadal variability in addition to a
wet season drying trend over the satellite era (1979-2022). This trend is most pronounced and has the highest
confidence in Central Chile (Figure 1i), while it is least pronounced and has low confidence in the Mediterranean
(Figure 1h). In the three Southern Hemisphere regions (Figures li—1k), since approximately 2010, the CRU-TS
data shows decadally averaged precipitation has been lower than at any point in the 20th century. Similarly, in the
Northern Hemisphere regions (Figures 1g and 1h), recent decadally averaged precipitation is at the lower end of
the distribution considering years going back to 1900. These recent lows across all five MCs motivate a deeper
investigation into the drivers of this drying.

3.2. Dynamical Adjustment Results

We now apply the dynamical adjustment framework to the precipitation trend in these regions, using both ob-
servations (ERAS5/CRU-TS, ERAS/GPCP) and the three large ensembles (CESM, MPI & EC-Earth). As an
example, we initially focus on the precipitation trends in Central Chile (Figure 2). In the CRU-TS observations we
see a total drying trend in Central Chile of —1.13 + 0.74 mm/month/year in MJJA over the period 1979-2022
(Figure 2k), and —1.24 £+ 0.56 mm/month/year in GPCP (Figure 21). In Figures 2a and 2f, we split the total
CRU-TS trend into dynamic and residual trends, and likewise for GPCP in Figures 2b and 2g. We see that in both
observational data sets, the dynamic trend is stronger and more spatially widespread than the residual trend. This,
along with the high pressure trend west of Chile shown in the contours (Figures 2a and 2b) provides strong
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Figure 2. Central Chile precipitation trends: the top row shows dynamic trends, middle row residual trends, and bottom row total trends. The left columns show observed
ERAS5/CRU-TS and ERAS5/GPCP trends; the right columns show ensemble mean trends for CESM, MPI, and EC-Earth. Precipitation trends are shown in color and SLP
trends as contours (0.03 hPa/year for observations, 0.01 hPa/year for ensembles; solid = positive, dotted = negative). Purple hatching shows where 75% of ensemble
members agree on the sign of the trend. The subplot text shows the average trend over the red MC region (with 95% confidence intervals for observations).

evidence the observed drying trend in Chile is mostly associated with circulation anomalies in the Pacific to the
west of Chile, in agreement with Garreaud et al. (2020).

In the ensemble mean (forced) trends of the LEs, we also see a negative total precipitation trend (Figures 2m—20).
It is shifted approximately 5° further south, with little drying north of 35°. In addition, the magnitude of the drying
trend is significantly lower than in the observations, ranging from —0.16 to —0.27 mm/month/year compared to
over —1 mm/month/year in observations. However, the dynamical adjustment also shows that a substantial
portion of these forced trends are associated with circulation trends. CESM, MPI and EC-Earth attribute over half
of the total ensemble mean precipitation trend to dynamics. CESM and MPI both show a residual drying
contribution, however EC-Earth simulates a small residual wetting.

Next, we extend this analysis to all five MC regions and the distribution of LE trends. Maps for the other MCs
similar to Figure 2 are available in Figures S3-S6 in Supporting Information S1. The results from all the regions
are summarized in Figure 3. Beginning with Central Chile (Figure 3c), we see that the CRU-TS and GPCP overall
trends are completely outside the distribution of trends in the CESM and MPI LEs, and toward the bottom end of
the EC-Earth ensemble (right group of violin plots). The results are similar for the observed dynamic trends (left
group). The residual trend is also below the mean of the ensembles, and completely outside for GPCP. We note
that some ensemble members show wetting, highlighting the ability of internal variability to override the forced
trend (see Figures S7 and S8 in Supporting Information S1 for evaluation of the models' internal variability).

In SWSA, the observed total drying trends are consistent with the ensembles, though again on the drier end of the
distributions. SWSA exhibits a dynamic wetting in both observational data sets. These are mostly consistent with
the ensembles, though the mean (forced) response across all three LEs appears to be a drying. However, there is a
statistically significant residual drying in the observations, at the drier edge or completely outside the LEs. In
SAus, we again see a large ensemble spread. The dynamic, residual and total trends all show a drying on average,
with varying significance. Both observational estimates of the observed dynamic and residual trends are at the
drier end of the ensembles, and the total precipitation trends from both CRU-TS and GPCP are slightly outside the
distribution of trends from MPI and EC-Earth.

