California
Water
Research

“Known unknowns” about increases in extreme events, climate dynamics, and
deep uncertainty about climate model projections

DRAFT
February 2023 Deirdre Des Jardins

In the field of climate science, researchers use the term "known unknowns" to describe the
factors that remain unclear despite ongoing research. The impacts of climate change have been
accelerating over the past decade, and the current generation of climate models do not fully
capture the increases in extreme events. The underlying climate dynamics are the focus of
active research and model experiments by teams of researchers around the world the current
generation of climate models. the current generation of climate models.

In this synthesis, we focus on some of the most significant "known unknowns" about the climate
dynamics affecting California's precipitation. The goal is to show how combining evidence
across scales from global to regional can provide a more comprehensive assessment of current
knowledge about impacts of climate change. The Sixth Assessment Report of the
Intergovernmental Panel on Climate Change, Working Group | (IPCC AR6 WG1 2021)
emphasizes the importance of this approach, as it can increase confidence in attributing
observed climate change to human influence and reduce uncertainties associated with single-
variable assessments.

1. Increases in frequency of extreme events
The IPCC Working Group | (IPCC AR6 WG1 2021) found:

Human-induced climate change is already affecting many weather and climate extremes
in every region across the globe. Evidence of observed changes in extremes such as
heatwaves, heavy precipitation, droughts, and tropical cyclones, and, in particular, their
attribution to human influence, has strengthened since ARS5.

(p. 25.)

In western North America, the Southwest has seen a megadrought, the driest two decades for
soil moisture in the last 1200 years (Williams et al. 2020; Williams et al. 2022). California saw
driest four year period in the observational record in 2012-2015 (CDWR 2016). The extreme
heatwave in the Pacific Northwest in 2021 (Philip et al. 2021) was followed by extreme flooding
in British Columbia (Gillett et al. 2022). In South America, Central Chile has been experiencing a
prolonged dry period since 2010, with mean rainfall deficits from 20-40% (Garreaud et al.
2020). In Europe, there has been a steady increase in wetness in Central and Eastern Europe,
Britain and Scandinavia, since 1983, the wettest 30 year period in the past 1000 years
(Markonis et al. 2018). Western Europe saw extreme flooding in June 2021(Kreienkamp et al.



2021). With the same kind of north-south dipole as western North America, the Mediterranean
region and Spain have had three dry decades since 1983 (Markonis et al. 2018). The
Mediterranean region suffered an extreme heatwave in summer 2021 (Lhotka and Kysely
2022). In 2022, there was an extreme Northern Hemisphere drought, affecting regions in North
America, Europe, and Asia. (Schumacher et al. 2022).

The same year that the IPCC Working Group 1 report came out, European researchers
published a study (Robinson et al. 2021) that found a staggering increase in the most extreme
heat waves and precipitation events. The research team found that 3-sigma and 4-sigma
extremes - events that are three and four standard deviations from the mean, respectively -
became much more common in the first decade of this century, covering about 5% of the global
land area from 2001 to 2010. This percentage increased rapidly to about 9% over the
subsequent decade, representing a roughly 90-fold increase compared to the period from 1951
to 1980. What is particularly alarming is that the occurrence of 4-sigma extremes, which were
nearly absent in the first decade of the century, affected about 3% of the land area from 2011 to
2020, reflecting a roughly 1000-fold increase compared to 1951 to 1980. (See Figure 1.)

(Robinson et al. 2021) found huge increases in extreme heat events on every continent, and
statistically significant increases in precipitation extremes in Europe, Asia, eastern South
America, and the central US. However, they found a statistically significant decrease in
precipitation extremes in western North America. The IPCC Working Group 1 found low
confidence in the direction of change in precipitation extremes in western and northwestern
North America. Nevertheless, Working Group 1 found medium confidence in the human
contribution to the increase in drought in western North America, the Mediterranean, and South
Africa, as well as central Asia (IPCC AR6 WG1 Figure SPM.3)

The declining trend in extreme precipitation in western North America for 2011-2020 is
anomalous in that extreme precipitation is expected to increase as the planet warms due to an
increase in the water holding capacity of the atmosphere as represented by the Clausius—
Clapeyron relationship, and has been increasing in most other regions. (IPCC AR6 WG1 2021)
states that the projected increase in the magnitude of extreme precipitation is estimated at
about 7% per 1°C warming, states “although this rate shows seasonal and geographical
variations and is slightly less for five-day than for one-day precipitation maxima.”

While coupled climate models predict an increase in wet extremes in western North America
(Swain et al. 2018; Gershunov et al. 2019; Rhoades et al. 2021), observations have shown a
long term declining trend in extreme precipitation in this region. For instance, (Lamijiri et al.
2020) analyzed trends in annual 3-day maximum precipitation totals in the continental US from
2050-2019 and found a declining trend in western North America. As discussed later in this
report, this anomalous trend may be related to major shifts in ocean / atmosphere dynamics that
impact the number and duration of landfalling atmospheric rivers on the west coast of North
America and California.


https://www.ipcc.ch/report/ar6/wg1/figures/summary-for-policymakers/figure-spm-3/
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Figure 1 (Robinson et. al. 2021) Caption: Extremes and records of the last decade. Top panel: annual mean
temperature anomalies (units of a) for 2011-2020. Middle panel: total number of monthly temperature records for
2011-2020 (the maximum possible value at each grid point is 120 = 12 months x 10 years). Bottom panel: Deviation
of observed daily-rainfall records from those expected in a stationary climate (in %), aggregated for SREX regions
and averaged between 1980 and 2016. Regions with statistically significant deviations from a stationary climate are
highlighted with bold frames. (Creative Commons 4.0 license)

2. Climate adaptation under increasing uncertainty

The California Department of Water Resources last convened a general Climate Change
Technical Advisory Group (CCTAG) from 2012-2015. The report (CCTAG et al. 2015)
emphasized the importance of understanding underlying hydrologic and atmospheric processes
and identifying knowledge gaps about how the processes integrate to produce floods or


https://creativecommons.org/licenses/by-nc/4.0/

droughts. The group also recommended further investigation into variability across different
scales:

Finally, the CCTAG recognizes that variability across different space and time scales,
including decadal scale variability, is an important part of the climate system that may
not be adequately understood or captured in the observed historical record. Its
incorporation into stress tests and extremes has a clear tie to evaluating water system
shortages resulting from droughts of various magnitudes and durations. Further
investigation and discussion should be included in future efforts.

