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ABSTRACT

A meridional dipole, centered near 180° E, characterizes solar correlations to oceanic and atmospheric parame-

ters—salinity, ocean vertical velocities, temperatures, atmospheric moisture, winds, cloud cover, geopotential heights,

carbon dioxide (CO2) fluxes, and ozone (O3)—over several years of lag, with opposing correlation signs on either side of the

dipole axis. Ocean correlations are stronger and more persistent than atmospheric ones; most fields intensify equatorward

through the third lag-year before decaying over subsequent years. We propose, as a hypothesis for future testing, that this

pattern traces global energy transport along an expanded Hadley Cell framework, with opposing correlation zones arising

from latent heat exchange at the ocean surface and tropopause. Statistical significance is assessed using methods that account

for serial autocorrelation (AC) and correct for multiple comparisons across variables and lags. Where correlations are

highest, we propose solar activity as a useful baseline hypothesis for evaluating regional climate trends—an improvement,

in these specific regions, over the null hypothesis of random states; we do not extend this claim more broadly. We further

examine predictive value: reviewing an earlier cross-regression-moving-average (CRMA) case study and presenting a new

forecast of five-year trailing rainfall at an Upper Colorado Basin (US) site, three years ahead. Hindcast results show the

solar-regressed exercise is more skillful than the standard auto-regression-moving-average (ARMA) techniques, suggesting

value in anticipating climate extremes (drought vs. fluvial) in high-correlation regions.
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1. Introduction

The coupled moist atmosphere-ocean continuum, col-

lectively known as the hydrosphere, is widely understood to

be significantly driven by solar radiation, yet studies in all

related forms, from observation to time series analyses and

on to numerical modeling have not extensively documented

this or widely applied it to climate forecasting at any scale.

Moreover, modern and influential studies such as Gray et

al. [1] subordinate solar climate forcing to the bottom of a long

list of potential climate drivers. Most notably, the Gray et al.

hierarchy of solar forcing is embodied in the scientific basis

papers of the UN IPCC (United Nations Intergovernmental

Panel on Climate Change), notably in Chapter 8 by Myhre et

al. in 2013 [2]. This reference is used interchangeablywith the

acronymWG1AR5, which stands for “The Working Group I

contributions to the Fifth Assessment Report”. Along with

Chapter 7 of the subsequent WG1AR6 report [3], certainty of

the primacy of anthropogenic greenhouse gases (primarily

CO2) in the hierarchy of climate causation is emphasized.

The hierarchy is consistent between the studies and is

clearly illustrated by Figure 8.15 in the Intergovernmental

Panel on Climate Change (IPCC) [2]. In the WG1AR5 figure,

the solar component of the forcing hierarchy is indicated by

the thinnest bar and placed at the bottom of the chart. Those

documents and the Gray et al. study are cited by many papers

ranging from paleoclimate interpretations such as van Dijk et

al. [4], to contemporary climate attribution studies including

Smith et al. [5] which principally attribute decadal climate

forcing to greenhouse gases. Notably, the Myhre et al. au-

thors close their conclusions with the following statement

on p. 661: “increasing levels of evidence and degrees of

agreement are correlated with increasing confidence.”

Models are typically termed either Earth Systems Mod-

els (ESMs) or Global Circulation Models (GCMs, gcms).

Each is used interchangeably in this study. It is clear that

ESM-based studies have been extensively used in both

WG1AR reports. The citations include ESM-aligned pa-

pers that explore the attribution/causality of intermittent ex-

treme climate events including work by Otto [6], Perkins-

Kirkpatrick et al. [7], Risser et al. [8] and Hammerling et al. [9].

Solar activity is not a driver of primary application in these

publications.

A related consideration applies for contemporary “de-

tection” studies of climate trends. Most of those trend studies

lack attention to lagged solar or any other external correla-

tions. Instead, attributions to causes for any trends are devel-

oped specifically through models, and often in that case to

ESMs [10,11]. Both single out trend analysis as a detection ex-

ercise, followed by an attribution section which exclusively

relies upon ESMs. As subsequently described, ESMs do

not incorporate solar dynamics. Accordingly, solar forcing

components are excluded from both the detection and the at-

tribution components in these studies. Moreover, the studies

use models as surrogates for natural variability. This appears

to defeat the purpose of the null-hypothesis, as explored in

the Discussion section. Finally, in contrast to the current

study, the detection studies don’t widely appear to include

testable forecasts. This challenges any robust skill-based

ranking of their performance, whether through hindcasts or

forecasts.

The missing attention to solar activity in trend detection

and simulation-based attribution work is of added interest

because a solar-based climate forecast [12] has already demon-

strated quantitative skill at anticipating forecast extreme cli-

mate events (drought versus pluvial) better than the widely

used autoregressive integrated moving average (ARIMA)

and/or ARMAmethodologies. In achieving that distinction,

theWallace study poses a challenge to the interpretations and

conclusions in “detection and attribution” (D&A) products.

Computational modeling exercises have long offered

important benefits but only when skill can at least be demon-

strated, as a minimum requirement. One obstacle to better

physical emulation skill includes the use of parameteriza-

tions. Parameterizations, or lookup tables, define away any

dynamic interaction, often defeating the purpose of themodel.

It would not be surprising if such parameterized models ex-

pressed poor predictive skill. In fact, the wide adoption of

ESMs to the Gray et al. [1] and Myhre et al. [2] hierarchies has

not led to a skillful track record in annual- to decadal-scaled
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predictions of important parameters. Those parameters range

from surface hydrology to atmospheric rainfall and temper-

ature and extend to ocean temperature and salinity in any

given region.

For example, some recent papers including Bracco et

al. [13] and Balaji et al. [14] have explored patterns of model

skill in the climate field. The recent climate model review

paper by Bracco et al. described attempts to improve accu-

racy. Although this paper claimed that Machine Learning

(ML) has improved climate predictability, it relied primarily

on an ENSO (El Niño Southern Oscillation) example from

2019 which compared only hindcasts [15]. However, all re-

searchers accept that hindcasts alone are not sufficient for

evaluations of the potential forecast fidelity of any model,

especially when the hindcasts are not skillful. In addition

to the Bracco et al. study, a growing number of related ex-

amples chronicle the less than modest skill worldwide. For

example, the work by Kroll et al. [16], indicates the short-

comings of climate models to capture the essential features

of the Intertropical Convergence Zone (ITCZ). Also, a re-

cent report of climate model departures from observations

of “Mediterranean drying” is featured by Seager et al. [17].

Numerous other examples can be found of this skill

challenge, and at least some bypass discussion of solar causal-

ity, even as their ubiquity in peer review might imply com-

pounding evidence of greenhouse gas climate causality. In

comparison, a verified and skillful solar-based forecast might

add significant weight to any re-emerging solar causality

claim. As solar causality-grounded forecasts rise to the skill

challenge, a small but growing number of models are al-

ready incorporating solar dynamics more explicitly. In each

and any case, the parameterizations of the deterministic and

statistical models are critical to the acceptance and valid-

ity of both hindcasts and forecasts. This paper includes a

parallel focus on more statistically aligned and we argue,

more physically-based, solar predictive potential. Finally,

we introduce a simple skill evaluation method for almost any

specific forecast and apply it to ours.

2. Data and Methods

This study targets the development of a set of maps and

practical interpretations of the statistically significant lagged

correlations, both positive and negative, to solar activity, for

water-related variables. Table A1 provides a convenient p-

value guide used in interpretation of the contours for each

featured correlation map and profile, depending upon the

source data, the number of continuous annual entries and the

resulting linear correlation. The correlation plots are always

dimensionless by convention.

For multi-year hydroclimate diagnostics and projec-

tions to provide significant value, it is essential to operate

within a conceptual model that aligns with all relevant obser-

vational data, including annual to decadal-scale solar activity.

Additionally, as in Wallace’s [12] study, it remains advanta-

geous to use climatologically scaled geospatial reanalysis

datasets which offer consistent, continuous, and comprehen-

sive coverage of key parameters worldwide.

Consequently, as detailed throughoutAppendix A, in-

cluding Tables A2 (data references) and A3 (spatial and

temporal scales of each data set), this study primarily re-

lies on three datasets from ECMWF (European Center for

Medium-Range Weather Forecasts). Also, two ocean-based

datasets are utilized: NASA’s Estimating the Circulation

and Climate of the Ocean (ECCO) and products associated

with Southern Ocean Carbon and Climate Observations and

Modeling (SOCCOM) [18–21].

Beyond those exercises and resources, this study con-

siders the potential root causes of the unique meridional

dipole correlation trends subsequently identified in the Re-

sults section. In particular, latent heat divergence phenomena

are mapped and compared to other assets to develop interpre-

tations featured in the Discussion section. Finally, a linear

regression forecast exercise is conducted for one of the same

general locations used in the earlier Wallace study. This ex-

ercise includes a hindcast and a projection. The projection is

intended to be evaluated after the three subsequent years of

observations have caught up. The hindcast is examined with

respect to skill and to disambiguate from natural persistency

effects. This is achieved through the common technique of

calculating the autocorrelation of the residual series, which

we term ACOR for brevity.

A variety of additional methods and resources are

pointed to and/or discussed in this document but many are

described only for context and/or comparison. The final

methods applied were the Granger causality test documented

in FigureA9 and the Nash-Sutcliffe Efficiency metric (NSE)

documented in Table A4, for two independent evaluations
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of the skill of the hindcast in the above exercise.

3. Results

3.1. Models and Gaps of Solar Forcing through

Latent Heat Dynamics

As noted, climate models and related products have

developed a radiant forcing approach to the anticipation of

global climate change. Within that framework, Gregory and

Forster [22] introduced the concept of Transient Climate Re-

sponse (TCR), and indicated a linear relation between CO2

concentration and global average surface temperature. Cit-

ing simulations and observations, the study concluded that

global temperatures would increase ~1.8° (K or C) upon a

100% increase in CO2. The authors framed this somewhat

differently with an assumption that this would take 100 years,

given a 1% increase in global CO2 concentration per year.

But the ultimate question of how much, and in what direction

globally-averaged surface temperature will shift, due to a

1% increase in CO2, or any other forcing factor, has been an

important consideration for many researchers and others in

policy who consult Myhre et al. [2].

It is initially convenient to compare this climate sen-

sitivity against a solar forcing estimate which premiered in

1974 by Paltridge [23]. The Paltridge study also addressed

global energy balance data and interpretations, including

consideration of global cloud cover and latent heat. Paltridge

developed linear forcing estimates for solar activity upon

both moisture content ϴ and surface temperature T. That

analysis considered the change in the “solar constant” of

6.6% over any year, simply based upon the change in the

distance from the Earth to the sun between July 4 (aphelion)

and January 3 (perihelion). The global temperature forcing

estimate of ~0.35° (K or C) upon a 1% change in the “solar

constant” is much larger in a relative sense, compared to the

Gregory and Forster estimate for CO2 sensitivity.

This divergence in calculated sensitivities between

global CO2 forcing and global solar forcing is not widely

recognized, and neither sensitivity value has been authenti-

cated. But we feel it serves an initial purpose to highlight

the different approaches, specifically to global climate sen-

sitivity that exist in the literature. Moreover, this highlights

a much different focus in those studies, than our method of

mapping solar activity multi-year correlations with synoptic

and other scales of climate. In any case, the WG1AR5 and

WG1AR6 frameworks, which both exclude solar forcing

dominance, have long persisted as the principal vehicle for

climate modeling on both global and smaller scales, from

synoptic to local.

Earlier, we noted the association of WG1AR5 and

WG1AR6 products with a number of examples which did not

demonstrate robust predictive skill. We feel that even one

example is important towards continuous process improve-

ment and would justify subsequent papers in its own right.

In any case, the persistent shortcomings in skill throughout

the global circulation modeling (GCM) publications have re-

cently come to a head as summarized by Balaji et al. [14]. That

paper explores many of the challenges to better prognostic

skill, and their interpretation of the reasons for these deficien-

cies. In breaking those out, the paper summarizes the causal

factors that are intended to be simulated and accounted for

through the discretized partial differential equation given by:

∂x

∂t
= R(x) + U(x) + P(x) + F (1)

Where x is a state vector of the circulating atmospheric

or ocean variable under consideration, t is time, and R(x)

+ U(x) represent the full Navier-Stokes formulation for the

circulating species. Notably, R represents the “resolved” fea-

tures, i.e., the features that can be directly simulated without

reliance upon look-up tables, and U represents the “unre-

solved” features. Those are the features for which extensive

parameterizations (look-up tables) have been tried. The num-

ber of parameterizations is sizable as the paper documents.

Most specific to our investigation are the final equation ele-

ments P(x) + F. P represents other thermodynamic contribu-

tions related to moist adiabatics, including by this definition,

latent heat. As the key state-changing climate variable, mois-

ture’s latent heat is also a primary foundation of our interest

in featured solar correlations. In that respect, the final F

component of Equation (1) relates to exogenous factors, and

the authors include solar radiation in that category along with

numerous other candidates, which follows the same general

hierarchy as Gray et al. [1].

The substance of the Balaji and other papers suggests

the significant scope of the parameterizations that pose a chal-

lenge to many of the original purposes of dynamic climate

analysis. GCMs often deploy simple look-up tables limited

to solar maxima and minima. Notably, those parameterized
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inputs do not include any dynamics that stem from sunspot

number or total solar irradiance time series. Accordingly, the

impact of solar activity upon any simulated variable cannot

be authenticated in most GCMs, even if its forcing magnitude

were increased several-fold. In comparison as detailed in this

study, we first focused on capturing the dynamics of solar

activity through direct sunspot number time series (SSNs).

We also regard latent heat and its magnitude and sign

changes associated with the state changes of water as an es-

sential record of solar activity’s impact upon the hydrosphere.

In comparison, for most GCMs, latent heat is only indirectly

accounted for. In that regard, it appears to be largely an input

to the climate modeling systems that align to WG1AR5, and

not an output. The primary purpose of latent heat in those

GCMs appears to be limited to parameterization of gravity

wave impacts on circulation [24,25].

Some responsive work has recently emerged. One strat-

egy has been to develop better parameterizations, such as

Wang et al. [26], which use machine learning in conjunction

with explicit state simulations of convection factors including

moist adiabatics and solar forcing. These parameterizations

were shown to have significant skill in some respects. How-

ever, they are currently self-identified as preliminary studies.