In both Northern Hemisphere regions, the CRU-TS and GPCP area-averaged precipitation trends are similar,
although the spatial patterns differ somewhat in the Mediterranean (see Figure S9 in Supporting Information S1
for further discussion). In both USSW and Med the total observed trends are consistent with the ensembles but
again toward the drier end, despite substantial inter-model variability. The observed dynamic trends are well

DOANE-SOLOMON ET AL.

Sof 11



A~y
.
M\I Geophysical Research Letters 10.1029/2024GL114258
AND SPACE SCIENCES
Dynamically adjusted monthly wet season precipitation trends in MCs
Comparison of CESM, MPI, EC-Earth LEs and the CESM-AMIP ensemble with ERA5/CRU-TS and ERA5/GPCP
USSW, DJFM Med, ND)
a) 0.41p)
0.6
0.3
= 04
E 0.2 ® ERA5/CRU-TS
‘g 0.2 o1 W ERA5/GPCP
£ o014 — & B W | ’ A A8 = mmmm CESM
I3 o @ @8 o @ = [
o2l TE @ 0.0+—A—8—8 MPI
. [ B & 8 8 o g g ° EC-Earth
204 —0.1
S CESM-AMIP
E _06 -0.2
-0.8 -0.3
Chile, MJJA SWSA, MJJA SAus, MJJA
0.2
c) 0.4 d) e)
0.5
- . 01
£ 0.0 2 i ¢
s | § ¥ % - R i o0 —=—=—= =
£ M B 0.0{—= = L | B =B
£-05 s s n " | N | ! | B | ~0.1 o o o § v e E
2 LI "I o | L
{2 o
g—l.o LA [N [ Y1 ¥ ~0.2 o o o
: : : o o o " = =g
-0.4 L .

D QD @ N QD Q@ DD @ D N QD @ N QD Q@ N Q@ D QD QD D QL N QD@
FIELE FES S S PSS SIS S FEE FES G S
FFEG P EG oSS T IEG G FNEES S T HEG g FNES S
PR SJFOE RN JENRC S o & < PPN JENRC EPE O o @ & P

S & & e &S L o & & R & T o S i &5 T

O & & ;s & & o¥ & & &

Figure 3. Dynamically adjusted wet season precipitation trends for CESM, MPI, EC-Earth LEs (1979-2022) and the CESM-AMIP ensemble (1979-2019) compared to
ERAS5/CRU-TS and ERAS5/GPCP observations. Subplots (a—e) represent USSW, Med, Chile, SWSA, and SAus. The violins show dynamic, residual, and total trends for

the CESM, MPI, EC-Earth, and CESM-A
95% confidence. The gray line indicates

MIP ensembles, with the means as horizontal lines. Observed trends (ERAS5/CRU-TS, ERAS5/GPCP) are filled if significant at
zero trend.

within the distributions, but in Med, the residual drying is outside all but CESM. We note the lack of statistical
significance in the overall observed Mediterranean drying, in contrast to the strong drying seen in Seager
et al. (2024). High levels of NAO multidecadal variability and our choice of a different time period may explain
this discrepancy (Harvey et al., 2023; Seager et al., 2019).

In summary, across all five regions we see an observed total drying trend, with statistically significant trends in
USSW, Chile and SAus. All three LEs simulate a total drying trend in the ensemble mean, except for EC-Earth in
USSW and Med. In the observations, all regions show a residual and dynamic drying trend except for the dynamic
trends in Med and SWSA. We see statistically significant dynamic drying in Chile. Dynamic trends contribute the
largest fraction of the observed and modeled trends in Chile and USSW, while residual and dynamic are
approximately equal in SAus. Most notably, the observations are often toward the edges of the ensemble spread,
and sometimes entirely outside it. Using the JRA-3Q reanalysis (Kosaka et al., 2024) to perform the dynamical
adjustment instead of ERAS gave similar results (not shown).