Recent years have seen increasing uncertainty about the causes of reduced precipitation in
western North America. An influential mid-drought attribution study of the 2012-2016 California
drought by (Seager et al. 2014) attributed the reduced precipitation to decadal variability, as the
coupled global climate models projected only weak drying. The authors noted “[t]he other point
of faith in the model projections is that they correctly represent the radiatively-forced SST
change” and that observed trends in the tropical Pacific were contrary to model projections.

Since 2015, there has been a huge investment in supercomputer time to run large ensembles of
global climate models, enabling much better evaluation of internal variability of the models and
greatly improving our understanding of the relative roles of internal variability and forced change
in the climate dynamical system (Kay et al. 2015; Deser 2020; Deser et al. 2020; Mankin et al.
2020). (IPCC AR6 WG1 2021) highlighted the increased use of large ensembles as a significant
improvement, allowing a better quantification of uncertainty in projections due to internal climate
variability, stating:

Simulations and understanding of modes of climate variability, including teleconnections,
have improved since AR5 (medium confidence), and larger ensembles allow a better
quantification of uncertainty in projections due to internal climate variability.

Large ensembles have been critical in recent years in advancing our understanding of the
uncertainty of climate model projections due to model structural uncertainty, which comes from
our incomplete understanding of the complex dynamics of the climate system, and imperfect
representation of known processes (Deser 2020). The recent study by Seager et al. (2022), co-
authored by two of the authors of the influential 2014 California drought attribution study,
significantly undermines the conclusion that the drought was caused by natural variability. The
authors used large ensembles to evaluate climate models' ability to reproduce observations-
based trends in tropical Pacific Sea surface temperature. The study found that the latest
generation of models still failed to reproduce these trends, leading the authors to conclude that
the observed trends are extremely unlikely to be consistent with modeled internal variability.

Seager also co-authored a review with leading researchers (Lee et al. 2022), which concluded
that there is major uncertainty about the affect of climate change on the complex dynamics of
the tropical Pacific and the future evolution of the El Nifio / Southern Oscillation (ENSO.) In the
face of low confidence in future projections, the researchers suggested that a storyline approach
could provide a pathway for describing risks to users, with climate adaptation practitioners
outlining the divergent possible futures based on model projections and observational
trajectories. The Delta Independent Science Board (Delta Independent Science Board 2022)
also recommended a scenario-based approach for uncertainties about water resources that
cannot be reliably predicted, stating:



Non-probabilistic scenarios and sensitivity analyses are useful to explore the stability,
impacts, and adaptability of water management solutions under uncertainties that cannot
be reliably predicted.

Recent years have also seen cascading climate impacts of extreme heat, drought, increasing
aridity, wildfires, increased storm intensity and flooding. The ocean / atmosphere and land /
atmosphere interactions and feedbacks causing these cascading impacts are incompletely
understood. (IPCC AR6 WG1 2021) found that:

Very rare extremes and compound or concurrent events, such as the 2018 concurrent
heatwaves across the Northern Hemisphere, are often associated with large impacts.
The changing climate state is already altering the likelihood of extreme events, such as
decadal droughts and extreme sea levels, and will continue to do so under future
warming. Compound events and concurrent extremes contribute to increasing probability
of low-likelihood, high-impact outcomes and will become more frequent with increasing
global warming (high confidence).

(Dettinger and Culberson 2008) observed rather presciently that “human-induced climate
changes, mostly in the form of long-term trends, are projected to be larger and more sustained
than those long-term fluctuations in the historical period, and comparable to—or larger than—
natural climate excursions in the past several millennia.”

Analyses of recent trends are also complicated by the fact that the climate during the
observational record from the 19 to the 21st Century is likely nonstationary. The accelerating
increase in global surface temperature seen in the 20" Century started around 1950 at the end
of the Little Ice Age. See Figure 2, reproduced from (IPCC AR6 WG1 2021).
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Figure 2 Global surface temperature (IPCC AR6 WG1 2021) Box TS2, Fig 2B

In the face of such uncertainty, (Dettinger and Culberson 2008) urged California researchers
and climate adaptation practitioners to:

e Address more certain projections directly and less certain changes by increasing
flexibility



e Pursue risk-based decision-making
e Support competing hypotheses
e Explore contradictions

The rest of this report explores the recent multidecadal shifts in modes of climate variability that
affect precipitation in California, going from global to synoptic to regional scale.

1. Atrend in increasing monthly ocean and land temperature autocorrelations and
variability since mid-century
A possible slowdown in the Atlantic Meridional Overturning Circulation
A (temporary?) slowdown in the Pacific Meridional Overturning Circulation
Shifts in the Atlantic Multidecadal Variability (AMV)
Shifts in the El Nifio / Southern Oscillation, including
a. A shift to a more La-Nifa like pattern in the tropical Pacific, starting around 1999 /
2000
b. A shift in the types of El Nifios, starting in the mid-1970s
6. Shifts in the Pacific Decadal Variability (PDV)
7. A decrease in atmospheric rivers landfalling on the west coast and California since mid-
century
8. An increase in atmospheric ridging in the Northeast Pacific associated with drought

o s

We also explore recent research which shows that some major knowledge gaps persist with the
current generation of coupled global climate models. Coupled climate models fully integrate
representations of the physical processes that form the climate dynamical system, including the
atmosphere, oceans, land surface, and cryosphere. Coupled climate models are referred to by
generation of the Coupled Model Intercomparison Project. The fifth CMIP (CMIP5) was
conducted from 2008 to 2014 and involved 20 modeling groups and more than 30 models. The
California Department of Water Resources has been using models from CMIP5 for climate
change studies.

The sixth CMIP (CMIP6) was conducted from 2016 to 2022 and involved more than 40
modeling groups and more than 100 models. CMIP6 includes significant improvements over
CMIP5, including higher spatial resolution and more detailed representations of atmospheric
and oceanic processes. However, significant gaps in our knowledge remain, and are the focus
of experiments by Model Intercomparison Projects (MIPs) which focus on representations of
major components such as the atmosphere, oceans, or cryosphere. This report also inventories
major knowledge gaps related to differences between coupled climate model projections and
observations, from the global to the regional scale.