The more explicit simulations of this strategy, along with re-

lated previous attention profiled by Mantsis et al. [27], might

gain further traction as working GCMs if improvements in

model resolution and performance time continue to develop.

In spite of growing awareness, the multi-year advance

prediction skills of models are not measured by themajor sim-

ulation benchmarking exercises such as the Climate Model

Intercomparison Projects (CMIP, seeTaylor et al. [28] or Smith

et al. [29] for a later intercomparison). Those projects have

focused on the comparison of models to each other, and not

to observations. Additionally, studies such as the Smith et

al. paper tout “robust skill” in the title, but instead feature

the periodic resetting of model results (reinitialization) to

better match observations. The prevalence of reinitializa-

tion practices and the omission of raw skill investigation in

such benchmarks highlights the challenges for more skillful

alternatives.

3.2. Emergence of Solar Correlation Evidence

Regardless of the magnitude of climate attribution

work, the extents, mechanisms, and positive and negative

signatures of solar radiative forcing, from the bottom of the

ocean to the top of the hydrosphere remain poorly known.

However, through a methodical set of exercises based on

reanalysis data, a more explicit tracing of solar energy is

beginning to emerge across annual-to-decadal scales for any

given atmospheric or oceanic circuit. Our tracing of this solar-

attributed energy is again informed by changes in divergence

of latent heat, a critical aspect of water’s state changes.

Should correlations between solar activity and atmo-

spheric variables turn out to be statistically significant, then

in addition to this evidence of a degree of causality, empirical

projections and linear regression solutions might apply to

predict some atmospheric and oceanic patterns with greater

fidelity and over longer timescales than ever. Our analysis

suggests that multi-annual lagged correlation signatures of

solar activity to many components of satellite reanalysis data

constitute the basis for that tracing.

The significance of linear forcing of the atmospheric

moist Hadley Cell (HC) by solar activity over multiple years

was explored by a number of papers including Labitzke and

Van Loon in 1997 [30], which consolidated a number of their

related studies for the preceding decade, and Meehl and Ar-

blaster in 2009 [31] which also cited works by Labitzke and

Van Loon [30]. The subsequent paper by Wallace [12] applied

regression mapping of geostrophic reanalyses and individual

river station data from high-altitude, mid-latitude hydrologic

catchments. Those included the Andes, the Himalayas, and

the Rocky Mountains. Wallace’s interpretations about solar

forcing of climate were significantly different from the work

by Gray et. al. [1], which did not explicitly consider the HC

or latent heat. Citing others, the Wallace paper identified the

Western Equatorial Pacific (WEP) as the primary source of

Hadley-driven moisture transport to middle latitudes. Fur-

thermore, the Wallace paper identified strong lagged linear

correlations between variables ranging from trade winds, di-

vergence of latent energy (LEDIV), and outgoing longwave

radiation (OLR) to decadal-scale solar activity.

Overlapping studies of the same topic of solar corre-

lations to WEP conditions were published in 2016 by Xiao

et al. [32] and in 2023 by Huo et al. [33]. The Xiao et al. pa-

per noted a dipole in the correlation between solar activity

and OLR, but did not explicitly connect that to latent heat,

although it did refer to other aspects of convection. Notably

the paper filtered out the ENSO signal from the correlation
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results but still found significant solar correlations, again

at an equivalent lag of two years and in a dipole pattern

(positive and negative paired contours), which the authors

additionally connected to circulation over the WEP. The sub-

sequent paper by Huo et al. [33] identified a dipole in ocean

heat content across the Eastern Tropical Pacific with sta-

tistically significant lagged solar correlations. That paper

explored the impacts of solar dynamics upon ocean heat

content for the same synoptic region as the Xiao et al. [32]

paper, focusing again on a 2-year lag and using models (with

parameterizations) to explore the variability space.

Wallace [12] noted other connections associated with

the WEP and a strong correlation of the (nearby) western

ENSO boundary to solar activity. The study featured the use

of that in a forecasting exercise but otherwise did not explore

the dipole that these earlier researchers identified. The Wal-

lace paper categorized those energy parameters along with

several other variables, including Evaporation minus Precip-

itation (EP) and geopotential height (Z), as consequential

to the limbs of the hydrologic cycle that impacted rainfall

and streamflows across the Western US, among other loca-

tions. In addition, the paper developed projections based

on the conceptual model for solar driving of the full Hadley

circulation. The largely moist Hadley circulation extends

from the equator to all middle latitudes and throughout the

troposphere. Although much about the Hadley circulation

along with the related Brewer-Dobson and Walker circula-

tions are roughly understood, and although earlier studies

speculated on a solar driver of these circulations, contem-

porary citations for causal mechanisms now routinely lack

solar attributions [34,35].

The Wallace paper developed statistically significant,

multi-year lagged correlations between streamflow time se-

ries and solar activity and applied them in prediction exer-

cises. This was based on a stepwise conceptualization that

an increase in solar activity diminishes meridional equatorial

trade winds (TWWP), notably along the Western Equatorial

Pacific, and that this change leads to a shift in Hadley-related

moisture circulation across distant high-altitude, mid-latitude

hydrologic catchments, such as the Southern Rocky Moun-

tains.

The paper notably demonstrated an improvement over

natural variability (the de facto null hypothesis for all cli-

mate interpretations) by featuring comparisons of solar-based

correlations to autocorrelation series for each stream. This

demonstration was supported by numerous goodness-of-

fit approaches, including Pearson Correlation, RMSE, Chi-

Squared (χ2) and Kolmogorov-Smirnov tests. The regres-

sions were additionally compared to autocorrelation. The

solar regression metrics typically scored higher, and a fore-

cast of Animas River and other flows was included in the

publication for subsequent transparent falsification.

The Animas River expressed the highest lagged cor-

relations directly to solar activity and so a projection of its

five-year trailing average (5yta) flows for three years in ad-

vance (years 2017, 2018 and 2019) was included. Another

forecast exercise sought to project the Animas annual flow

for 2 years in advance. The 5ytaAnimas 3-year projection ex-

ercise is recaptured in Figure 1a. Because the exercise was

submitted with the paper in late 2016 and because the paper

was not published until early 2019, the chart has been updated

to reflect the subsequent observations (red solid line), allow-

ing for a fuller diagnostic of the exercise. Our diagnostic is

featured in Figure 1b, as comparisons of the forecast (and

hindcast) errors versus the magnitude of the discharges. No-

tably the cross-regression forecast (TWWP) showed greater

overall accuracy than the autoregression forecast. Moreover,

the TWWP forecast was more skillful at representing the

‘extremes’ of the Animas flows, both at the low ‘drought’

end on the left and high ‘pluvial’ end on the right.

The relative accuracy of these projections indicated a

greater potential for using the solar activity precursor in fore-

casts spanning meteorological to climatological time scales.

Accordingly, the study also challenges widely-adopted pub-

lished assertions [1–3] that solar forcing over climatological

periods is neither evident nor significant. Clearly the recent

peak in the latest solar cycle 25 in mid-2024, was substan-

tially larger than the previous peak in 2014, and now raises

the logical question of how streams such as the Animas will

soon respond, if at all.

TheWallace paper focused its projections on streamflow

and a few other variables, using a rationale that streamflows

were ideal integrators of overall climate across large water-

sheds. However, streamflow records are typically challenging

to rely on as contributors for comprehensive evaluations of hy-

droclimate, simply due to poor continuity. This often applies

even for streamflow records across the satellite era beginning

in 1979. In any case, the importance of more data and more
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analyses regarding the greater hydrosphere from the oceans

to their depths and from the atmosphere to its upper water-

bearing limits have long been recognized. Accordingly, a

series of solar correlation mapping exercises are applied to

meteorological variables which feed or influence streamflows.

In contrast to the original streamflow exercises, this geospa-

tially continuous approach provides different but supporting

insights which are developed in subsequent sections.

Figure 1. (a) Time series of 5yta solar activity (SSN, sunspot numbers) in black and flow discharge for the Animas River (green and red).

(b) Percent error vs. Animas discharge for the CRMA and ARMA exercises.
Note: CRMA projections are open cyan circles. ARMA projections are magenta crosses.

Source: USGS 09364500 Animas River near Farmington. And SILSO for SSNs.
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3.3. The Chevron Pattern of Positive and Neg-

ative Correlations of Hydrospheric Vari-

ables to Solar Activity

We noted earlier that our attention is directed at sub-

global scaled parameters in relation to solar activity. First

and foremost, our featured energy tracing is informed by

changes in the UCAR reanalysis parameter “divergence of

latent heat” (LEDIV). We interpret that LEDIV relates to

Hamiltonian mechanics which naturally transforms from

a Lagrangian energy balance for the dynamic moist atmo-

sphere at any scale. This conformance is suggested, with

some interpretation, from Equation (2) and Figure 2, which

map the calculated average divergence of total heat TEDIV

(Figure 2a) and of LEDIV (Figure 2b) and some orthogonal

zonal circulation indicators through streamlines.

(a)

(b)

Figure 2. Maps of the average divergence of energy for the planet over 1979–2014 (W/m2). (a) Average divergence of Total Energy

(TEDIV); (b) Average divergence of latent energy (LEDIV).

Source: UCAR records 36-year span 1979 through 2014.

These maps were developed from the UCAR re-

source [18], which integrated all variables out to 100 km in

elevation, beyond the upper limit of the stratosphere. The

images were plotted as shaded colored surfaces, crossed by

geostrophic stream ‘tubes’ released from 110W, to enhance

the comparison between net kinetic energy and divergence
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of latent energy. The tubes generally representing eastward

paths are colored magenta and the (generally) westward flow-

ing paths are colored white. See Boer and Sargent [36], for an

earlier and more exhaustive mapping of a wide assortment

of vertically integrated energy and related mass budgets.

The map of TEDIV can be interpreted to capture the

broad patterns of Earth’s total energy balance and accordingly

is aligned to widely accepted energy dynamics equations,

which are simplified for water vapor in the equation for moist

static energy (M) by Chavas and Peters [37]:

M = gz+ CpT+ Lvqv (2)

Where g is acceleration due to gravity and z is the

geopotential height above mean sea level. The product of

these two terms defines the potential energy of the moist air

mass. The next product of Cp, the specific heat capacity of

air multiplied by T the temperature of air, defines the sensible

energy of the air mass. Together those first two terms define

the dry static energy of the air mass. The final term is the

product of the specific heat of vaporization Lv of the moist

air mass and its specific humidity qv.

TEDIV is a summation of the latent heat divergence

and the sensible heat exchanges (captured through dry static

energy). Because they are represented as integrated diver-

gences, they are interpreted as fluxes of energy towards or

away from the planet’s surface. These heat traces are inde-

pendent of other representations of radiative heating and cool-

ing. Notably both components are orthogonal to geostrophic

circulation components, and that vertical simplification is a

characteristic shared by radiative heating in the contributions

of each to the total energy balance of the Earth. In particular,

the polar regions shaded in blue of the TEDIV map signify

the net release of sensible heat into outer space via radiation

from the surface as well as the thin atmosphere there. In con-

trast the broad yellow fields reflect tropical and subtropical

impacts of evaporation and condensation and sensible heat

transport presumably via eddy diffusion. The evaporation

and condensation components are more clearly indicated in

the LEDIVmap of Figure 2b. Red zones there reflect regions

of highest production of latent heat due to evaporation over

watery surfaces. The blue zones indicate regions of highest

removal of latent heat from the atmosphere due to condensa-

tion at upper levels of the hydrosphere (typically considered

as the tropopause at approximately 12 km elevation).

The LEDIV map in Figure 2b again draws attention to

the intense zone of intertropical convergence (ITCZ) in blue

that aligns closely to the equator. As noted, the blue bands

signify condensation, and thereby the release of latent heat in

the upper atmosphere. It is interesting that the absolute mag-

nitude of LEDIV there appears to meet or exceed 239 W/m2,

which is the average solar radiation bathing Earth according

to Gray et al. [1]. In addition, roughly matching in magni-

tude but opposite in sign, the red LEDIV mounds include

a distinctive wedge above the Peru Current, which is well

known as a major transport route for cold Southern Ocean

waters to reach equatorial latitudes in the Pacific Ocean. This

wedge of high positive tropical LEDIV aligned with eastern

rims of the Pacific, Atlantic and Indian oceans is moreover a

contributing element of the chevron pattern featured in this

section.

It is true that lateral latent energy transports are de-

scribed in WG1AR6 Section 7.4.4.1 as important candidates

for causation of “polar amplification” of global warming.

On the other hand, that mechanism is disconnected from

solar activity and instead shares space with greenhouse gas

causality, according to their modeled paths. From a rela-

tive perspective, LEDIV across the tropical surfaces actually

dominates the energy balancing. Figure 2b for example

explicitly shows that LEDIV energy exchanges routinely

approach the maximum solar energy that reaches the planet.

The dominance and dynamics of equatorial LEDIV in the

global energy balance are not extensively discussed in cli-

mate literature. For example, latent heat is not treated in

the Gray et al. paper. And, as previously described, latent

heat is only indirectly accounted for within GCMs as inert

parameterizations. In contrast, the LEDIV surface uniquely

and dynamically informs our exploration of solar correlation,

particularly for the moist atmosphere.

In particular, as demonstrated in the following and later

examples, solar correlation patterns are always expressed

as paired and roughly symmetrical domains of relatively

high negative and positive values. Based on this understand-

ing, we explored such solar correlations to specific humidity,

specific rainwater content, geopotential height, surface tem-

perature, percent of cloud cover, and specific snow water

content above the ocean surface and temperature, vertical

velocity and salinity below the surface. Note that “specific”

indicates the value is a mass fraction for each volumetric
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cell of the source data reanalysis product. As a starting point,

Figure 3 maps the principal solar correlations and related

trends found in this study to several major variables: surface

specific humidity Q at the top, surface temperature T in the

middle row and near-surface seawater temperature at the

bottom row. In addition to the SILSO reference for solar

activity (i.e., sunspot numbers), each image derives the vari-

able of interest from widely used reanalysis datasets. The top

two images come from the ERA5 surface reanalysis datasets

covering a time period of 47 years, from 1979 through to the

end of 2025. The bottom image is developed from NASA

ECCO records for ocean temperature reanalyses from the

years 1992 through 2017. Appendix A contains details for

each data source in this study.

(a) (d)

(b) (e)

(c) (f)

Figure 3. 3-year lagged correlations to solar activity for featured parameters. (a) specific humidity at surface; (b) surface temperature;

(c) ocean temperature at top layer; (d) specific humidity; (e) surface temperature; (f) ocean temperature at the top layer.