3.3. Contribution of External Forcing

Figure 4 shows the contributions of forced dynamic, forced residual, internal dynamic, and internal residual trends
to the total observed drying in the five MCs, calculated as described in Section 2.3. In general it appears internal
variability dominates over forced contributions, however all regions show a large internal residual, raising
concerns about the models' ability to accurately simulate the forced residual component. The Southern Hemi-
sphere regions exhibit negative forced dynamic trends, but these are smaller in magnitude than the internal dy-
namic trends. In USSW the modeled forced responses are weak and inconsistent, but internal variability can
produce drying trends as large as the observed. The Mediterranean is the only region where forced trends are
comparable to internal variability, though the internal residual remains the largest contributor to the observed
drying.

3.4. Influence of the Southern Annular Mode (SAM) and Observed SST Trends

The SAM has been demonstrated to have influence over precipitation variability in the midlatitudes (Gillett
et al., 2006; Lim et al., 2016; Meneghini et al., 2007). In Figure S10 in Supporting Information S1 we show the
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Contribution to observed 1979-2022 drying trend
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Figure 4. Contribution to observed precipitation trends in MCs (1979-2022) for regions USSW, Med, Chile, SWSA, and SAus. The bars show the multimodel mean
trends. Error bars for the forced components represent the maximum and minimum ensemble mean trends. For the internal components, they show the difference
between the maximum observed trend (CRU-TS/GPCP) and the minimum model mean trend (CESM/MPI/EC-Earth), and vice versa.

relationship between the modeled SAM trend and dynamic precipitation trend in MJJA for the Southern
Hemisphere MCs. The SAM explains 20% of the variance in trends in dynamic precipitation in Chile but 1% in
SWSA and SAus. This suggests (in line with Seager et al. (2019)) that SAM trends may only have had a weak
influence on recent wintertime drying in MCs, even if the SAM is thought to be important in the future (Lim
et al., 2016). Additionally, the large spread in simulated SAM trends is further evidence of a weak forced cir-
culation response compared to internal variability.

To understand the influence of observed SST trends, in Figure 3 we also compare the CESM LE with the CESM
AMIP ensemble, using data from 1979 to 2019. In Chile (Figure 3c), the mean dynamic, residual and total trends
are significantly closer to observations in the AMIP ensemble than in the LE. However, prescribing observed
SSTs does not change the fact that the observed trends are still outside the model distribution. The spread is
smaller, although this is possibly due to having 10 members in the AMIP ensemble compared to 100 in the LE. In
USSW and SWSA (Figures 3a and 3d) the mean drying from the AMIP ensembles is only slightly closer to the
observations than the large ensemble. In SAus (Figure 3e) there is large variability in the AMIP ensemble: a
slightly drier mean dynamic drying is offset by a residual drying mean that is further from observations than in the
LE. Finally, in the Mediterranean (Figure 3b), the AMIP ensemble suggests both a dynamic and residual wetting.

4. Discussion

In this study, we have shown the importance of both large-scale dynamics and other, residual processes to the
observed wet season drying trends in five Mediterranean-type climate regions. All five regions have exhibited a
recent drying trend, with the models suggesting a component of this is forced in the Southern Hemisphere,
although that forced component is relatively small. Dynamic precipitation trends are particularly large in Central
Chile and also contribute significantly to the drying in the US Southwest and Southern Australia. All five regions
also show negative residual trends. The observed precipitation trends are at the edge or outside of the ensemble
range in many cases, in particular in the Southern Hemisphere.

These observed trends are not always consistent with the ensemble means (e.g., dynamic trends in SWSA),
suggesting a substantial role of internal variability. However, this assumes the LEs accurately simulate the forced
response and variability, which appears unlikely. For instance, the three LEs disagree on the sign of the forced
dynamic trend in both Northern Hemisphere regions, and of the forced residual in all regions except the
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Mediterranean. Therefore, the decomposition into forced and internally driven components should be treated with
caution in these cases. Seager et al. (2024) also find larger MC wintertime precipitation declines in CRU-TS than
in models, which aligns with our findings despite using slightly different time periods, seasons, and regions. We
therefore believe that these models should be more closely examined for their representation of mechanisms
involved in subtropical drying.