1. Coupled climate models are unable to replicate global climate variability in observed sea
surface temperatures in the Atlantic and Pacific.

2. Coupled climate models are unable to reproduce current multidecadal trends in the El
Nifo / Southern Oscillation towards a La-Nina like pattern.

3. CMIP5 coupled climate models systematically underestimate the low frequency
multidecadal variability in the Pacific Ocean. It is slightly improved in CMIP6 but remains
a concern.



4. Declining trends in maximum annual precipitation and landfalling atmospheric rivers on
the west coast of North America are contrary to coupled climate model ensemble
projections.

5. The “drier, extreme warming” HadGem2-ES climate model was one of the climate
models found to best model atmospheric ridging in the North Pacific associated with the
2012-2016 drought.

The final section of this report looks at recent multidecadal trends in precipitation in California.
Distinguishing recent multidecadal shifts in precipitation and increased frequency of extreme
events from natural variability is complex and difficult. In California, paleoclimate reconstructions
also show much larger variability across timescales than found in the observational record
(Malamud-Roam et al. 2007).

However, as noted by (Palmer 1999) changing probability distributions for regional climate
variations is expected to be the first response to external forcing by anthropogenic climate
change. Recent changes observed in climate variables are therefore consistent with the
behavior of coupled, nonlinear dynamical systems perturbed by external forcing. While the shifts
may be consistent with known patterns of natural variability over millennial timescales, this does
not necessarily disprove an anthropogenic cause.

3. Global shifts in ocean dynamics

Figure 3 Global meridional overturning circulation (Robert Simmon, NASA. Minor modifications by Robert A. Rohde)

This section looks at global, decadal scale variability in ocean dynamics. In complex systems
theory, it has been found that when simplified models of large, coupled systems approach
tipping points, they tend to exhibit increased autocorrelation, meaning that the behavior of the
system in its current time step becomes more dependent on its behavior in previous time steps.
The system also becomes increasingly sensitive to small perturbations and feedback
mechanisms (Lenton et al. 2008; Scheffer et al. 2009; Lenton 2011).

It is therefore potentially highly significant that (Lenton et al. 2017) found that monthly
temperature variability and autocorrelation increased over the period of 1957-2002 in large parts
of the North Pacific, North Atlantic, North America, and the Mediterranean. The increased



autocorrelation may be associated with the slowdown of the Atlantic part of the global
Meridional Overturning Circulation, called the AMOC. (Figure 3 shows the global Meridional
Overturning Circulation.)

(Caesar et al. 2021) examined multiple different proxy indicators of the AMOC and found
evidence that there was an unprecedented decline in the 20th century, concluding that “the
AMOC is currently in its weakest state in over a millennium.” However, (Kilbourne et al. 2022)
argued that the conclusions of (Caesar et al. 2021) could be different if a more data from the
North Atlantic region was analyzed, and that the strength of the AMOC over recent centuries is
still poorly constrained.

(IPCC AR6 WG1 2021) found it “very likely” that the AMOC will weaken by 2100 and only
medium confidence that there will not be an abrupt collapse before 2100. (p. 1165.)

(a) Marine heatwaves

151
Future (CMIP6)

Past (observed) }
Past (simulated)
T T Cha

' Change
in 2100

10/

bl

multiplication factor

(b) Atlantic Meridional Overturning Circulation (AMOC)

5
Past (simulated) Past (observed)

Sv
o

-10 Future (CMIP6)

1850 1900 1950 2000 2050  2100C7nSe

— Past (simulated) = Future (SSP1-2.6) mean; 5-95% range
— Past (observed) — Future (SSP2-4.5) mean
— Future (SSP3-7.0) mean; 5-95% range
== Future (SSP5-8.5) mean; 5-95% range

Figure 4 Marine Heatwaves and AMOC (IPCC AR6 WG1 2021) Figure TS.11

Compared to the AMOC, the Pacific Meridional Overturning Circulation (PMOC) has had few
studies, but (McPhaden and Zhang 2002) analyzed hydrographic data and found a slowdown
starting in the mid-1970s, which was confirmed by later studies of dissolved oxygen (Deutsch et
al. 2006) and chlorofluorocarbons ((Sonnerup et al. 2007). The slowdown coincided with a
warming of the eastern equatorial Pacific by 1°C, a shift in El Nifio types, and with a shift in
North Pacific dynamics that was later determined to be part of the Pacific Decadal Variability
(Miller et al. 1994; Trenberth and Hurrell 1994; Mantua et al. 1997).

(McPhaden and Zhang 2004) found a rebound in PMOC after the strong La Nifia of 1998 through
2003. SSTs in the eastern equatorial Pacific dropped by more than 0.6°C. The shift occurred after
a positive shift in the Atlantic Multidecadal Variability, a pattern of slow variations in Atlantic sea
surface temperatures over about 60-80 years. The warm phase of the AMV is associated with
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warm SST anomalies in the North Atlantic, and the cool phase with cool SST anomalies. when
sea surface temperatures in the North Atlantic are warmer than normal, and a cool phase, when
sea surface temperatures in the North Atlantic are cooler than normal, but there are associated
variations in the Pacific Ocean (Figure 5).

(IPCC AR6 WG1 2021) found evidence for “two-way teleconnections between the tropical
Atlantic and Pacific on interannual to decadal time scales, such that the tropical Atlantic
variability responds and feeds back to the Pacific.” (Yang et al. 2020) found that Pacific SST
anomalies are driven by a coupling of the variation in surface SSTs in the tropical Atlantic with
the tropical Pacific via surface wind anomalies in the central and eastern Pacific.

The Atlantic Multidecadal Variability (AMV)
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Figure 5 Atlantic Multidecadal Variability (IPCC AR6 WG1 Annex V)

(Orihuela-Pinto et al. 2022) forced a global climate model with fresh water added to the Atlantic
to analyzed impacts of AMOC shutdown on the Pacific. They found that ENSO variability
decreased by about 30%, with a stronger Walker circulation and a shift toward more central Pacific
El Nifio than eastern Pacific El Nifio events, and a 95% reduction in extreme El Nifios. As will be
discussed, similar changes have been seen in recent years, except for the reduction in extreme
El Nifios.