Sources: ERA5 and NASA ECCO.

It is notable that for each solar correlation case, from

north to south, crossing the Pacific and extending from the

shallow ocean through the lower atmosphere, a chevron pat-

tern of positively correlated regions in red along the east,
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dovetails into negatively correlated regions along the west.

The magnitudes of the positive and negative correlations of

each variable with solar activity appear roughly balanced. The

central image includes a surface overlay of streamlines rep-

resenting the average atmospheric surface circulation. That

wind circulation also aligns well with the chevron boundary,

helping to establish that the boundary is related to circulation

as well as latent heat. Possibly, the state changes in the hydro-

sphere due to latent heat as described here can account for the

sign changes in the correlations of many climate parameters

with solar activity across the chevron boundary.

Moreover, these contrasting signs of the correlations

and affinities to circulation appear to align well and expand

upon the dipoles described by Xiao et al. [32], and Huo et

al. [33]. Those studies identified a dipole signature over the

“tropical western Pacific” for the 2-year lagged correlation

of solar activity to outgoing longwave radiation (OLR) for

the boreal summer (Xiao et al.) and to ocean heat content

(Huo et al.). The OLR correlation was also found to align

with a convection dipole at the same location. Furthermore,

these alignments to the extended chevron pattern featured

in our current study suggest that Xiao et al. and Huo et al.

identified the apex of a correlation and circulation dipole,

centered around the WEP, and may be most intense at the

ocean surface. Once the dipole chevron pattern is consid-

ered, other patterns appear to align. For example, Figure

6 of Smyth [38] captures the same chevron pattern in their

examination of 4 bandwidths of UV and the penetration of

the longer wavelength bands to penetrate nearly over 70 m

into the ocean. Finally, in alignment with the Hadley Cell

limits, the chevron pattern extends towards each pole but

then is blocked to some extent by the well-known obstacles

and diversions including land masses and polar circulation

cells. It could be interpreted that the chevron dipole is a

roughly symmetric “crease” in the Hadley Cell that signifies

changes in both the state and circulation of water.

Based on the trends of each variable in Figure 3, we

interpret this as significant because the trends are not con-

troversial even if the correlations are found to be. Currently,

neither the chevron patterns in trends and solar correlations,

nor the LEDIV maps of the state changes of the global hy-

drosphere appear to be extensively featured in previously

published literature, although the chevron pattern is evident

in numerous global climate maps. The surface trend maps

are in this case based on the ERAI data series which ran from

1979 through 2018 (40 years).

The correlations in Figure 3 are shown for the third

year of lag, which is the lagged year with the highest so-

lar correlations among the featured variables. Appendix B

Figure A1 includes additional global scaled maps of corre-

lations investigated for each of the parameters of Figure 3,

but now covering each featured lag from 0 (i.e., no lag) to

5 years. Notably, for Figure 3c, the lagged correlations of

near-surface ocean temperature to solar activity after three

years are stronger than the surface (atmosphere) equivalents

in Figure 3a,b. Finally, it is again notable that the magni-

tude and signs of solar correlation appear to roughly match

the documented trends. This is evident for each row. For

example, in the top row, the east equatorial chevron in red

hues of specific humidity in Figure 3a, reflects high lagged

positive solar correlation. And for the panel to the right at

Figure 3d, the index color within that chevron zone is deep

blue, representing a decreasing trend in the same specific

humidity parameter. This is the expected trend direction

because solar activity had trended down over the reference

time span, as evident from Figure 1. The same observations

apply for the second row for the same reason: Figure 3b

shows a strong positive correlation of surface temperature in

the eastern equatorial wedge via the deep red hue, while its

counterpart in Figure 3e shows a corresponding downward

trend by the deep blue eastern equatorial wedge. Finally, in

the bottom row of Figure 3 the east chevron zone of high

solar correlation (Figure 3c) of near-surface ocean tempera-

ture correlation to solar activity (red hue), matches the same

east footprint for a cooling trend shown in Figure 3f. The

reason is again the same as noted for the previous rows, that

solar activity has declined over this same period.

Furthermore, this chevron zone encompasses and ex-

pands on the entire ENSO footprint. ENSO is understood

to be sensitive to cooling waters in this footprint, and it is

equally understood that short-term climate around impor-

tant synoptic regions of the world is sensitive to ENSO. But

there is little solar attribution in the literature aside from

Kodera [39]. which described lagged monthly correlations

greater than 0.6, between solar time series and the ENSO

footprint. The lack of connection studies between ENSO and

the solar cycle may be why most relevant researchers con-

tinue to consider ENSO a separate variable. Notably even
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Xiao et al. [32] purposefully filtered out ENSO and yet still

found a solar correlation equatorial dipole. The importance

of ENSO is not underestimated in our study or ongoing work.

But we note its solar chevron-aligned footprint and that its

scale and the scale of interest in this study are different, and

accordingly, so are many of the expected applications.

3.4. Ocean Solar Correlation Patterns Dovetail

to Atmospheric Correlations

These observations justified in our context an expanded

exploration of ocean circulations by relying on additional

datasets of the ECCO record set, including velocities and

salinities, as featured in all panels of Figure 4 and described

subsequently. These connections are primarily interpreted

in this study to relate to latent heat dynamics of the climate

system as well as sensible heat transport through the ocean

from the Antarctic towards the equator via the Peru Cur-

rent. Typically, in these examples, areas of positive solar

correlation suggest cooling and drying simply because so-

lar activity has generally diminished until recently in the

nearly 5-decade-long record considered and because those

regions have not been altered (as extensively as elsewhere)

via moisture state changes. For purposes of this exploratory

examination, we remain focused on transport of latent and

sensible heat but in ways which should inform subsequent

studies by any interested researcher.

Figure 4. (a) Map of average shallow ocean velocity (layer 49 of ECCO records) streamlines for year 1993 overlain onto the planetary

topography including that of the ocean floor (color). (b) Top: vertical profiles of ocean salinity for example year 2017 stacked over

bottom: vertical profiles of ocean vertical velocity component for same year and meridian.

Note: Vertical line represents the 180° E/W meridian used for the profiles of Figure 4b.
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To explore further aspects of the ocean datasets for

salinity and velocity in the ocean, we surveyed key layers

and transects through the geospatial data sets. Figure 4 pro-

vides two examples. In the layer map of Figure 4a, the

Earth’s solid surface relative elevation is shown by the color

field, overlain by ocean velocity streamlines in a near-surface

layer (49 of 50). At this depth and below, the streamlines

show conformity to the underlying bathymetry. Ocean circu-

lations are well understood in many respects, but we found

the alignment to the underlying surface interesting in our

context. Accordingly, we followed up with the stacked pro-

files of Figure 4b. These are both taken along the 180° E/W

transect, which is shown as the white line in Figure 4a. This

cross section notably applies to the world’s dominant ocean

basin, the Pacific, which is the largest unobstructed ocean

surface on Earth, extending nearly from pole to pole like

the Atlantic, but twice as wide. Notably, the Pacific Ocean

nearly occupies an entire hemisphere.

Viewed across the middle of the Pacific Ocean from

pole to pole, the profile in Figure 4b for the example month

and year of November 2017 illustrates a pole-to-equator over-

turning pattern in salinity that resembles simple convection,

similar to the overlying atmospheric Hadley Cell. More-

over, the Pacific Ocean salinity patterns are also significantly

lag-correlated to solar activity, much like the other featured

parameters. This is indicated in the six plates of Figure A2.

Those capture the lagged correlations of the near-surface

ocean layer of salinity to sunspot numbers, following the

same setup as the previous figures for ocean temperature-

lagged correlations to solar activity.

The lower panel of Figure 4b shows the patterns in

vertical velocities of the global ocean for the same featured

month and year, November, 2017. Notably, several areas

indicate vertical plumes emerging from the ocean floor. The

key region of vertical convection is evidently along the

equatorial ocean floor for this example month, where two

significant ‘plumes’ are indicated in red. A secondary re-

gion of increased vertical velocity lies along the Southern

Ocean/Antarctic coast slope. Another area of interest appears

at the shallow equatorial zone. These are only selected pro-

files of selected variables over one month and are intended

to be illustrative.

However, they also lead to numerous additional ques-

tions, including in particular, the appearance of what the two

panels of Figure 4b term “deep convection”.

Although the maps are not included in this study, other

months show a wide range of intermittent deep convection

patterns. But unlike those zones along the ocean floor, a

more persistent and stationary convection seems anchored to

the ocean’s shallow pelagic layer, labeled here as “shallow

convection”. We note that for these compressed profiles, the

pelagic zone of the ocean is the depth from 0 to 200 m, where

solar radiation can be utilized by phytoplankton for photosyn-

thesis. Because of the conventions of the ECCO dataset and

our graphic adjustments, the vertical scale of this zone is en-

larged to fill the top third of these profiles, which ultimately

extend down to ~5 km in depth. Accordingly, this shallow

equatorial ocean convection zone fits well with our under-

standing of the depth to which solar radiation can nominally

reach. Notably in that context, pelagic phytoplankton play a

critical role at the root of almost all ocean biomass [40]. And

all deceased biomass (detritus, also known as marine snow)

reaches the ocean floor as solid matter relatively rapidly and

continuously. See for example Barton et al. [41] for a review

of the relevant literature.

Shallow convection is recognized by other studies in-

cluding Vreugdenhil and Gayen [42], which report open ocean

convection thousands of meters deep. In a relevant preceding

work, Nilsson and Körnich [43] noted an “Oceanic Hadley

Cell” and demonstrated this by stacking the atmospheric

Hadley humidity profile over the ocean salinity profile. Un-

like greenhouse gas causal models, coupled atmosphere-

ocean models, including the one used by Huo et al. [33] di-

rectly incorporate solar forcing and related latent heat dy-

namics. This approach stems from their closer connection

to short-term weather models, which routinely account for

solar radiance and latent heat production and consumption in

projection exercises and notably, disregard greenhouse gas

radiative forcing. This added attention may account for the

insight into the stacked Hadley Cell. Coupled Atmosphere

Ocean Models (CAOMs) have even investigated solar forc-

ing effects on ocean levels as deep as 1 km as already noted

in regard to Vreugdenhil and Gayen [42].

The penetration of solar radiation into the abyssal

ocean is not widely considered plausible, given measure-

ments at depth, UVA-visible in situ and remote sensing tech-

niques, and analytical calculations (for example see Lee et

al. [44]). That tremote-sensing application study suggest an
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average euphotic depth to be at least 70 m. Other general

information sources such as the National Ocean Service at

https://oceanservice.noaa.gov/facts/light_travel.html, indi-

cates that sunlight can be detected as deep at 1,000 m but

that photosynthesis cannot generally occur below 200 m.

Global ocean overturning is acknowledged in the lit-

erature by Döös et al. [45], but it has not been thoroughly

linked to convection, except indirectly through studies on

horizontal convection, such as Gayen and Griffiths [46], and

siphoning, as described by Monismith et al. [47]. Accordingly,

much remains to be sorted out about convection features in

the abyssal zone, and alternatives to direct solar radiation

of the ocean floor seem to merit initial consideration. We

entertain such a notion in regard to sedimentation of ocean

biomass. The constant sinking of biomass, along with the

release of chemical energy of this biomass after biodegra-

dation on the ocean floor may be signified by those deep

temperature—solar correlation plumes, if for no other reason

than that solar radiation is accepted to drive the growth of all

biomass, starting with phytoplankton, and falling biomass

brings surface warmth along, perhaps in sufficient quantities

to account for the observations in this study.

Again, convection is generally understood to occur in

a fluid when heat is applied at the bottom of the supporting

surface. Heating causes buoyancy effects, which trigger the

rise of warmer fluid parcels. As these parcels rise, others fall

or transfer from the sides, making the system roughly diapy-

cnal and diabatic, in line with traditional convection. Figure

5 and others that follow were developed to help resolve some

of these questions by again featuring lagged solar correla-

tions, but now applied to vertical velocity, temperature and

salinity across the same Pacific profile.

The ocean vertical velocity variable is featured in the

first column of Figure 5, but now as an average annual time

series that is correlated to the annual SSNs by lags from 0

(top) to 5 years (bottom). In our interpretations, circulation

features can be inferred from the progress of concentrations

(or parcels) of high negative and positive correlations. And

they can be corroborated through review of streamlines as

desired. Notably the deep convection features at the equato-

rial ocean bottom in the previous Figure 4 are not evident

but other areas to the north and south show solar correlations

to the bottom of the ocean. Perhaps more notable is that the

central shallow convection feature, which is itself possibly

stationary, shows a lagged response to solar activity accord-

ing to the same time frame and progression as the previous

examples.

Annual SSNs always swings between an intensification

phase and a diminishment phase within each roughly 11-year

repeating (cycling) period. The shallow ocean convection

system “responds” (is significantly correlated) the most by

the third year of lag. The middle column of Figure 5 ad-

dresses the same lags of correlation for temperature across

the same profile. An even broader shallow convection zone

seems evident, along with a significant proportion of the

Southern Ocean’s pelagic zone along this profile. First, it

seems apparent from the positive and negative boundaries,

especially over the 3rd and 4th years of lag solar activity rises,

the core temperature of the equatorial pelagic zone rises and

the surrounding tropical/subtropical bands cool. And as So-

lar activity declines, the core T drops and the surrounding T

rises. This is explored further in the subsequent figures.

Moreover, significant zones of solar-correlated temper-

ature are also evident in abyssal waters. Our discussions

earlier traversed the concept of deep convection and it is

tempting to consider these abyssal correlations as related.

However, the abyssal vertical velocity graph featured in Fig-

ure 4b is not a stationary feature, while the temperature cor-

relations at the same depths persist from month to month and

year to year, so far as we have examined. As an alternative ex-

planation, we continue to consider the sedimentation notion,

i.e., the informal postulate that the sinking of biomass syn-

thesized in the photic zone and the chemical energy release

through biodegradation at the bottom of the water column

brings the surface solar temperature correlation down with

it. We already can interpret a corroboration in the middle

column of Figure 5. The sequence of lags from 0 to 5 years

featured from top to bottom indicate that solar correlation

to abyssal equatorial pacific temperatures emerges by the

third year of lag, but then appear to stabilize to a statistically-

significant level. The final column of Figure 5 again covers

the same lags but now for the salinity variable. Notably, the

variations in correlation, both negative and positive, intensify

and decay over the multiyear period. Moreover, the connec-

tions of positive and negative values appear to align with

the observations of Nilsson and Körnich [43]. Those authors

noted a band of high subtropical surface salinity on both

sides of equator roughly in line with the top of the salinity

profile in Figure 4b and in the correlation maps in the final

column of Figure 5.
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Figure 5. Ocean profiles along 180° E of lagged solar correlations to vertical velocities (left column), temperature (center column) and

salinity (right column). Lags from 0 years (top row) to 5 years (bottom row).