The existence of the residual drying in all five regions motivates the question of its physical interpretation.
Residuals have previously been attributed to thermodynamic effects from radiative forcing (Guo et al., 2019) in
line with the wet-get-wetter, dry-get-drier principle (Held & Soden, 2006). O’Reilly et al. (2017) caution that the
residuals may contain smaller-scale dynamic processes and sub-monthly circulation variability: Parker and
Gallant (2022) find that sub-monthly rainfall variability is critical for controlling drought in Southern Australia.
We agree with these assessments, and add that any upper- or mid-level dynamic changes independent of SLP that
influence precipitation are not reflected in the dynamic component. Additionally, we highlight that coupled
dynamic-thermodynamic change is also included in the residual component. For example, nonlinear interactions
between humidity trends and pressure trends will not show up in the dynamic trend but in the residual trend
instead, and an interaction between a forced humidity trend and an internal pressure trend will end up in the
internal residual. Due to these nonlinearities, we argue that the internal dynamic component does not capture all of
the true dynamic variability and that the forced components are potentially an underestimate of the true
anthropogenic effects. Indeed, the large negative internal residuals in all five regions may imply that the models or
the framework are underestimating the forced residual in particular: future work is necessary to understand the
physical processes influencing the residual drying.

The CCA framework used here provides an alternative method of understanding the physics of precipitation
change in MCs compared to the direct moisture budget analysis used in Seager et al. (2019). That study finds that
a large component of near-term future drying in Central Chile is driven by the change in mean flow moisture
divergence, and that SAM trends are not a major driver of the drying. Our analysis also indicates that over the
recent observed period dynamic change has been the dominant factor in both observations and models and that the
hemispheric SAM trend has only had a weak contribution. Indeed, the dynamic drying in Chile and Australia
contrasts with the dynamic wetting in South Africa. This is despite the SAM being the dominant mode of at-
mospheric variability in the Southern Hemisphere (Fogt & Marshall, 2020; Hessl et al., 2017; Marshall, 2003) and
this variability being overestimated in CMIP6 models (Coburn & Pryor, 2021). Woollings et al. (2023) find a
significant strengthening in ERAS of JJA zonal wind over South Africa but nowhere else, potentially consistent
with our finding of dynamic wetting, and further suggesting weak SAM-congruent trends. Therefore, we argue
that the recent MJJA dynamic drying is driven by regional high pressure patterns unrelated to the SAM (see
Waugh et al. (2020) for related wind trends), as shown in Figure S11 in Supporting Information S1. We also note
that the consistent magnitude of dynamic drying between the models in the Southern Hemisphere regions sug-
gests that the differing Southern Hemisphere jet biases in these models (Simpson et al., 2020) likely have little
influence.

Additionally, residual precipitation trends in models are also inconsistent with observations in Southwest South
Africa, the Mediterranean, and Central Chile, raising questions about the models' fidelity beyond atmospheric
dynamics. CMIP6-generation models are known to have opposite-signed Pacific SST trends to observations,
simulating a weakening of the zonal SST gradient whereas observations show a strengthening unlikely due to
internal variability (Seager et al., 2022; Wills et al., 2022). USSW and Chile precipitation is known to be
modulated by these tropical Pacific SSTs (Campos & Rondanelli, 2023; Montecinos & Aceituno, 2003; Wang &
Kumar, 2015), likely having implications for the forced precipitation trends in these regions as explored by Alessi
and Rugenstein (2024). Our AMIP analysis finds that recent SST trends have likely contributed to the drying in
Chile, in agreement with Garreaud et al. (2020). Elsewhere, SST impacts appear small, though Mediterranean
SST warming may have offset drying (in contrast to findings in Hoerling et al. (2012)). However, our analysis
relies on only one set of AMIP simulations from CESM, and a more detailed analysis of multiple AMIP simu-
lations and of tropical versus extratropical SSTs would allow for more robust results. Furthermore, the tropical
Pacific is known to affect the SAM (Karoly, 1989; Q. Ding et al., 2012; H. Ding et al., 2015), so more research is
needed to understand how our Southern Hemisphere MC results are impacted by SST trends.
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