(Kravtsov et al. 2018) found that global climate models are unable to replicate global decadal-
scale climate variability (DCV):



global DCV modes are likely to be due to a combination of multiple slow, regional-to-basin-
scale oceanic processes defining dynamical memory of the climate system in the
presence of fast, large-scale atmospheric processes. The latter fast processes can both
supply energy for DCV and provide means for intra- and inter-basin communication and
synchronisation of decadal climate modes.

Controlled coupled climate model experiments nudged to replicate the observed surface
temperatures in the Atlantic or Pacific sector are able to simulate observed global
teleconnections associated with DCV... However, free runs of these models are much
less skillful in reproducing these teleconnections... our results summarise and rigorously
document pronounced quantitative discrepancies between models and observations...

4. Shifts in the El Nifio / Southern Oscillation

The EI Nifio / Southern Oscillation (ENSO) is the dominant global mode of interannual variation
in sea surface temperatures. (Tung et al. 2019). The La Nifia has warm anomalies in the Pacific
warm pool, a large area of shallow seas around the Indonesian archipelago. During La Nifia, the
trade winds and the Walker circulation are stronger than usual, and the eastern Tropical Pacific
Ocean is cooler than usual. See Figure 6, from (Halpert et al. 2016).

La Nina conditions

longitude

Figure 6 La Nifia conditions Source: NOAA Climate.gov

During El Nifio, it's the opposite. Trade winds are weaker than usual. There is less upwelling,
and the sea surface temperatures in the central and eastern tropical Pacific are warmer than
average. Rainfall is above average over the central or eastern Pacific, and below average over
the Indonesian archipelago. (See Figure 7, from (Halpert et al. 2016)

This section looks in detail at the 215t Century shift to La-Nina like patterns in the tropical Pacific,
which happened after the strong 1998 La Nifia. The pattern shift has been associated with the
21st Century megadrought in the Southwest, the worst soil moisture drought in the last 1200 years
(Williams et al. 2020; Williams et al. 2022).
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Figure 7 El Nifio conditions (Halpert et. al. 2016)

La Nina-like patterns in the tropical Pacific have been associated with persistent droughts in the
Southwest in the mid to late 19t century, the Dust Bowl era drought in the 1930s, and drought
in the late 1940s to mid-1950s. (Schubert et al. 2004; Seager et al. 2005; Herweijer and Seager
2008). A study of reconstructed paleo drought data by (Steiger et al. 2019) suggested that
Southwest decadal scale megadroughts between AD 800 and 1600 were “primarily driven by
anomalously frequent and cold, unforced La Nifia conditions, with contributions from a partially
forced warm Atlantic and a forced local temperature increase.”

Figure 8 shows the Multivariate ENSO Index, designed to capture persistent patterns in "sea
level pressure, sea surface temperature, zonal and meridional components of the surface wind,
and outgoing longwave radiation over the tropical Pacific basin." (NOAA Physical Sciences
Laboratory 2023). Negative (blue) values of the index are La Nifa patterns, and positive (red)
values are El Nifo patterns. The blue on the chart after 2000 shows the prolonged shift to
predominantly La Nifa-like patterns in the 21st Century.

The report of the IPCC AR6 WG1 (IPCC AR6 WG1 2021) describes a long term trend towards
La-Nina like conditions, starting in the late 19t Century:

Since 1870, observed SSTs in the tropical western Pacific Ocean have increased while
those in the tropical eastern Pacific Ocean have changed less... Much of the resultant
strengthening of the equatorial Pacific temperature gradient has occurred since about
1980 due to strong warming in the west and cooling in the east... concurrent with an
intensification of the surface equatorial easterly trade winds and Walker circulation.

(p. 988)

The intensification of the eastern trade winds and the Walker Circulation is anomalous; climate
models project that the circulation will weaken. The assessment in Chapter 3 in (IPCC ARG
WG1 2021) concludes:

The causes of the observed strengthening of the Pacific Walker circulation since the
1980s are not well understood, and the observed strengthening trend is outside the
range of trends simulated in the coupled models (medium confidence).
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Figure 8 Multivariate ENSO Index (NOAA Physical Science Laboratory)

However, (IPCC AR6 WG1 2021) also concludes:

Because the causes of observed equatorial Pacific temperature gradient and Walker
circulation trends are not well understood... there is low confidence in their attribution to
anthropogenic influences...while there is medium confidence that the observed changes
have resulted from internal variability.

The failure of climate models to capture recent trends in the tropical Pacific is a major focus of
current research. There have been several new studies published since the (IPCC AR6 WG1
2021) report, which significantly reduce confidence that the observed changes have resulted
from internal variability as represented by current climate models.

In a review article, (Lee et al. 2022) describe the known issues with the climate models from the
fifth and sixth phases of the Coupled Model Intercomparison Project (CIMP5 and CMIP6), and
Large Ensembles of those models (Kay et al. 2015).

During 1958-2017, observed trends in the Nifio-3.4 index... lie either on the cold fringe,
or entirely outside of, the spread of CMIP5 historical simulations (Seager et al. 2019)
[associated figure reproduced as Figure 9.] Discrepancies... persist in the CMIP6
models- Moreover, notable discrepancies were found between the observations and 35
runs of the NCAR Large Ensemble (LENS) project (Seager et al. 2022). These analyses
indicate that the observed SST trends ending in the current decade are at the very limit
of the range of trends in individual CMIP5, CMIP6, and LENS model runs. The disparity
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between CMIP5 trends and the observational data has also been noted in the
acceleration of the Pacific Walker circulation (Li et al. 2019) [footnote citations
converted.]

(Wills et al. 2022) used 16 initial-condition large ensembles to explore whether the mismatch
between observed and modeled trends of SSTs between 1979-2020 could be explained by
internal variability. The authors found “large-scale differences that were very unlikely (<5%
probability) to occur due to internal variability as represented in models.”
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Figure 9 CMIP5 models and Observed SST trends (Lee et. al. 2022)
a Linear trends for 1951-2010 of the equatorial Pacific zonal SST gradient from six observational data
sources (Obs), and 27 CMIP5 models... b Probability density function of the 1951-2010 SST gradient trends
in four large ensemble simulations indicated in the figure. The ensemble size is indicated in parentheses.
Dots and bars in the left margin of b indicate the means and 5-95% ranges. (Creative Commons 4.0
license

In conclusion, several thorough analyses of CMIP5, CMIP86, large ensembles, and initial-
condition large ensembles have been published since the IPCC 2021 report, with significant
findings that it is very unlikely that the discrepancy between observed and modeled trends in the
tropical Pacific are due to modeled internal variability. Even before this research, the IPCC only
gave medium confidence that recent trends are due to internal variability.