There are additional notable features in the tempera-

ture and salinity correlation columns, especially for the early

half of the lagged series. High positive correlations to so-

lar activity might arguably appear as plumes that rise from

the tops of some of the profiled abyssal—rooted hills. This

is only a qualitative interpretation and invites further con-

sideration of the impacts of falling biomass. As noted by

Durden et al. [48], “megafaunal biomass” appears to concen-

trate over these peaks. Whatever mechanisms may connect

biomass to solar correlation might need to be disambiguated

from among other candidates, including geothermal features,

which also are known to be associated with abyssal peaks.

For example, the work of Kim et al. [49], features a study of

geothermal vents associated with the Central Indian (subter-

ranean) Ridge.

Finally for this initial interpretation it is convenient to

compare Column 2 to Column 3. For most of the profiles

from the upper abyss to the surface, the two variables of

temperature and salinity both positively correlate to solar

activity. But across the equatorial bands, the abyssal tempera-

tures positively correlate while the abyssal salinity negatively

correlates. This motivates our responsive and qualitative in-
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terpretation that in addition to thermally significant properties

of biomass sedimentation, they also may entrain significant

fresh water from the surface on their rapid descent.

Again, these are qualitative initial interpretations.

Clearly the featured patterns of correlation invite further

study beyond this initial exploration. As noted, our parallel

studies consider some related information but for now, we

consider a few additional complementary patterns that seem

most relevant towards roughly completing the basic limbs

of our concept of a solar driven ‘Super’ Hadley Cell. The

patterns of the five stacked variables in Figure 6, the 1992

ocean atmosphere CO2 flux map in Figure 7a, and the related

two stacked variables of Figure 8 as examined vertically and

horizontally, suggest a relatively unified conceptual model

of solar activity—driven ocean and atmospheric circulation

of moisture, dry air, and CO2. These concepts are explored

in further detail subsequently. For now, the results are paired

together to show a number of interesting alignments.

Figure 6. Global profiles of atmospheric and ocean features. (a) Divergence of Latent and Total Energy (LEDIV, TEDIV W/m2)

1992 profile along 180° E; (b) Zonal average atmosphere vertical velocity (color field, red = strong upward magnitude, blue = strong

downwelling range) and stream slice overlay, (1992); (c) Zonal average ocean-air CO2 relative flux histogram (1992); (d) Zonal average

ocean vertical velocity (color field) (color field, red = strong upward magnitude, blue = strong downwelling range and stream slice

overlay (1992).

Source: UCAR, ERAI, MPI, ECCO.
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(a)

(b)

Figure 7. Ocean-atmosphere CO2 concentration and flux data. (a) Average CO2 concentration (ppm) at ocean surface, years 1982

through 2017. (b) 3-year lagged correlation of CO2 flux at surface (mol/m
2/year/month) to the sunspot number series for the same 1982

through 2017 time frame.

Source: SILSO, and Landschützer et al. [21] incorporating SOCAT and SOCCOM data.

For example, Figure 6a displays histograms of the net

fluxes over the given year of 1992, for total energy (TEDIV)

and latent energy (LEDIV).These align with each other and

with the equivalent geostrophic maps of each in Figure 2.

Consistent with our earlier interpretation, the greatest release

of latent heat to outer space occurs near the equator from the
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tropopause, and this is captured geostrophically (without a

specific elevation) by the tallest red bars of Figure 6a. More-

over, the tallest cyan bars (TEDIV) indicate that the subpolar

and polar zones dominate in the transport of otherwise sensi-

ble energy to space, and this is also corroborated by Figure

2a.

Figure 8. Stacked profiles at 180° E of 4-year lagged correlation of atmosphere T (top) and ocean T (bottom), with solar activity.
Note: Cyan arrows indicate downward bands of cold liquid water. Black arrow shows upward band of water vapor.

Source: ERAI, ECCO.

These divisions of outwardly diverging energy from

the latent and sensible components are naturally non-

controversial. Yet the radiative balance of the atmosphere is

rarely characterized this way in the associated literature [1–3].

For example, as noted the WG1AR5 reference [2] never ex-

plores latent heat other than as an input, and “sensible heat”

as well as “dry static energy” are not described. Radiative

forcing in the perspective of the D&A community is primar-

ily about negative forcings that adjust solar radiation but

almost never directly about solar radiation itself. It is true

that the literature [2] includes a Section 8.6.1, on the spatial

distribution of some climate forcing agents including CO2,

aerosols and ozone. But the “Solar irradiance” forcing factor

is not included in that discussion.

Also, the full panel set indicates that regions of positive

and negative vertical atmospheric and ocean velocities (rows

2 and 4) align with regions of negative and positive LEDIV in

the upper row, and with regions of positive and negative CO2
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ocean atmospheric flux (green vertical bar chart) in the third

row. This fits with our existing interpretations associated

with Figure 2. The CO2 flux histogram is also comparable

to the map in Figure 7a of the mean equatorial upwelling

and mid-latitude downwelling of CO2 for the full set of years

available from the MPI resource (1982–2017). This data

was drawn from Landschützer et al. [21]. Both the CO2 rela-

tive flux histogram in Figure 6c and the CO2 concentration

map of Figure 7a align with the bottom panel of Figure 5 of

Carroll et al. [50], and this is discussed further in subsequent

paragraphs.

Perhaps most notable is the significant (negative) cor-

relation of equatorial CO2 upwelling with solar activity that

is clearly mapped in Figure 7b. Moreover, positive bands

of correlation bound this domain to both north and south.

The positive bands are aligned to the downwelling CO2 indi-

cated in Figure 6c, from the same source. CO2 circulation

is described in more detail along with another tracer in a

subsequent section.

That CO2–solar correlation map is complemented in

Figure 8 with two stacked profiles of additional solar corre-

lation interest. The figure shows that regions of positive and

negative solar correlation to temperature at any depth in the

ocean or elevation in the atmosphere align roughly at the at-

mospheric ocean interface. The cyan arrows and black arrow

in Figure 8 illustrate important aspects of our interpretation

of sensible heat transport. Cyan arrows reflect the cooling of

the atmosphere and ocean from first the subsidence of cold

water and frozen precipitate condensed from vapor at high al-

titudes. The precipitation reaches the ocean surface and cools

its ocean surroundings as the meteoric water sinks. The black

arrow reflects the production of water vapor across the equa-

torial core surface above the shallow equatorial convection

zone, and its transmission to the atmosphere. That adds sig-

nificant quantities of latent heat which are interpreted further

to be captured by the yellow and orange lobes of Figure 2b.

Moreover, the alignments of negative correlation are

stronger than the alignments of positive correlation at this

“late” lag of 4 years. Also, it is of interest that the same

figure demonstrates the significant correlation of the temper-

ature of the ocean floor to solar activity even after 4 years,

as signified by the extensive deep red zones. That lower

half of the figure is an enlarged version of the 4th row of the

middle column of Figure 5. Finally, the same bottom frame

of Figure 8 also demonstrates a shallow equatorial zone of

high positive solar correlation which aligns with the shallow

zone of ocean convection featured in Figure 4b.

4. Discussion

The numerous connections already featured complete

a core set of observations and related analysis. But they can

be augmented further by (and augment in turn) additional

geospatial evidence regarding both CO2 and O3. We discuss

both of these atmospheric and/or ocean tracers in some depth

here, not only because they are helpful to expand upon the

hydrospheric components and dynamics already described,

but also because both are key forcing parameters featured in

the WG1AR5 and WG1AR6 reports.

Following this discussion, our analysis integrates all of

the featured tracer and hydrospheric information to build an

alternate conceptual model of the geospatial impact of solar

activity upon the planet, namely the “Super” Hadley Cell.

The discussions are closed with an example forecast to test

the predictability of the featured lag correlations.

4.1. CO2 And O3 Patterns Align to the Hydro-

spheric Circulation Model

In following up from the largely hydrospheric parame-

ters featured, we have also examined geospatial products for

the trace gases CO2 and O3. Both are reviewed for several

reasons. First, they are described in previous literature with

varying chemical connections, and via more correlations, to

either the hydrosphere or to solar or both. For example, atmo-

spheric CO2 transport that aligns seasonally with the HC is

clear from numerous figures and related text from Miyazaki

et al 2008 [51]. And second, both tracer gases are important

in the WG1AR5 and WG1AR6 model global forcing hierar-

chy. Notably as summarized in Table 1, solar forcing again

occupies the weakest position of that hierarchy.

Table 1. Selected global radiative forcings (W/m2) reported in

WG1AR5 by Myhre et al. [2].

Forcing Parameter Mean Value (W/m2)

Carbon Dioxide (CO2) 1.82

Methane (CH4) 0.48

Tropospheric Ozone (O3) 0.4

CFCs 0.263

Nitrous Oxide (N2O) 0.17

Stratospheric Ozone (O3) −0.05

Solar Activity (SSN) 0.05
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CO2 occupies the top forcing ranking, followed by nu-

merous additional trace gases (some not included in this ex-

cerpt), before the solar forcing minimal value of 0.05 W/m2

is recognized. Each of those additional gases shown is re-

lated in WG1AR5, WG1AR6, and supporting literature in

some manner to ozone, as subsequently described.

Accordingly, additional examination of both CO2 and

O3 serves multiple comparative purposes regarding the no-

tion of solar forcing’s impact upon our hydroclimate. For

example, CO2(g) is heavier than air but lighter than H2O(l)

into which it can fully dissolve. O3(g) is also heavier than

air and is soluble in water. In addition, CO2 pathways cycle

between the ocean and the troposphere, while O3 originates

in the stratosphere and descends through the troposphere to

the surface.

4.2. CO2 Fate and Transport in the Hydro-

sphere

The CO2 mapping featured in Figures 6c and 7a comes

from two atlases of dissolved CO2 fugacities, described in de-

tail by Landschützer et al. [21]. The SOCAT atlas covered data

north of the Southern Ocean and the SOCCOM atlas covered

the data within the Southern Ocean footprint. Clearly the

CO2 concentrations are greatest over much of the equatorial

Pacific, and lowest along the middle latitudes of the Pacific.

This is also supported by Figures 12 and 15 of Miyazaki et

al. [51]. All reports and data that we examined showed that the

greatest mass of CO2(g) emerges into the lower atmosphere,

mainly from the equatorial Eastern Pacific, from which it

upwells and degasses. Once in the atmosphere, CO2 follows

atmospheric circulation patterns, including the Hadley Cell

(HC) (seeMiyazaki et al. [51] Figure 15 and more again). CO2

concentrations are observable with downward (nadir) view-

ing sounder approaches focused on the mid-troposphere [52].

Nonetheless CO2 is understood to uplift through the

tropical tropopause much like H2O. Because there is no con-

densation loss, CO2 concentrations within the stratosphere

can be expected to remain less depleted than H2O. Eventu-

ally, within a few years of residency, the CO2 returns to the

ocean and land surfaces through both wet deposition along

the mid-latitude descending limbs of the HC, and to the north

via the Brewer-Dobson circulation.

Much of this description is adapted from Bischof et

al. [53] and Andrews et al. [54]. Both studies included globally

scaled integration of stratospheric observations, including

from high-altitude aircraft and “balloon-born cryosamplers”.

The Bischof study interpreted that most stratospheric CO2

originates from the tropical troposphere, via upwelling. They

also observed a slight drop, ~ 7 ppm(v), around 2% of the tro-

pospheric average, in stratospheric CO2 concentration from

the tropopause to the middle of the stratosphere. TheAndrews

study developed a model using Green’s Function to build the

case for the transport patterns and the residence times of strato-

spheric CO2 and several other gases. The Hadley portions

of those inferred CO2 patterns can be inferred from both the

blue-shaded mid-latitude zones in Figure 7a and again the

downward arrows in Figure 15 of Miyazaki et al. [51].

The interpretation of CO2 and the Hadley Cell that our

study shares with Miyazaki et al. was preceded by related

descriptions of an “atmospheric conveyor belt” [55]. The con-

nections however are most clear in comparison again to our

content and Figures 12 and 15 of Miyazaki et al. [51]. That

paper uses stream-function-based models and improves skill

transparency through extensive comparisons to observations,

including reanalysis products. This is done with the goal

of mapping the most likely pattern of CO2 cycling in the

atmosphere across the ocean portions of the planet.

Figure 7b advances from the previous content on CO2

fluxes between the ocean and atmosphere to develop a map

of the SSN 3-year lagged correlation to CO2 flux. Notably,

the map once again manifests as a rough meridional dipole

as in previous maps (see Figure12 of Miyazaki et al. [51]). All

of this information supports the inclusion of CO2 as both a

tracer of circulation and another indicator of the influence of

solar forcing.

In that regard, the evidence of solar forcing of ocean-

upwelled CO2 poses an additional challenge to the WG1AR5

climate forcing hierarchy, because the weakest forcing agent

cannot logically drive the strongest forcing agent. Myhr et

al.’s [2] paper on climate forcings describes anthropogenic CO2

forcing and implementation in much detail but does not point

to supporting observations or sample collections that clearly

disambiguate natural CO2 from fossil fuel-related CO2.

Regardless of where or how CO2 is argued to be pro-

duced or destroyed, the WG1AR5 and WG1AR6 aligned

works such as DeVries [56] identify an anthropogenic factor

as the deciding factor, and the impacts of H2O and solar ac-

tivity are not deeply explored. In contrast, other papers such
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as Andrews et al. [54] and Miyazaki et al. [51] as previously

noted have directly investigated and modeled at least the

natural dynamics of CO2 cycling that is heavily grounded in

the primacy of equatorial upwelling. Finally, as noted, both

have also authenticated against published and/or measured

observations.