5. “Known unknowns” about physical processes in the tropical Pacific

(Lee et al. 2022) has a comprehensive review of “known unknowns” about physical processes in
the tropical Pacific. According to the authors, “[tlheories exist that support the model projections
and argue that the zonal SST gradient should weaken while other theories are consistent with
the observed trajectories and argue that the zonal SST gradient should strengthen.”

(Lee et al. 2022), considers three leading theories. In an EI-Nino like future, the Walker
circulation slows down, weakening upwelling in the eastern Pacific, leading to more warming.
The second alternative has continued upwelling of cold water in the eastern Pacific, because
the deepest ocean waters will be slower to warm due to climate change. This leads to a La-Nina

13


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

like future. A third process creates a La-Nina like future by convection feed backs. Warming
causes stronger convection over the Pacific warm pool, strengthening circulation. Reduction in
cloud cover on the periphery of the Pacific warm pool allows more infrared radiation to space.
Air over the western Pacific Ocean becomes moister, promoting even stronger convection, and
therefore strengthening the Walker circulation. See the accessible and informative discussion by
leading researchers on NOAA’s ENSO blog (Lee et al. 2023).

In the same discussion on NOAA’s ENSO blog, Ulla Heede states:

It is entirely possible that the La Nina-like trends in the Pacific we are observing now are
transient (short-term) and will reverse at some point in the next 100 years and start to
look more like the modeled projections, with the eastern Pacific Ocean warming faster
than the rest of the tropical oceans (9). Even if it is just transient, we need to understand
these trends better: is it a response to global warming? (I tend to think so!), natural
variability, or some mix of the two?

(Heede et al. 2020) forced the Community Earth System Model with a “wide range of both
abrupt and gradual CO2 increases” and found “a robust transient response to CO2 forcing
across all simulations, lasting between 20 and 100 years, depending on how abruptly the
system is perturbed.” The initial response is a La-Nina like pattern, and the equilibrium
response, emerging after 50-100 years, is an El Nifio-like pattern. The rather staggering
implication is that if the current La-Nina like pattern in the tropical is strongly influenced by
transient effects of anthropogenic forcing, it could continue for as long as another 30-70 years.

(Lee et al. 2022) consider such uncertainties and conclude

Climate models have been extensively used for climate risk mitigation planning. In contrast,
observational trends that deviate from model consensus projections have been widely
regarded as being caused by internal variability, and hence have not been considered for
climate risk assessments. However, given the possibility that observed tropical Pacific SST
trends that deviate from the model consensus projection might include a forced response,
observed SST trends should also be considered when assessing climate risks. Faced with
this emerging evidence, not taking observed trajectories into consideration increases the
possibility of making a type 2 error, i.e. a missed warning.

6. The Pacific Decadal Variability

Pacific Decadal Variability (PDV) has been found to be a third leading mode of global
multidecadal variability in sea surface temperatures, along with global warming and the AMV
(Yang et al. 2020). The PDV was also found to be the leading mode of variability associated
with unforced decadal global surface air temperature fluctuations, with additional influence from
the AMV (IPCC AR6 WG1 2021).

The PDO was first defined by (Mantua et al. 1997), as the dominant pattern (first mode in an
Empirical Orthogonal Function) in decadal scale variations in monthly SSTs in the North
Pacific.(Power et al. 1999) defined an Interdecadal Pacific Oscillation, which encompasses the
entire Pacific. There are a number of other indices which collectively represent Pacific Decadal
Variability, but are not independent (IPCC AR6 WG1 2021). (IPCC AR6 WG1 2021) noted that
the instrumental record is too short to robustly characterize multidecadal cycles in the PDV, and
proxy reconstructions disagree:
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There is little coherence between the various paleo-proxy indices prior to the
instrumental record, and neither these nor the instrumental records provide indications of
a clearly defined spectral peak (Chen and Wallace, 2015; M. Newman et al., 2016;
Henley, 2017; L. Zhang et al., 2018; Buckley et al., 2019).

Because of the difficulty of proving or disproving theories about the PDV, it has been the subject
of active research and debate for decades.

(Roe 2009) famously observed that the PDV “should be characterized as neither decadal nor an
oscillation (though it is in Pacific).” Roe used feedback analysis to show that earth systems
which have a sensitive response to forcing will have inherently long oscillatory response times
to either internal or external forcing. Since the PDV does not have a clearly defined spectral
peak, an alternative hypothesis is that it is a red noise process caused by external forcing from
volcanos, aerosols, or greenhouse gas emissions.

(Mann et al. 2020) recently provided more evidence for the external forcing hypothesis, for both
the PDV and the AMV. A multivariate signal detection algorithm was used to search for spectral
signatures in observational data and climate model control runs. They found “no compelling
evidence... for any robust interdecadal or multidecadal climate oscillations, with the only signals
that are distinct from coloured noise found within the interannual ENSO frequency band. (Mann
et al. 2021) analyzed CMIP5 runs, and found a “robust multidecadal, narrowband (50- to 70-
year) oscillatory ‘AMO-like’ signal in simulations of the past millennium; the oscillation is driven
by episodes of high-amplitude explosive volcanism that happen, in past centuries, to display a
multidecadal pacing.”

The role of external forcing in the AMV is the subject of active research and vigorous debate.
(IPCC AR6 WG1 2021) described the current state of knowledge as follows:

The transition between phases has been shown to involve various atmospheric and
oceanic processes, leading to some predictability, but also influences from external
forcing (both anthropogenic and natural), whose respective weight and interplay remain
outstanding issues,

For the PDV, (Sun et al. 2022) clarified the conjecture by (Mann et al. 2020) by using wavelet
analysis on a paleo reconstruction to show that the 50-70 year variation in the PDV pattern
could be the result of volcanic forcing during the Little Ice Age (1250-1850), but that a 20-40
year cycle appears to be due to internal variability. In a synthesis of proxy reconstructions,
(Fang et al. 2019) also found persistent 50—100 year variability during the Little Ice Age.