For completeness at this preliminary stage, we recog-

nize that there are other sources of CO2 fluxes to the south

and north of the Hadley Cell. See example from Wu et

al. [57] which features deeply penetrating oceanmixing depths

across the Labrador Sea for mean March (1979–2017 span)

to the west of Greenland. Acomplementary but more explicit

treatment of ocean-atmosphere CO2 mixing is viewable at

https://svs.gsfc.nasa.gov/4398 [58]. This animation for all

weeks of 2009was built within theNASACarbonMonitoring

System (CMS) Flux Project [59]. The March maps show in-

tense subpolar North Atlantic CO2 upwelling activity, which

is also in alignment with Wu et al. [57]. In addition, the ani-

mation appears to signify the more subtropical and tropical

upwelling and downwelling mapped in Figure 7a. Finally,

the supporting text of the site notes the graphical overlay

of vortices as streamlines over plumes as color fields of up-

welled and down-welled CO2 from June through November,

suggesting that important quantities of CO2 are pulled from

abyssal ocean zones directly to the “free” (upper) troposphere

via the eye of each cyclone storm.

Finally it is notable that these natural CO2 signatures

are not directly addressed in WG1AR5 representations of

CO2 fate and transport. Instead, only model-based represen-

tation of CO2 accounting, both natural and anthropogenic

constitute the framework of CO2 based causation in that

study. In comparison, CO2 is shown to relate to both solar

activity in Figure 7b, and to LEDIV in Figure 7c.

4.3. O3 Fate and Transport in the Hydrosphere

Much like CO2, ozone is also heavier than air and solu-

ble in water at standard temperature and pressure. But among

other important differences, O3 has a notably different ori-

gin than CO2. In Figure 9, the global zonal profiles of the

natural log of the mass fraction of ozone are depicted for

the first 6 h of January 1979 in Figure 9a, and the first 6

h of July 1979 in Figure 9b. Ozone appears to originate

and concentrate in the middle stratosphere (dark red hues

between 30.9 and 38.4 km), upon which it evidently sinks

as it circulates in the stratospheric winds. Eventually ozone

penetrates the tropopause (signified by the steeper concen-

tration gradient between 11.29 and 23.4 km) towards the

surface. In reaching the troposphere, ozone concentrations

are significantly depleted, signified clearly by the blue and

deeper blue concentration zones, due to interactions with

water under less-photolyzing radiation.

Figure 9. Profiles of global zonally averaged ozone for the first 6 h of January 1979 (a), and the first 6 h of July 1979 (b).

Note: Color legend in natural log.

Notably, a “plume” is evident for each frame of rela-

tively higher tropospheric ozone (light blue) with a streaking

pattern suggestive of ozone “rain”. Ozone rain is not widely

recognized. Instead, most contemporary literature refers to

ozone descent only indirectly via “stratosphere troposphere

exchange” (STE) systems [60]. Moreover, interpretations of

40

https://svs.gsfc.nasa.gov/4398


Journal of Atmospheric Science Research | Volume 09 | Issue 03 | July 2026

the ozone “life cycle” such as Chipperfield and Bekki [61],

which claim to adopt the WG1AR5 and WG1AR6 climate

forcing hierarchy, imply that ozone never significantly leaves

any atmospheric level that it is formed in, given their domi-

nant attention to ozone destruction in, and not migration from,

the stratosphere. Notably, STE is not described in that study.

However, even theWGIAR5 nominally recognizes STE along

with other independent studies including Miles et al. [62] and

Pound et al. [63]. Pound et al.’s study goes further than most at

least regarding our alignment, and identifies ozone deposition

onto seawater, which we also subsequently describe.

Perhaps the most important difference from the con-

ventional model is not so much the amount of ozone that

descends through the tropopause (which is not controversial),

but the rate of stratospheric ozone production. In WG1AR5,

Table 8.1 a rate of stratospheric ozone production ~10 times

greater than the STE flux is asserted. That is paired with

a similar rate of stratospheric ozone destruction. We note

initially that both the production and destruction rates are

based on models, whereas the STE fluxes are based on obser-

vations. We follow up on this subsequently with an alternate

accounting and interpretation.

There are related patterns to interpret, again graphically

in Figure 9. For example, in each frame, the ozone rain in

light blue directly underlies the ozone source in dark red.

And this system shifts north and the source once each year

in line with monsoonal patterns. Clearly ozone is distinc-

tively connected with water in different ways at different

elevations. But ozone also seems to share the phenomenon

of “overland flow” that water hydrologic runoff exemplifies.

As suggested in Figure 10a. the small amount of ozone not

consumed in tropospheric moisture seems to consistently

display gravity-driven overland flow once it reaches any

land surface. This is most suggested from the exercise of

superposing the ozone surface contours for the year 1992

across the Western US, over that underlying mountainous

terrain as the shaded color field. The vector equivalent of

ozone concentration is in our representation. It starts with

a simple calculation of the 3D gradient of the 3D matrix of

pixels representing the ozone concentration. The final step is

to invoke the MATLAB streamslice algorithm for the surface

layer using those gradient values for ‘flows’ in the x, y, and

z directions.

It is clear from Figure 10b that the ozone concentra-

tions align with the potentiometric surface of the landforms.

In comparison, the transport of ozone across the oceans is

much different. A global adaptation of that figure is shown in

Figure 10b. The underlying topography is not shown, only

the ozone concentration color field. It indicates that surface

ozone across the oceans follows the Hadley circulation, first

from midlatitudes towards the ITCZ upon which a residuum

of surviving ozone is reported—for example by Wang and

Fu [64]—to be drawn back up into the ascending limbs of the

Hadley Cell (centered over the WEP especially, just as Pa-

cific Ocean surface CO2 appears to align with, as previously

noted).

(a)

Figure 10. Cont.
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(b)

Figure 10. Ozone overland flow conceptual exercise. (a) Vector equivalent of ozone concentration (ppbv) for 1992, plotted over a

shaded color field map of the topographic (and bathymetric) surface. (b) Vector equivalent of ozone concentration (ppbv) for 1992,

plotted over a color field map of the same ozone concentration for the same year.
Note: Cities shown as open black circles are clockwise from the center: Denver, Albuquerque, Phoenix and Los Angeles. Green circle for a later predictive exercise. Magenta X

not used.

Source: ERAI.

Based upon these collective observations and interpre-

tations, much if not all of the feedstock for ozone may origi-

nate from the oxygen that is initially bound in water vapor.

This has long been discounted in older chemical hypotheses,

along with conflicting concepts of the height of equatorially-

convected water penetration into the stratosphere. But as

profiled by Dessler [65], the equatorial tropopause can reach

up to and above 15 km. Moreover, as observed byYamamoto

et al. [66], a nominal moisture signal can be found as high

as 20 km above that footprint, and accordingly, well into

the stratosphere. This is the same elevation where ozone is

most positively and significantly correlated to moisture in

Figure 11a. As suggested, further extensive work would

be anticipated should these observations and interpretations

demonstrate potential for better forecasting of ozone.

Figure 11b profiles the 0-year lagged correlation of

zonally averaged ozone with solar activity. Large regions

express correlations that are statistically significant, where

the absolute value equals or exceeds 0.32 (see Table A1).

It is relevant to compare this to the ozone phenomenology

described in WG1AR5, WG1AR6 and supporting papers

since they prioritize ozone climate forcing over solar forc-

ing. Accordingly, our first observation is that both cannot be

true. In other words, if solar activity is driving ozone, then

the impact of ozone on global temperature cannot exceed

the full influence of solar activity on the same parameter.

A nearly identical argument was made for CO2 in previous

paragraphs.

Accordingly, much like our CO2 pathway tracing, it

bears emphasis that our concept of ozone origination and

transport is at odds with the conceptual model of ozone fate

and transport summarized in WG1AR5. For context, that

report is based primarily on models that limit calculations

to a concept of extreme UV (UV-C, λ < 280 nm) that causes

ozone formation in the stratosphere, pioneered by Chapman

in 1930 [67]. Chapman (who also speculated on falling ozone)

focused on UV-C energy directly photolyzing O2. Notably

UV-C energy at over 150 kcal/mol (627.6 kJ/mol) is suffi-

cient to cleave O2 bonds (ΔH = 493 kJ/mol). However, water

vapor is still present in the middle stratosphere, and only OH

bonds need to be broken to free up atomic oxygen from that

water vapor. Moreover, the bond dissociation energy for

OH of 428 kJ/mol is lower than that for O2. Accordingly, it

appears plausible that water vapor provides a more efficient

feedstock for ozone production than molecular oxygen in the

stratosphere.
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(a)

(b)

Figure 11. (a) Global zonal profile of 0-year lagged correlations of ozone to specific humidity; (b) Global zonal profile of 0-year lagged

correlations of SSNs to ozone.

Source: ERAI and SILSO.

In comparison, the role of water vapor in WG1AR5,

WG1AR6 and supporting documents is limited to a minor

source of OH- ions that interact in an intricate and canoni-

cal continuum of presumed intermediate species in the two

pathways: one of destruction and one of creation of ozone.

Moreover, their narrative effectively limits both ends of the

ozone lifecycle to the stratosphere. This stands out in contrast

to our conceptual model (partially shared by STE studies)

that ozone originates in the stratosphere but descends into

the troposphere where it expires from moisture contact.

It is also notable that methane is invoked in WG1AR5,

WG1AR6 and supporting documents as essentially the sole

source of stratospheric water, via a proposed oxidation path-

way. And it is interesting in that context that stratospheric

methane itself is solely attributed to anthropogenic sources.

The chain of equations cited in the WG1AR5, WG1AR6 and

supporting literature is extensive but again, they downplay

any direct role of Hadley-circulated water that penetrates the

tropopause. As noted, water is almost entirely missing from

their relevant descriptions of ozone formation and ozone
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destruction. Moisture is largely superseded by a number of

“odd oxygens”, identified by only a single oxygen atom in

the molecule. Many of these intermediate compounds are

identified to be highly reactive, and accordingly they are not

commonly observed. Rather they appear to be interpreted

more from models than from observations.

We just noted that the extended sets of ozone equa-

tions with multiple precursors that support the curation in

WG1AR5 and WG1AR6 are based upon models. This is

expected to lead to nonphysical results. As described earlier,

among other things missing from their conception is ozone

“rain” (also termed STE) and other mixed but significant cor-

relations to water profiled in Figure 11a. Again, as noted, the

WGIAR5 and WG1AR6 products treat stratospheric ozone

as largely confined to the stratosphere. In that conceptual

model, most of the ozone is produced and destroyed at the

same high elevations. Furthermore, the process is implied to

alter global temperature due to its destruction by chloroflu-

orocarbons (CFCs). Moreover, the WG1AR5, WG1AR6

and supporting literature, including Miles et al. [62] primarily

attribute surface ozone to derive from photochemical reac-

tions with pollutants at the surface. We note that wherever

or however ozone is argued to be produced or destroyed,

an anthropogenic factor is invoked as the deciding factor in

WG1AR5 and WG1AR6 literature, and the impacts of H2O

and solar activity are not explored.

In contrast, and inspired by Figure 11a, we explore the

notion that water itself can serve as the primary feedstock for

atmospheric ozone production. Trivially, water contains one

oxygen atom per molecule. And water is easily dissociated

under diverse conditions into an H+ and OH− components.

Moreover, as noted, OH− is more easily photolyzed than

O2. And as Figure 11a indicates, moisture clearly reaches

the ozone creation elevations, and correlates strongly, espe-

cially above the equator. We don’t expect to sort out the full

mysteries of ozone creation, transport and destruction in this

exploratory study, but such a notion of water as the primary

feedstock for ozone production would add significant value

if supported by evidence and if simple to implement.

On that note, although confirmation is well outside of

our exploratory scope, it is convenient to initially consider

such a mechanism. We begin by comparing the relative quan-

tities of keyWG1AR5 stratospheric gases attributed to ozone

chemistry, to water vapor content. This is summarized in

Table 2 below.

Table 2. Concentrations (ppm) of selected stratospheric gases at

20 km elevation.

Stratospheric Gas Approximate Mean Value (ppm)

Oxygen (O2) 209,500 assumed well-mixed in atm.

Carbon Dioxide (CO2) ~400 assumed well-mixed in atm.

Stratospheric Ozone (O3) ~3 (Figure 1 of Anderson et al. [68])

Water Vapor (H2O) ~3 (Figure 11 of Rosenlof and Reid [69])

Methane (CH4) ~1.6 (Table 1 of Hsu and Prather [70])

Notably, water vapor is roughly twice as abundant

as methane in the stratosphere. This conflicts with the

WG1AR5 related reasoning that stratospheric water comes

solely from stratospheric methane. Moreover, the propor-

tions of water vapor and ozone are very similar in magnitude.

This is particularly evident in the atmospheric concentration

profiles in Figure 1 of the Anderson et al. [68]. The strato-

spheric levels from approximately 20km to 40 km for O3 and

H2O are shown to be closely aligned. This is suggestive of an

(ionic) balance, and since the components are not static, that

balance is suggestive of a physical equilibrium. Accordingly,

we can initially propose that ozone is primarily created by

photolysis of Hadley-upwelled stratospheric water according

to this relation:

3H2O+ hv → O3 + 3H2 (3)

Where h is Planck’s Constant and v is the frequency of

the higher energies of UV light found from the tropopause to

the mid-mesosphere, where water is also present. Intermedi-

ate steps can be anticipated, but as noted for example with

the hydroxyl ion, they are not expected to be impediments

but rather more catalytic, and therefore facilitative in nature.

A profoundly different expression is widely applied for

any encounter of ozone with liquid water wherever photol-

ysis is inconsequential. This holds for much of the surface

and all of the night hemisphere.

O3(g) 
 O3(aq) (4)

Between these two governing conditions lies a wide

spectrum of possibilities that are in a sense mapped in Figure

11a, which again is a global zonal profile of the correlation be-

tween the two molecules. In this preliminary approach, many

of those intricate patterns are deferred for future studies.

Finally, this work invites additional consideration of

prevailing views on photochemical ozone reactions at the
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land surface, where water is inconsequential. The literature

is extensive on topics relating photochemical smog to ozone,

including Pollack et al. [71], which chronicles ozone pollu-

tion in Los Angeles, US, from 1960 through 2010. That

example adopts the widespread model that surface ozone pri-

marily occurs due to photochemical reactions with pollutants

including NOx or other designated precursors
[72,73].

In contrast, Figures 9 and 10a, support a notion that

ozone runoff from high-altitude catchments can account for

some if not all of the ozone observed in those previous model-

based studies. In any case the accounting of ozone as at least

a background component that varies naturally according to

STE events is beginning to be more widely recognized in

papers such as Bien and Helmig [74].

Our interpretation of ozone rain is consistent with the

Bien and Helmig paper, including their observation of greater

intensity of natural surface ozone near the summer months,

along with their observations that ozone concentrations can

be high in areas far removed and “upstream” from major

metropolitan areas. To corroborate, examination of Figure 9

shows that ozone rain is highest across northern mid-latitudes

every boreal summer. Moreover, Figure 10a shows runoff

“trajectories” from high mountains towards both of the fea-

tured cities of Los Angeles and Denver. As with numerous

other limbs of this paper, much remains to be considered,

explored, and tested. But perhaps if and when “ozone rain”

and “runoff” gain traction in the surface ozone research com-

munity, then more applicable and practical models can be

hybridized from existing water runoff models.

4.4. Conceptualization of a “Super Hadley

Cell” Based on Coupled Ocean Atmo-

sphere Correlations to Solar Activity

The supporting information to this point is integrated

further in the conceptual diagram of Figure 12. Much like

the preceding data-centric figures, this addresses the circula-

tion and transport of water and energy, along with relevant

tracers, through a global profile framework. The schematic

is an interpretive diagram based on the featured data that

supports numerous concepts and patterns surrounding the

main limbs of global hydrospheric circulation. The primary

circulation is represented by water (H2O) via the Hadley

Cell, shown in cyan arrows. Through the process of (what

we interpret as solar-driven) evaporation, water vapor con-

vects upward from the equatorial surface and spreads to the

north and south as it approaches the tropopause. For the most

part, water in moist tropical air condenses at the tropopause,

releasing significant quantities of latent heat (pink arrow),

most strongly over the equatorial footprint, which is ulti-

mately radiated to outer space. Otherwise, wherever H2O

circulates, it gives and takes latent heat along with it. From

that perspective, the pink arrows of LEDIV at the top of the

equatorial tropopause resemble a global upper-atmospheric

“exhaust ring” of the moist static energy not recaptured by

water of any state.

Figure 12 is also comparable to Figure 1 of Pal-

tridge [75], which notably equates the entropy of the hydro-

logical cycle with latent heat (LE), and sensible heat (H).

Moreover, Paltridge [23] for all practical purposes (“relation

3”) surmises that LE is released in association with upper-

most levels of cloud growth. The large yellow dotted line

terminating in a yellow arrow is intended to represent sen-

sible heat transport from the planetary solid surface (in this

case the ocean floor) through the ocean thickness to the sur-

face and on to the atmosphere. This line component is added

as a direct consequence of the previous figure sets, which

noted strong correlations of ocean pelagic temperature to

solar activity in the ensemble of previous images. Above the

main box, a single red arrow stands in for the net radiative

heat from the top of the atmosphere into outer space. In this

case some liberty is taken for the location of the arrow, if only

because as noted previously and detailed for Figures 2 and

6, the total divergence of energy, TEDIV, reaches maximum

“emission” (negative energy flux) at each sub-polar zone.

The energy transfers through the coupled ocean-

atmosphere can be expanded upon with the current infor-

mation. For example, solar activity can now be argued to

drive a global convection that spans, effectively (and if only

indirectly, given our interpretation of the pelagic zone as the

root of convective activity) from the equatorial ocean floor

to the top of the atmosphere. Numerous predicates are found

in the literature, perhaps most notably by Held and Hou [76].

The original developments in that study adopt a geostrophic

version of the Hadley extent which recognizes the divergence

of latent heat for “vertically integrated atmospheric energy

balance in a steady state”. The authors indicated in Equation

(26) that the net incoming solar flux S(θ) was equal to the

sum of three factors: the heat flux into the ocean F(θ), the
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outgoing longwave flux measured for the top of the atmo-

sphere L(θ), and the divergence of the atmospheric latent

plus sensible heat transport H(θ). The following Equation

(5) is adapted from their Equation (26).

S(θ) = F(θ) + L(θ) + H(θ) (5)

The Held and Huo study captures some of the primary

meridional energy transport across the atmosphere of a radia-

tively forced spinning hemisphere and dynamically describes

a shifting Hadley Cell boundary, along with the associated

upper tropospheric jet and a Ferrel Cell. More recent work

as noted by Xian et al. [77] also captures eddy and friction

effects.

Figure 12. The hydrologic cycle as a solar activity-driven Super Hadley Cell.

A related discussion on solar forcing dynamics, ex-

pressed through a damped harmonic oscillator metaphor is

proposed inAppendix C, which includes a citation to a dy-

namics paper by Ghil et al. [78]. In addition to purely water

and energy-related parameters, the currentFigure 12 also out-

lines circulations for the four tracers carbon dioxide, salinity,

ozone, and biomass. The proposed circulation cycle and/or

path for each tracer can be confirmed at least to some ex-

tent by collective papers including Xian et al., which do not

further address the dynamics of solar forcing relating to the

dependent variables of Equation (5). We complement this

conceptual model in prior plates in this paper. For example,

ozone transport is lightly outlined by the black arrows and

those are reflective of the pertinent discussion, including

Figures 9 and 10b. The salinity limbs in white and the CO2

limbs in green are again also supported by several previous

figures and related discussion.

As mentioned, these are simplifications. One example

46



Journal of Atmospheric Science Research | Volume 09 | Issue 03 | July 2026

concerns the Arctic latitudes where no arrows are shown

directly. Vortices are noted in the literature in both the at-

mosphere and in the oceans across those latitudes. These

produce additional vertical mixing of moisture and CO2 but

fit within the polar and subpolar cells, which are outside of

the Hadley Cell. Finally, the lower vertical red arrow and

annotation in Figure 12 capture the added consideration of

biomass sedimentation on the ocean floor. As noted ear-

lier, our conceptual model considers the possibility that this

can account for the observed correlations of ocean abyssal

temperatures at some locations to solar activity.

Through this construction of data and time series of

moist atmospheric, temperature, and related parameters and

their correlations with solar activity, a larger more compre-

hensive model of full-planet convection is derived than the

traditional construct. As noted earlier, an expanded Hadley

concept was first proposed by Nilsson and Körnich [43], but

they did not explore a substantial connection to decadal-scale

solar activity. In context, the system profiled in this study

incorporates the model of Nilsson and Körnich and expands

upon it, to propose a “Super” Hadley Cell that is purely

driven by solar activity at almost any secular and geospatial

scale and depth from the floor of the ocean to the top of the

hydrosphere.

Moreover, regardless of the equatorial pelagic-

anchored convection model, or any alternative, our expanded

model shows the potential to account for and possibly more

skillfully anticipate (predict) global energy, moisture, CO2,

biomass, ozone and salinity transport. From a hydrologic

standpoint, moisture is the most important and potentially

useful variable to attempt prediction of. Accordingly, a sub-

sequent section features the development of a testable (falsi-

fiable) climate forecast for subsequent evaluation.

4.5. AnomalousMechanisms of Solar Omission

from D&AStudies

As noted in the Introduction, thewidely publishedD&A

studies appear to consistently omit solar activity from their

detection component. Based on our cited examples, that

detection component is limited to studies of whether or not a

specific trend may be random. This limitation precludes any

CRMA exercises that could potentially recognize connec-

tions to solar or other covariates. Accordingly, there is only

one place left in the D&A canon to look for solar representa-

tion, and that is within the attribution component. However,

the attribution component primarily consists of ESMs, which

as our Introduction also details, exclude solar dynamics, ar-

guably leading to the documented poor accuracy of many

climate simulations.

A broader question arises of how attribution can ever

be established by model results alone, even if such models

achieve a level of accuracy. Such reliance on models to serve

as default evidence ensembles that supersede observations of

natural variability, or a related assertion that models can serve

as proxies for natural variability, has yet to be authenticated.

Much of this topic is beyond the current scope, but the

D&Amethodology is at least clear that ESM models are run

in two modes: with natural forcing and without. Under the

D&Amethodology, if selected observations are not skillfully

matched by the natural forcing case, then anthropogenic cau-

sation is attributed. Again, solar dynamics are missing from

both the natural forcing models as well as the anthropogenic

forcing models. Accordingly, only models of natural forcing

that lack solar dynamics are tested, and not natural variability

itself.

In this respect, the D&A studies may bypass sufficient

comparisons of any of their models to accepted observations

of natural variability. This should be of interest, given that

natural forcing has always been the universal default null

hypothesis. It is convenient and relevant in this context to

cite Rateb et al. [79] in press. That study ran an extensive

set of ESM ensembles, under a D&A framework, to com-

pare natural reservoir storage and ultimately showed that the

collections of simulations using natural forcings failed to

match the observed reservoir variability. This is not surpris-

ing because as just noted, the ESMmodels omit the temporal

dynamics of solar activity, and have a long and extensive

record of poor accuracy.

Accordingly, it is of further interest to at least roughly

trace how solar activity as a causal candidate is separated

from ESM model implementations. We interpret that this

stems from their procedure of downscaling from global radi-

ation balancing. Perhaps most notably, WG1AR5 Box 8.1

defines radiative forcing by first excluding the impact of

water vapor and water condensation. The product appears

to advance from there to build models that largely exclude

global solar and water dynamics from simulated synoptic

impacts. In comparison, our observational study focuses
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on both solar cycles and water in all states including va-

por. And we interpret dry air conditions as well, showing

complementary patterns through the TEDIV parameter. In-

stead of assuming anthropogenic trace gases supersede solar

forcing, we work with observed CO2 and ozone patterns

to authenticate (or de-authenticate) our conception of the

solar-correlated moisture patterns.

Both approaches of D&A and solar activity would

likely benefit from further comparative evaluation. As part

of our attention to this topic, the use of balance arguments

in WG1AR5 to rule out natural variability is interpreted as a

recurring theme. To paraphrase that report, natural forcing

agents including CO2 and O3 are intrinsically asserted to

be in precise equilibrium, and so only anthropogenic fac-

tors are invoked to account for any subsequent changes in

trends. Following this equilibrium assertion, the global-

scaled anthropogenic-specific forcing rankings are accord-

ingly applied (downscaled) in the WG1AR5 products to all

local predictive domains. And as noted, this may account for

the poor skill of their models.

Again, both approaches cannot be correct. For what it

is worth, our approach is based on traceable regressions to

authenticated data, whereas the WG1AR5 and WG1AR6

approaches are widely based on numerous intricately-

parameterized models. As promoted throughout this study,

skillful predictions can play an important role in reaching a

balanced evaluation of any candidate approaches, whether

the predictions are based on models or on lagged correla-

tions. Accordingly, this paper closes with the contribution

of a relevant prediction example, which can be evaluated

for skill both now and in the future. In detailing this ex-

ample, we propose that it would be value-added, before the

predictive period is broached too far, for one or more ESMs

to be applied by independent researchers towards the same

predictive target, for essential comparisons in a few years’

time.

5. Applications and Limitations

5.1. Solar Forcing as a Synoptic Predictive Tool

With the cumulative evidence suggesting a solar-driven

hydrospheric circulation that takes up to half a decade to com-

plete a circuit, if not somewhat longer, it would be beneficial

to consider if there are subsequent synoptic-scaled or more

local applications that would improve the skill of climate

forecasting. The earlier paper by Wallace [12] also explored

this and produced a relatively accurate multiyear forecast

for the annual discharge of the Animas River, which was

introduced in Figure 1. A new forecast of the associated at-

mospheric parameters, which are naturally required to make

streamflows possible, seems plausible under certain cases

where the correlations are the strongest and with respect to

a few years following a peak or trough in solar activity. It

accordingly is timely and convenient for this paper to exer-

cise a multiyear forecast of atmospheric moisture across the

same general location as the Animas stream gage, given that

solar activity peaked almost two years ago, as also graphed

in Figure 1.

Figures A3 and A4 provide the necessary lagged so-

lar correlation information for such a forecast. The figures

cover 6 lag cases, from 0 to 5 years, across the US, for

6 moisture-related parameters: surface specific humidity,

specific rainwater, geopotential height, surface temperature,

fraction of cloud cover, and specific snow water content.

Examination of the cases will corroborate the integrated

nature of each variable. In particular, and with close coher-

ence to the previous panels of lagged correlations, the annual

surface specific humidity correlations peak across the west-

ern US by the third year of lag. That pattern is again evident

in the global map featured in Figure 3a, which is also for

the identical 3-year lag case. Moreover, the same correlation

peak lag is evident for the associated other parameters, from

specific precipitation to temperature and cloud cover frac-

tion. The directly associated parameters of specific rainwater,

fraction of cloud cover and specific snow water content for

example all align directly but according to their own charac-

teristics. Furthermore, the parameters of geopotential height

and temperature are naturally expected to show peak inverse

correlations for the third year of lag, and they do in these

examples. This inverse relationship relates primarily to the

hypsometric connection between moisture, pressure and tem-

perature widely used in meteorology and hydrology. Notably,

as the partial pressure of water vapor increases in the atmo-

sphere, the total pressure drops. This additionally impacts

temperature (T) via the Ideal Gas Law.

With the timing of the most recent solar activity peak

in mind, we elected to follow the example of Figure 1 for the
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Animas River, and make an equivalently scaled three-year

advance projection of the five-year trailing average (5yta)

of the specific rainwater content for a location overlying the

Animas watershed footprint. Previous work of Wallace [12]

explored a range of lags and multiyear averages for the Ani-

mas location, and found that a 5-year average with a 3-year

lag led to the strongest correlations and p-values, according

to the paper’s adopted frequentist framework. Accordingly,

we start with this configuration for the projection exercise.

Our location selection is shown in Figure A5. The lagged

correlation map shows both the older Animas River location

as an open black circle just west of an open blue circle with a

green center. That location is also green from the correlation

contour manually assigned for a correlation of 0.8, and it

is upstream from the Animas location. Areas of such high

correlation are not common, but the highest correlated areas

are expected to yield the most skillful forecasts. The corre-

lations of nominal statistical significance are shown within

the dotted black outlines of R = 0.6.

The outcome is featured in the final Figure 13, which

indicates a relatively close alignment of the hindcast SP

(blue open circles) to the observational record (solid ma-

genta curve) in that location. Figure A7 documents the

initial development through a scatterplot of the solar activity

compared to the rainfall activity. The linear regression fit

is the basis for the equation used to develop the cyan time

series in Figure 13. Notably, and accounting for the moving

five-year average, the forecast is for an increase in specific

rainwater content across the target area (northwestern New

Mexico and southwestern Colorado) by 2028.