There has also been continuing debate about whether PDV is due to decadal-scale variability of
ENSO. (Wills et al. 2018) used a sophisticated pattern recognition method (Low Frequency
Component Analysis) to show while the first mode of decadal variability in the North Pacific is
global warming, there is a second mode, independent of the El Nifio / Southern Oscillation and
is similar to the PDO pattern found by (Mantua et al. 1997), and has variability on the 20-40 year
timescale found by (Sun et al. 2022). See Figure 10.
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Figure 10 (Wills et al 2018) Low-frequency components (LFCs) of Pacific sea surface temperature
anomalies. (a)—(c) Low-frequency patterns (LFPs) and the corresponding LFCs.... They represent (a) global
warming, (b) the Pacific Decadal Oscillation (PDO), and (c) the El Nifio-Southern Oscillation (ENSO).

(Heede and Fedorov 2023) found two similar patterns to the first two found by (Wills et al.
2018). The uniform warming pattern was similar; their PDO pattern was the reverse of the PDO
pattern found by Wills et. al. The third mode shows a pattern of warming in the Northeastern
Pacific that appears to include persistent warm blob seen in connection with atmospheric ridging
connected to drought in California.

(Heede and Fedorov 2023) found one climate model (CESM2-FV2) that “shows a late 20th
century trend similar to the observed in the 21st century in terms of changes in the east-west
equatorial SST gradient” and that “it is the simultaneous occurrence of this [residual warming]
pattern and the negative PDO that helps simulate the strengthening of the Walker circulation in
this model.”
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Figure 11 (Heede and Federov 2022, Creative Commons 4.0 license)

The residual warming pattern found by (Heede and Fedorov 2023) is similar to the Pacific
Meridional Mode, which was linked to California drought by (Hartmann 2015), who found that it
had become second mode of variability in monthly temperatures in the North Pacific and the
tropical Pacific since 1979, and was 2-3 standard deviations higher than normal in the winter of
2013-2014.

(Fasullo et al 2020) used large ensembles to evaluate the representation of Pacific Decadal
Variability (PDV) in the current generation of models from the fifth and sixth Coupled Model
Intercomparison Project (CMIP5 and CMIP6). (IPCC AR6 WG1 2021) found that the observed
PDV is “in the tails of the model distributions,” and that

even if one cannot rule out that the observed PDV over the instrumental era represents an
exceptional period of variability, it is plausible that the tendency of the CMIP5 models to
systematically underestimate the low frequency variance is due to an incomplete
representation of decadal-scale mechanisms in these models. This situation is slightly
improved in CMIP6 historical simulations but remains a concern...

7. Links between the Pacific and drought on the west coast of North America

The following details some of the attribution studies that linked the North Pacific pattern
popularly known as the “Ridiculously Resilient Ridge” to climate shifts.

A study of 1949-2015 reanalysis data by (Swain et al. 2016) found large and statistically
significant increases in the frequency of atmospheric ridging patterns associated with drought.
(Swain et al. 2014) looked at which CMIP5 models best correlated with observed ridging, and
found that GISS-E2-H, HadGEM2-ES, and NorESM1-M models had the highest correlation.
Runs for these three models were compared with pre-industrial control runs, with the finding that
anthropogenic forcing runs had greatly increased the probability of ridging.
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Figure 12 Ridiculously Resilient Ridge (PAL, Wikipedia)

More work needs to be done to understand why the HadGEM2-ES model best correlates with
observed ridging. Evaluations have shown that the HadGEM2-ES model has some of the
warmest and driest projections of the ten CMIP5 models selected by DWR’s Climate Change
Technical Advisory Group for use in California water resources planning (CCTAG et al. 2015).
The model was also selected by the California Water Commission for the “Drier, Extreme
Warming” scenario at 2070 ((California Water Commission 2016 Aug), and was selected for the
20 year extreme drought scenario for California’s Fourth Climate Assessment (Pierce et al.
2018), because it projected a dry spell from 2051-2070 with 78% of historical median annual
precipitation, averaged over the North Coast and Sierra California Climate Tracker regions.

Research has also found feedbacks between sea ice loss in the Arctic and the ridging seen in
the North Pacific. (Lee et al. 2015) et al. forced a coupled model with the observed SST
anomalies in the western Pacific and eastern North Pacific, and found a wave-like pattern
similar to the observed perturbation, and that reduced sea ice in the Bering Sea and the Sea of
Okhostk enhanced the perturbation at high latitudes. (Cvijanovic et al. 2017) investigated a fast
atmospheric response to sea ice loss expected over the next few decades and found that it
“could induce largescale atmospheric circulation changes across the Northern hemisphere,
resulting in significant drying over California.”

7. Increased precipitation variability and trends in the El Nifio / Southern Oscillation
(ENSO)

(IPCC AR6 WG1 2021) found that rainfall variability related to the El Nifio—Southern Oscillation
(ENSO) is projected to be amplified by the second half of the 21st Century:

A warmer climate will intensify very wet and very dry weather and climate events and
seasons, with implications for flooding or drought (high confidence), but the location and
frequency of these events depend on projected changes in regional atmospheric
circulation, including monsoons and mid-latitude storm tracks. It is very likely that rainfall
variability related to the El Nino—Southern Oscillation is projected to be amplified by the
second half of the 21st century in the SSP2-4.5, SSP3-7.0 and SSP5-8.5 scenarios.

(IPCC AR6 WG1 2021) also found that observations show that ENSO amplitude has increased
since 1950, and “The EIl Nifio events of 1982-1983, 1997-1998 and 2015-2016 had the
strongest anomalies in the Nifio 3.4 SST index since 1950.” (Hu et al. 2020) clarify that in the
mid- to late 1970s ENSO amplitude increased and the period became longer, but around
1999/2000 there was a reduction of ENSO variability and an increase in the frequency of the
oscillation.

18



The discrepancy can be explained as shift in the kind of El Nifio events. Central Pacific El Nifio,
also known as El Nifio Modoki (Ashok et al. 2007) , is a type of El Nifio event that occurs when
the warmest sea surface temperature anomaly is located in the central Pacific rather than the
eastern Pacific. Central Pacific El Nifos have weaker deep convection in the eastern Pacific.
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Figure 14 Central Pacific El Nifio (L'Hereaux 2014) NOAA Climate.gov

The 2015-2016 El Nifio was a Central Pacific El Nifio, and although it was associated with sea
surface temperature anomalies in the Nifno3.4 region that were comparable to those during the
extreme 1997-1998 and 1982-1983 EI Nifio events, it did not result in above average
precipitation in the western US (Paek et al. 2017; Lee et al. 2018). (Patricola et al. 2020)
hypothesized that “the zonal shift of tropical deep convection can substantially modify the
extratropical wave-train response through which the ENSO-western US precipitation
teleconnection operates (Hoerling and Kumar 2002; Yeh et al. 2018).”