Figure 13. 3-year lagged solar activity (SSN) based regression hindcast and forecast for specific rainwater content near the USGS

Animas River gauge in northwestern New Mexico.

We have proposed earlier that nothing is better than a

skillful and meaningful (not trivial) forecast at validating a

causal candidate to any extent. Yet it is common to attempt to

approach a better understanding of the causes of a given time

series through cross regressions, before waiting for a forecast

to play out, for further judgement of prognostic skill. Numer-

ous accepted conventions for evaluating formal correlation

series and maps are possible, such as the Nash-Sutcliffe Ef-

ficiency test (NSE) which is widely used as a “calibration

summary statistic” in the USArmyCorps of Engineers (ACE)

HEC-HMS flood modeling and forecasting applications (see

https://www.hec.usace.army.mil/confluence/hmsdocs/hmst

rm/calibration/calibration-summary-statistics). The associ-

ated NSE index is accordingly for this exercise equal to 0.66

(detailed in Table A4). Any NSE value, from 0 to 1 signi-

fies that the projection is better than a simple average-based

(in our case, climatological) projection, with 1 signifying a

perfect prediction.

Other approaches often follow templates for screen-

ing out autocorrelation, thereby accounting for persistence
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and for quantifying skill. Such examples can be found for

example in Guemas et al. [80], Trenberth [81] and Tuel and

Martius [82], along with many other resources.

With those considerations in mind, we elected to follow

two paths to substantiate the forecasted low impact of AC.

We accomplished this first by following the published ex-

ample in Wallace 2019, which directly compares AC-based

hindcasts to solar-based ones as shown by Figure 1, and also

now included in Figure 13. Notably theAC-based regression

hindcast in green crosses is much less aligned (correlated)

to the magenta observational record than the solar activity

regression hindcast. Figure A8 is additionally provided to

more clearly quantify the relative errors of the two hindcasts,

following the same example of Figure 1b. Again, the AC

skill is shown to be relatively poor in comparison to the

solar-based projection skill, and the extremes of droughts

and fluvials are again better anticipated by the solar-based

projections both future and retrospective.

In addition, we applied the widely used technique of

calculating and mapping the autocorrelation of the regres-

sion residuals (ACOR) in Figure A6. Notably and as ex-

pected for the solar “hypothesis”, the ACOR is low where

the solar activity correlation is high. We also conducted a

Granger Causality calculation on the same SSN and SP time

series featured in Figure 9. Although the word “causality”

is associated with the test name, this is not interpreted lit-

erally. Figure A9 captures the details of the calculation as

it applied to the predictive power of the independent SSN

variable. With a p-value = 1.17 × 10−5, solar activity (via the

SSNs) is interpreted to provide significant predictive power

for the atmospheric moisture variable SP within this high

cross-correlation limited region.

Following up on the Discussion content, this study has

closed with an exercise to test the apparent predictive power

of a lagged solar approach. In a few years, the accuracy or

inaccuracy of the featured forecast will further reflect on the

validity of that potential. That will also serve as a de facto

out-of-sample validation (OSV).

In any case, we also revisited a past skillful solar-based

hydrology forecast for the same locale [12]. The skill of that

prediction, along with the extensive profiles, correlations,

and interpretations of this study also challenge the claim

of low solar sensitivity framed in the hierarchy of climate

forcing by Gray et al. [1], and adopted by the majority of

contemporary GCMs along with WG1AR5.

A reason for some of the gap may be that the positive

and negative solar correlations are roughly equal in mag-

nitude and therefore tend to cancel each other out when

averaged over the entire planet. That would be interesting

to quantify further, but the fact remains that GCMs apply

considerable effort to model the full planetary footprint in

some detail, and so these correlation patterns, along with

the latent heat distributions featured here should be evident

in any skillful GCM result. Finally, the ACOR tests for

greenhouse gas climate-forcing interpretations, along with

the other numerous candidates appear to remain relatively

unexplored.

5.2. Limitations

While lagged solar correlations offer the potential to

explain many aspects of sub-decadal climate dynamics, they

aren’t anticipated to explain everything. For example, the

bulk of most related maps in this study suggest that approxi-

mately half of our atmosphere and ocean volumes are rela-

tively uncorrelated to solar activity at these scales and lags.

This might be attributable to eddy diffusion, but for this

initial exploration, we have not attempted any exercises or

cited any further work to develop that concept. Even for the

cases and regions of highest lag-correlation, much dynamic

uncertainty remains depending on the general and/or spe-

cific application. That is among many reasons why if better

climate predictivity remains of interest, we ultimately favor

the development of sustained empirical, transparent track-

records of forecast accuracy performance that accompany

related papers on causality and trend detection.

We also recognize the relatively early stage of reanal-

ysis products (~50 years). Much like many, we naturally

expect further solar-considering investigations of existing

data as well as the accrual of additional years and decades

of relevant important data. Given our expectation that subse-

quent investigations will routinely digest increased resolution

in geospatio-temporal information, and an equally important

anticipation for improved modeling that practices parsimony

in parameterizations, we expect these will lead to additional

independent and value-added interpretations which might im-

prove the range and fidelity of subsequent multi-year climate

forecasts.

For example, apart from Figure 3d–f, our study has
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not focused on trends of the parameters. That was largely

excluded from this exploratory study which instead focused

on lagged solar correlations of the parameters. Yet much

like many conventional trend–detection techniques, we ap-

plied linear regression for all of our correlation exercises as

well as those few trends that we did calculate. From those

results, we found substantial support because those mapped

trends aligned with solar correlations. And the lagged cross-

correlation exercises we conducted were further substanti-

ated by quantification of serial (auto) correlation. This is

a consideration which is described in many trend-detection

studies as well, although not in the previously cited studies

by Didovets et al. [10] or Wang et al. [11].

Arguably, our exercises would be an important consid-

eration for subsequent climate trend studies, if only because,

where most statistically significant, solar activity correlations

provide additional predictive information, beyond what the

null hypothesis of random natural variability would project.

In comparison, D&A trend investigations widely adopt the

Mann-Kendall test, which assumes that random conditions

are to be tested against. We accordingly propose that future

D&A studies would benefit by instead beginning with the

consideration of a much less random solar influence. Then

like any null hypothesis, if solar influence can be subse-

quently ruled out, then parametric or non-parametric trend

analysis methods, including the Mann-Kendall test, could

at least advance having defined and/or mapped the limits of

the statistically significant areas.

Contemporary researchers are likely to carry on in any

case with trend and other techniques that they interpret to

be merited, from non-linearity to examinations for “false

detection rates” (FDR). We nonetheless recommend that

where relevant, those exercises include some simple solar

correlation exercises along the lines that we conducted, to

ensure that the solar hypothesis is not pre-emptively dis-

carded. Avoiding the consideration of the “solar hypothesis”

might be equivalent in practical terms to a false rejection rate,

which as noted throughout our study is analogous to solar

activity’s current position at the bottom of the WG1AR5 and

WG1AR6 climate-forcing hierarchy.

Finally, we note limitations in the temporal spans of ap-

plicability. Our demonstrations of prediction have focused on

sub-decadal time frames. Given that each solar cycle follows

a roughly 11-year span, the method outlined here does not

allow for predictions beyond a certain fraction of that limit.

Furthermore, predictions for smaller scales of time than the

annual time frame are also expected to be challenging. For

example, the quantitative prediction of a variable such as

atmospheric moisture or temperature for a given month, even

within a high solar-correlation areal footprint, might be dif-

ficult if not impossible for many cases. That remains to be

tested. Some non-quantitative, more categorical monthly

or seasonal forecasts do seem worthy of exploration from a

solar causation perspective. In that respect, they might be

similar in methodology to common ENSO-based seasonal

forecasts. And in that respect, it is already noted in this and

other papers that ENSO itself has a solar correlation aspect

which is not widely recognized.

6. Conclusions

Through examinations of satellite reanalysis and other

data, we found that the temporal variations of major ocean

and atmospheric circulation parameters, including salinity,

temperature, and atmospheric moisture, are lag-correlated

with solar activity, forming dynamic patterns across the

Earth’s surface. Positive and negative correlation domains

that emerge and decline over periods of several years were

interpreted to outline coupled ocean-atmospheric circulation

manifolds with opposing responses to solar activity. These

domains were found to be evident in binary contrasts from

pole to equator to pole, and from the ocean floor to the sur-

face and on to the top of the atmosphere. The correlation

waves emerge at 0 years of lag and typically reach peak in-

tensity by the third year. Those signatures decay within a

few additional years. Ocean correlations were found to be

notably stronger and more persistent than atmospheric ones.

These opposing correlation waves are separated by a

distinct chevron (sawtooth)meridional boundary that roughly

aligns with 180° E longitude. We have cited studies by Xiao

et al. [32], and Huo et al. [33], to term this an extended merid-

ional solar correlation dipole. This is argued to result from

latent heat exchange impacts at the ocean surface and the

tropopause due in part to the alignment of those reversals

with those signatures. Data and lagged correlation analyses

also suggest that a portion of the radiation from solar activity

reaches the equatorial band of the pelagic zone and stimu-

lates convection, potentially influencing surface evaporation
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and supporting a broader meridional overturning along with

several distinct and independent oceanic convective regimes.

We accordingly developed a conceptual, integrated pro-

file of hydrospheric global circulation limbs which cover the

limits for water and air. We term this system a Super Hadley

Cell and relate it closely to associated dynamics and global

patterns of latent heat exchange. Because of the lagged solar

correlations in the context of the conceptual model, the pre-

dictability of decadal climate and hydroclimate changes was

discussed and analyzed. This included a sample quantitative

forecast of moistening across a target area of the Southern

RockyMountains over the next three years, which would rep-

resent a significant departure from the current warm-and-dry

trend. Among other skill metrics we applied, Nash-Sutcliffe

Efficiency (NSE) was calculated to be 0.66 for the hind-

cast exercise, which is higher than a climatological-mean

baseline.

Important disparities have been identified between high

solar correlations and their relative absence in the climate

trend-detection and attribution (D&A) literature. This also

highlights the dependence of global earth systems models

(ESMs) on parameterizations. Our work concludes in part

with an interpretation that those parameterizations do not

facilitate an accurate and dynamic representation of the rela-

tive importance of solar activity on annual- to decadal-scale

synoptic climate.

Also, in examining the mechanisms of climate forc-

ing modeling most clearly summarized in WG1AR5 and

WG1AR6 that relate to and/or conflict with solar correlation

patterns, several interpretations have been discussed, which

still require mechanistic verification:

• GCM studies developed a climate forcing hierarchy

based on global radiative interpretations, and then ap-

plied these locally (i.e., synoptically or finer in scale).

Through this global filter, parameters like solar activity,

which are documented in our study to exert more local

impact appear to have been screened out.

• GCMs subsequently rely heavily on parameterized

forcings of significant magnitude that are primarily

attributed to both CO2 and ozone among other candi-

dates.

• The elevated attributed climate forcings of CO2 and

ozone over solar activity have not been reconciled with

observational data profiled in this study. Notably, as

featured in the Discussion section, both CO2 and ozone

are significantly lag-correlated to solar activity, and

their mapping shows further alignment with the afore-

mentioned Super Hadley Cell. These correlations and

alignments pose a number of challenges to the interpre-

tations in WG1AR5 and WG1AR6. For example, we

have argued that if the two gases are lag-correlated to

solar activity, then their position in any climate-forcing

hierarchy cannot logically supersede the position of

solar activity itself.

With regard to the inconsistencies in those ESM-related

products, it follows that an increase in attention to transpar-

ent authentications of predictive skill and more should in

fact be applied equally to both solar activity and other attri-

bution studies of climate forcing and causality. Moreover,

this could be applied equally to both modeling and to trend

analyses, perhaps leading to hybrids that improve the state

of prediction and diagnostics.

Our broad notion of a Super Hadley Cell was shown

to be consistent with the extensive atmospheric and ocean

data as well as our proposed mechanism of circulations and

latent heat exchange. But the solar-driven Super Hadley

Cell remains a hypothesis, requiring further independent

testing. The associated solar activity-based forecasting and

hindcasting exercises and results demonstrated predictive

skill, but do not in their own right establish confirmation

of the hypothesis. Further independent work on all lines of

discussion and evidence is anticipated and merited, before

this hypothesis can significantly advance. The same need

for additional confirmation and clarification is expected for

any climate studies which currently disregard or diminish the

role of solar activity. Perhaps as a result of this study, solar

activity will be more explicitly and dynamically accounted

for in relevant future D&A and associated ESM studies.

With that in mind, although many areas of statistically

significant solar correlation have been mapped here, the sig-

nificance may still not be great enough to routinely translate

into skillful forecasting. The examples shown were limited

to 5-year trailing averages because solar correlations are

higher for that product than for series using annual averages.

Moreover, these 5yta forecasts were localized to a region of

the US with the highest such correlation, approximately R =

0.8, which is much higher than in most regions of the planet

for any variable considered at any lag. Accordingly, effec-
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tive application remains to be developed if ever possible, for

shorter time periods including annual and monthly products,

applying solar activity series in the proper context and likely

often with other covariates where merited.
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Appendix A. Data Resources and

Methods

Our products are derived through literature reviews and

from additional data sources which are further developed into

geospatial time series. We apply linear and statistical meth-

ods, using MATLAB and Microsoft Excel to the data sets in

various trials and contexts of relevance to the focus of the

paper. Table A1 is included for convenient interpretation of

the numerous correlation contour overlays and color fields.

AndTableA2 provides references to all datasets and methods.

Two ECMWF (European Center for Medium Range

Weather Forecasts) datasets are primarily relied upon in this

study, the operational version (ERA5), the interim set (ERAI)

and the University of California at Riverside (UCAR) [18].

Each variation develops records of weather and atmospheric

data into a uniform, continuous, and relatively high resolu-

tion geospatiotemporal coverage of our planet’s atmospheric

condition. Many variables and derivative variables have

been tabulated, including winds, temperatures, pressures,

divergences of energy, and atmospheric moisture. Moreover,

ERAI is noted to be the first 4Dvar scheme for reanalysis [19].