(Wang et al. 2019) used a cluster analysis to classify El Nifilos based on onset and amplification
processes. The cluster analysis found five types of El Nifio: Moderate Central Pacific,Neutral
warm, Moderate Eastern Pacific, and Strong basin-wide. The authors found that “the regime has
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changed from eastern Pacific origin to western Pacific origin with more frequent occurrence of
extreme events since the 1970s.” The regime change was attributed to the same background
warming in the western Pacific and increased sea-surface temperature gradients that

are associated with the increased incidence of the La Nina-like pattern.
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Figure 15 (Wang et. al. 2019.) Types of El Nifio events

(IPCC AR6 WG1 2021) also found a change in the type of El Nifio events:

... A number of studies, using a range of indicators, have found an increase in recent
decades of the fraction of CP El Nifio events, particularly after 2000 (Yu and Kim, 2013;
Lubbecke and McPhaden, 2014; Pascolini-Campbell et al., 2015; Jiang and Zhu, 2018).
Johnson (2013) found that the frequency of CP El Nifio events had increased (although
not significantly) over the 1950-2011 period, being accompanied by a significant
increase in the frequency of La Nifia events with a warm (as opposed to cool) western
Pacific warm pool. A coral-based reconstruction starting in 1600 CE (Freund et al.,
2019) found that the ratio of CP to EP events in the last 30 years was substantially
higher than at any other time over the last 400 years.

(Joh et al. 2021) found that the coupling between the Kuroshio Extension current in the western
North Pacific and the CP EI Nifio is nonstationary and has intensified since the mid-1980s.

6. Trends in precipitation on the west coast of North and South America

With respect to global changes in the hydrologic cycle, (IPCC AR6 WG1 2021) found that

Greenhouse gas forcing has driven increased contrasts in precipitation amounts
between wet and dry seasons and weather regimes over tropical land areas (medium
confidence) and a detectable precipitation increase in the northern high latitudes (high
confidence). Greenhouse gas forcing has also contributed to drying in dry summer
climates, including the Mediterranean, south-western Australia, south-western South
America, South Africa, and western North America (medium to high confidence).

In a study of 1950-2020 ERAS5 reanalysis data (Benestad et al. 2022) found that the average
wet day precipitation has been increasing for many regions at mid-latitudes, but has been
decreasing on the west coast of North and South America and in Africa (Figure 16).
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Figure 16 (Benestad et. al. 2022) Map of relative linear trend in average wet-day mean precipitation with
units of %/decade for the period 1950—2020, based on the ERAS reanalysis. Only statistically significant
trends are shown (a = 0.05). (Creative Commons 4.0 license)

The trends found by (Benestad et al. 2022) are consistent with the IPCC ARG synthesis, which
found:

Observed precipitation records since the early 1900s show increases in precipitation
totals over central and north-eastern North America that are attributable to
anthropogenic warming but larger in magnitude than found in CMIP5 simulations...
Decreases in precipitation amount over the central and south-western USA and
increases over the north-central USA during 1983-2015... are not clearly associated
with forced responses in CMIP6 simulations.

Over South America, there is observational and paleoclimate evidence of declining
precipitation amount during the past 50 years over the Altiplano and central Chile,
primarily explained by the PDO but with at least 25% of the decline attributed to
anthropogenic influence...

(Benestad et al. 2022) also found a long-term decreasing trend in the frequency of wet days in
western North and South America. (Figure 17).
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Figure 17 (Benestad et. al. 2022, Creative Commons license 4.0) Map of average wet-day frequency in
terms of relative linear trend of %/decade (bottom) for the period 1950—-2020 based on ERAS reanalysis.
Only statistically significant trends are shown figure (a = 0.05). The wet-day frequency is calculated for each
year by dividing the number of ‘wet days’ (days with more than 1 mm recorded precipitation) with the total
number of days per year. (Creative Commons 4.0 license)

Climate change is expected to reduce wet days in western North and South America, as well as
increase interannual variability, but not until the latter half of the century, (Polade et al. 2014).
(Wood et al. 2021) found a robust agreement in Single Model Large Ensemble (SMILE)
projections of increased variability on scales from annual to decadal.

(Jain et al. 2005) documented increased variability of streamflow in the 30-year period from
1972-2000 in major catchments in western North America, including the Fraser, Columbia,
Sacramento—San Joaquin, and Upper Colorado, as well as synchronous low flows in all basins,
which the authors associated with warming in the western Pacific.

The reduction in wet days on the West coast of North America appears to coincide with a
declining trend in landfalling atmospheric rivers. (Gershunov et al. 2019) used automated
detection methods on reanalysis data from 1951-2000 to find landfalling ARs from January to
March. Surprisingly, the supplemental information shows a reduction in the number of
landfalling ARs on the west coast, and an even larger reduction in California, as well as a
reduction in duration of ARs. The authors found:

a change in the average number of landfalling ARs on the west coast of -1 (1%), and a
reduction in duration of 0.27 days (14%) (Table S3)

a change in the average number of landfalling ARs in California of -2(15%) and a
reduction in duration of 0.21 days (9%) (Table S4)

The authors also found an overall decrease in AR-related precipitation on the west coast of
North America, and more in California.
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a reduction in annual AR precipitation on the west coast of -16 mm (14%), compensated
for by an increase in non-AR precipitation of +47 mm (9 %) (Table S6)

a reduction in annual AR precipitation in California of -70 mm (32%), compensated for by
an increase in non-AR precipitation of +112 mm (28%). (Table S5)

Given the reduction in precipitation in the 215t Century, it seems quite possible that some of the
increase in non-AR related precipitation may have reversed in the 215t Century. Non-AR related
precipitation is expected to decrease due to climate change, but not until the latter half of the
century. Figure 18 is reproduced from (Dettinger 2016). All CMIP 5 models project a decrease in
precipitation below the 95" percentile in the latter half of the 215t Century, however the models
disagree on the sign and magnitude of changes in the wettest 5% days, which are associated

with ARs.
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Figure 18  (Dettinger 2016), projected changes from historical mean total precipitation on the wettest 5%

days, and the remaining days, between 1951-2000 and 2046—-2095 for ten CMIP5 models, forced with the
highest GHG emissions scenario (RCP 8.5). (Creative Commons 4.0 license)

8. Decadal-scale variations in California precipitation

(CCTAG et al. 2015) has a detailed discussion of decadal trends in precipitation in Northern
California, and states:

The early 20th century rainfall “trough” is clearly seen in the 30-year trailing average, as
plotted in Figure 3-3 by the heavy dark line. In 1896, the trailing 30-year average peaked
at 20.42 inches (51.87 centimeters [cm]), then fell steadily to the 1937 minimum of 14.51
inches (36.86 cm). Over the next 70 years, Sacramento rebounded sufficiently for the
30-year average to recover to a peak of 20.63 inches (52.40 cm) in 2007. What is
disturbing is the significant decline in the 30-year average precipitation in Sacramento
since the 2007 peak. This drop is as steep or steeper than any decline over a similar
period in well over a century. Developing adaptive capacity to this decadal-scale
variability appears to be an important element of extremes planning processes.
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Figure 19  (CCTAG et. al. 2015, reproduced from figure 3.3)

Figure 20 shows California annual precipitation from 1895-2022 (NOAA NCEI 2023 Feb). A
linear regression over the entire period shows a slight declining trend of -0.08 in / decade.
However, linear methods are known to fail in characterizing time series of nonlinear, chaotic
dynamical systems. (Packard et al. 1980; Casdagli et al. 1990; Bradley and Kantz 2015). A
LOESS curve (Cleveland 1979) shows the recent decline in precipitation, as well as the Dust
Bowl era drought and the pluvial from the 1970s through the 1990s.

(Razavi et al. 2015) found that the hydrology of the Saskatchewan basin had significant shifts at
different points in the region's history. They suggested that the observational record in the
region was a poor representation of the long-term properties of the hydrologic regime, and
shorter periods, such as 30-year periods, are not representative.

Figure 21 shows annual precipitation over the 42-year period from 1980-2022, and the recent
multidecadal declining trend of -1.42 in/decade as California moved from a pluvial period to a
dry period.

The Northern Sierra Eight Station precipitation index combines precipitation at eight high-
altitude stations in the Northern Sierra Nevada (CDWR 2023). Because the stations are in the
watershed of the Sacramento River, it is an important index of water supply for the State Water
Project and Central Valley Project. Figure 22 shows the decline in Northern Sierra Eight Station
annual precipitation since 1980, which is even larger than the decline in California annual
precipitation.
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Figure 20 California Annual Precipitation 1895-2022 Source: NOAA NCEI

California Precipitation __ 1980-2022 Trend

January-December (-1.42 in/Decade)
45.00 iny r1,143.00 mm

40.00 | r1.016.00 mm

35.00 in] /
30.00 i /

25.00 in

889.00 mm

-\ | F762.00 mm
/‘

z pd L -

7 18953000 Mean: 2237 / / . l ] 635.00 mm

20.00 in| \ : v : RN AT __1508.00 mm
15.00in | \/ 2 \.\/ \/ \/ ( 4 B W\sswo mm

10.00 i F254.00 mm

5.00 127.00 mm

in T T T T T T T T T T T T T T T T T i T T
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

Figure 21  California Annual Precipitation 1980-2022 Source: NOAA NCEI

Recent four decade trends may be a better representation of the impacts of climate shifts on
California’s social and ecological systems than the trend over the last 125 years. (Dettinger and
Culberson 2008) observed:

The general rapidity of the coming changes—and the extent to which we have
weakened the state’s ecosystems and have pushed engineered systems to near their
limits—are likely to hinder the ability of many geomorphic, ecological, engineered, and
even political systems to accommodate the climate changes without significant internal
reorganization.
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Figure 22 Northern Sierra Eight Station Precipitation 1980-2022

A study by the California Department of Water Resources (He and Gautam 2016) used a Mann-
Kendall test and found no statistically significant trend in mean precipitation in California
hydrologic regions. The Mann-Kendall test is designed to test for monotonic trends and may not
detect nonmonotonic shifts. As observed by (Wang et al. 2020), although the Mann-Kendall test
has been widely used to test for trends in hydrologic time series, the possibility of a Type Il error
of failing to recognize recent trends is as important as a Type | error of statistical significance
against the null hypothesis of “no trend.”

(He and Gautam 2016) did find increased variability since 1980 in precipitation across California
hydrologic regions. Current data also shows a continuing trend of increased variability. Figure
15 shows the 30-year variance ratio for California annual precipitation from 1895-2022. (The
variance ratio is the variance of the 30-year window divided by the variance of the whole time
series.) One can see that the variance ratio was reduced during an unusually stable period in
the 1950s and 1960s but increased greatly from the 1970s to the 21st Century.

Figure 16 shows the precipitation and the moving variance ratio over 30-year periods. The
variance increases dramatically starting in the mid-1960s, and declines somewhat after the
1990s, but stays significantly higher than the earlier period.
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Figure 23

California annual precipitation 1895-2022 with moving variance ratio over 30-year periods.

(Variance of 30-year window divided by total variance.) Date is center of 30-year period. Data: NOAA NCEI
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Figure 24 Northern Sierra 8 Station Precipitation 1920-2022 with moving variance ratio over 30-year periods.
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The possibility that the increased frequency of dry years in the Northern Sierra in the 215t
Century was due to accelerating impacts of climate change was initially rejected by most

researchers because coupled climate models do not project drying until the latter half of the 215
Century. For example, (Berg and Hall 2015) wrote:

... Only by the end of the century does a signal of enhanced frequency of dry extremes

emerge past natural variability levels. Thus, this analysis finds no model evidence that
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the 2013/14 low wet season precipitation, and perhaps the remaining extremely dry wet
seasons over California that will surely occur throughout the first half of the twenty-first
century, can be clearly linked to climate change.

Regardless of whether recent trends are due to anthropogenic forcing, the 30 year probability
distribution is clearly changing. (Koutsoyiannis 2003) argued that “hydrological statistics, the
branch of hydrology that deals with uncertainty, in its current state is not consistent with the
varying character of climate,” and that hydrologic time series are “better modelled as stochastic
fluctuations on many time scales.”
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