This study, along with the previous work byWallace [12]

also relied upon the SILSO Belgium source for solar radi-

ance proxy data as sunspot numbers (SSNs). Both studies

include comparisons of annual and trailing five-year aver-

ages (5yta) of parameters from the UCAR resource, which is

an integration of the full atmosphere from the parent ERAI

database [18]. The UCAR set also extrapolated the ERAI

data’s upper limit, from 65 km altitude to 100 km. Our ex-

amination of the data also continues to utilize the UCAR

source. Due to their geostrophic reduction of the atmosphere

to a single integrated layer over 36 years, file sizes are rel-

atively small, even as their information density and value

remain high. Accordingly, with the limitations in mind, the

monthly UCAR geostrophic datasets offer convenient analy-
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sis of globally spanning circulations.

This study more fully addresses vertical profiles, along

with layer and surface maps, of parameters and their trends.

Most are explored with the ERA5 series.

Methods include data graphing with both Microsoft

Excel 2007 and a commercially licensed version R02023a

of Matlab.

Matlab was additionally used for correlation calcula-

tions and mapping using the “correl” function. All trends

were calculated for the linear fit setting only.

Stream slices developed through Matlab are sensitive

to the assigned density in the final entry of the MATLAB

command. We note that our use of the density assignment at

the end of the command must be assigned for reproducibility.

meanSlab=streamslice(MeanSlabZon,MeanSlabMert,MeanSlabVert,2,[],[],3);%for average of all years

%meanSlab=streamslice(kZonAv,kMertAv, kVertAv,2,[],[],3);%for a year

set(meanSlab, ‘Color’, ‘black’); set(meanSlab, ‘LineWidth’, 5);

Color fields for most graphics are directly mapped to

underlying data with a filter using the “caxis” command in

Matlab. In addition, typically the Matlab “colormap” com-

mands for “Jet”, “Parula”, and HSV are used. Apart from the

few uses of HSV, a convention is followed throughout the

paper that the deepest blue represents the greatest negative

or absolute limit (depending on context) and the deepest red

(or yellow in the Parula case) represents the greatest posi-

tive or absolute limit, depending again on context. For the

trend maps and profiles, a white contour line representing

the zerotrend boundary is included.

Frequently, we have also overlaid contours and/or vec-

tor and/or landform variables onto trend and/or correlation

figures. Some contours are provided for context of another

subject, but often they are intended to convey a quick sense

of the statistical significance variation across a correlation

map or profile of any kind. In those cases, we often start

with a white zero correlation line, which is obviously the

least statistically significant, but which defines a rough and

robust boundary between positive and negative correlations.

We then factor N, the number of common time series entries

for the parameters with R, the Pearson linear correlation co-

efficient, to define the contour that corresponds to the value

p ≤ 0.05, which defines the widely used 95% confidence

boundary. At times we note cases where p ≤ 0.01 which

defines the 99% confidence boundary.

Table A1. p-value guides and related parameters for correlation contours.

Resource N Cell Size (Years) Lag Size (Years) R for p-Value = 0.05

UCAR, MPI 36 1 1–4 0.39 The p-value is 0.018704. The result is significant at p < 0.05.

ERAI 40 1 1–4 0.32 The p-value is 0.044119. The result is significant at p < 0.05.

ECCO 26 1 1–4 0.39 The p-value is 0.048884. The result is significant at p < 0.05.

ERA5 46 1 1–4 0.3 The p-value is 0.042803. The result is significant at p < 0.05.

ERA5 for 5yta case 43 5 3 0.31 The p-value is 0.043068. The result is significant at p < 0.05.

Sometimes broad areas of a solid color are evident in

the correlation figures. These usually develop when areas ex-

press even higher correlations than the assigned color range

mapped to from −0.6 to +0.6. And that develops from apply-

ing one color field scheme limit to all lag cases from zero to 4

or 6 years. Accordingly additional contour lines are typically

added to fill out that information.

When figures are not explicitly labeled, the convention

is adopted that the uppermost figure or the upper left figure is

considered to be ‘a’. From there, the labeling advances to ‘b’,

‘c’, etc., either top down, or clockwise, or at times from left

to right, depending upon the layout and number of images.

Table A2. Data and methods resources.

Data ID Acroynm Link

Sunspot numbers SSNs SILSO https://www.sidc.be/silso/home

Satellite atmospheric

reanalysis data and

planetary topography

ERAI and ERA5 https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim

https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
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Table A2. Cont.

Data ID Acroynm Link

Satellite atmospheric

reanalysis data full atm

integration

UCAR Vertically Integrated Mass, Moisture, Heat, and Energy Budget Products [18]

Derived from the NCEP/NCAR Reanalysis

March 2003 Climate Analysis Section, CGD, NCAR

Contact: David Stepaniak; davestep@ucar.edu

Downloaded on 3-10-2016 from http://www.cgd.ucar.edu/cas/catalog/newbudgets/in

dex.html#ERBEFs– files

ERAI.Z.1979–2014.nc, ERAI.LEDIV.1979–2014.nc.ERAI_TEDIV.1979-2014,

ERAI.U.1979-2014, and ERAI.V.1979-2014

Ocean zonal, meridional

and vertical velocities

PODAAC

https:

//podaac.jpl.nasa.gov/ECCO

?tab=mission-objectives&se

ctions=about%2Bdata

ECCO Consortium, Fukumori, I., Wang, O., Fenty, I., Forget, G., Heimbach, P., &

Ponte, R. M. 2021. Synopsis of the ECCO Central Production Global Ocean and

Sea-Ice State Estimate (Version 4 Release 4), Zenodo. https://doi.org/10.5281/zenodo

.3765928 [20]

ECCO Ocean Velocity-Monthly Mean 0.5 Degree (Version 4 Release 4)

(ECCO_L4_OCEAN_VEL_05DEG_MONTHLY_V4R4)

Animas River discharge

time series

USGS US Geologic Survey Water Data for the Nation

https://waterdata.usgs.gov/

Ocean – Atmosphere CO2

exchange

MPI Landschützer, Peter; Bushinsky, Seth; Gray, Alison R. (2019). A combined globally

mapped CO2 flux estimate based on the Surface Ocean CO2 Atlas Database (SOCAT)

and Southern Ocean Carbon and Climate Observations and Modeling (SOCCOM)

biogeochemistry floats from 1982 to 2017 (NCEI Accession 0191304). Version 1.1.

NOAANational Centers for Environmental Information [21].

Dataset.

https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.nodc:

0191304

[2019-07-17].

Methods Matlab vs. R2023a Update 4 (9.14.0.2306882) was used for most data graphics other

than time series curves (Microsoft Excel) and the conceptual illustrations.

Matlab was also used for all correlation exercises featured in the study.

R (Studio Version 2023.12.1+402) was used for Granger tests.

Spatial and Temporal Scales of Data

Although all resources offered a common monthly data

resolution, each resource utilized different spatial scales of

data. These are outlined below and summarized in Table A3.

Temporal Scales

Our time scales of interest primarily range from years

to sub-decades for both the variable sets and the time lags

used in the correlation exercises. Although we have focused

on time series with a yearly increment, we largely develop

those from data that had a monthly resolution.

Spatial Scales

Our spatial scales vary, depending upon the source data.

For example, the ERAI datasets are 4Dvar, with 60 layers

in the vertical reaching from the surface to the stratopause.

There are 480 divisions of longitude and 241 divisions of

latitude. We downloaded monthly resolutions of the data of

interest for totals of up to 480 time-steps (40 years). The sub-

sequent ERA5 datasets utilize 14,440 divisions of longitude

and 720 divisions of latitude.

These scales in time and space and related exercises

are comparable with much of Wallace’s previous study in

2019 [12], but encompass more refined temporal scaling along

with greater dimensionality as well as attention to the merid-

ional perspective of trends in higher latitude variables, reach-

ing to each pole. Again, for these refinements, our study

routinely limits the temporal increments to years, thereby

screening out most seasonal topics. Any significant seasonal

trend would be evident, and accordingly, already implicitly

captured, in an annual scaled trend.

Table A3. Spatial and Temporal scales for data resources.

Resource Temporal Resolutions and Total Length in Years, Beg and

End Years

Pixel Resolution (Zonal by Meridional by

Elevation) for Cases Used

UCAR monthly, yearly

36 years, 1979–2014

512 × 256 × 1

MPI monthly, yearly

36 years, 1982–2017

720 × 360 × 1

ERAI monthly, yearly
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Table A3. Cont.

Resource Temporal Resolutions and Total Length in Years, Beg and

End Years

Pixel Resolution (Zonal by Meridional by

Elevation) for Cases Used

40 years, 1979–2018 480 × 241 × 60

ECCO monthly, yearly

26 years, 1992–2017

720 × 360 × 50

ERA5 monthly, yearly

47 years, 1979–2025

1440 × 721 × 1

ERA5 for 5yta case monthly, 5-year average

47 years, 1979–2025

1440 × 721 × 1

Appendix B. Additional Lagged Solar Correlation Maps and Other Content

for Featured Variables

Figure A1. Lags 0 through 4 years (rows) for the correlation of SSNs to the temperature at the uppermost layer of the ocean (ECCO

layer 50) (left column), to the surface temperature of the atmosphere (middle column) and to the specific humidity at the surface (right

column).

Source: Developed from sources ERA5, ECCO, and SILSO.
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(a) (b)

(c) (d)

(e) (f)

Figure A2. Lagged correlation of global ocean surface salinity to the sunspot number series. (a) Lag 0 year. (b) Lag 1 year. (c) Lag 2

years. (d) Lag 3 years. (e) Lag 5 years. (f) Lag 6 years.

Source: ECCO and SILSO.
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Figure A3. Lagged correlations of surface specific humidity (left column), specific rainwater (center column), and geopotential height

(right column) across the US to solar activity over 6 cases of lag, from zero to five years.

Source: SILSO and ERA5.
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Figure A4. Lagged correlations of surface temperature (left column), fraction of cloud cover (center column), and specific snow water

content (right column) across the US to solar activity over 6 cases of lag, from zero to five years.

Source: SILSO and ERA5.
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Figure A5. 3 year-lagged correlation of the 5yta SSN series to the 5yta specific rainwater content. Focus over Southwestern US and

Southern Rocky Mountains. The open blue circle on the Colorado New Mexico border identifies the location of the 3-year prediction

example for specific rainwater content. The adjacent open black circle identifies the location of the Wallace [12] Animas River 3 year

prediction example. The four ‘X’s identify major cities in the area, starting from NE and going clockwise these are Denver, Albuquerque,

Phoenix, and Los Angeles.

Source: SILSO and ERA5.

Figure A6. Autocorrelation map of the residual between solar 3 years lagged lagged regression to specific rainwater content (all 5-year

trailing averages).
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Figure A7. Scatterplot of solar activity (SSNs) vs. specific rainwater content upstream of the USGSAnimas River gage near Farmington,

New Mexico.

Source: See Figure 13 and associated text.

Figure A8. Comparison of Solar to AC hindcast errors for the projection of specific rainwater content upstream of the Animas River site

location.

Source: See Figure 13 and associated text.
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Figure A9. Output from Granger run using R for the example projection of specific rainwater content upstream of the Animas River site

location.

Source: See Figure 13 and associated text.

Table A4. Solar hindcast skill via the Nash-Sutcliffe Efficiency metric (NSE) for the example projection of specific rainwater content

upstream of the Animas River site location.

Nash Sutcliff Efficiency Metric, NSE For NSE > 0.5, the Predictive Skill Is Superior to Simple

Use of the Average Value

Size N 30 30 Sum Below Sum Below NSE

Mean 5.80 × 10⁻⁷ 5.80 × 10⁻⁷ 1.82 × 10⁻¹³ 5.30 × 10⁻¹³ 0.66

Year era5 Q4 5yta OBSERVED Projection _SSN_5yta_3lag_era5_43 (Obs − Sim)2 (Obs − Mean)2

1983 5.37 × 10⁻⁷ 5.72477 × 10⁻⁷ 1.26 × 10⁻¹⁵ 1.82 × 10⁻¹⁵

1984 5.99 × 10⁻⁷ 6.51103 × 10⁻⁷ 2.67 × 10⁻¹⁵ 3.93 × 10⁻¹⁶

1985 7.03 × 10⁻⁷ 7.2328 × 10⁻⁷ 4.24 × 10⁻¹⁶ 1.51 × 10⁻¹⁴

1986 8.79 × 10⁻⁷ 7.72697 × 10⁻⁷ 1.13 × 10⁻¹⁴ 8.97 × 10⁻¹⁴

1987 8.13 × 10⁻⁷ 7.56517 × 10⁻⁷ 3.19 × 10⁻¹⁵ 5.45 × 10⁻¹⁴

1988 8.02 × 10⁻⁷ 6.92837 × 10⁻⁷ 1.19 × 10⁻¹⁴ 4.95 × 10⁻¹⁴

1989 6.98 × 10⁻⁷ 6.13463 × 10⁻⁷ 7.20 × 10⁻¹⁵ 1.41 × 10⁻¹⁴

1990 6.38 × 10⁻⁷ 5.39883 × 10⁻⁷ 9.70 × 10⁻¹⁵ 3.45 × 10⁻¹⁵

1991 4.80 × 10⁻⁷ 4.882 × 10⁻⁷ 7.24 × 10⁻¹⁷ 9.98 × 10⁻¹⁵

1992 5.65 × 10⁻⁷ 5.00963 × 10⁻⁷ 4.12 × 10⁻¹⁵ 2.08 × 10⁻¹⁶

1993 6.16 × 10⁻⁷ 5.61193 × 10⁻⁷ 3.01 × 10⁻¹⁵ 1.33 × 10⁻¹⁵

1994 7.52 × 10⁻⁷ 6.29533 × 10⁻⁷ 1.49 × 10⁻¹⁴ 2.96 × 10⁻¹⁴

1995 7.08 × 10⁻⁷ 7.04963 × 10⁻⁷ 7.22 × 10⁻¹⁸ 1.64 × 10⁻¹⁴

1996 7.18 × 10⁻⁷ 7.4483 × 10⁻⁷ 6.99 × 10⁻¹⁶ 1.93 × 10⁻¹⁴

1997 6.51 × 10⁻⁷ 7.2629 × 10⁻⁷ 5.69 × 10⁻¹⁵ 5.08 × 10⁻¹⁵

1998 6.30 × 10⁻⁷ 6.59743 × 10⁻⁷ 9.01 × 10⁻¹⁶ 2.51 × 10⁻¹⁵

1999 5.11 × 10⁻⁷ 5.93253 × 10⁻⁷ 6.74 × 10⁻¹⁵ 4.68 × 10⁻¹⁵

2000 5.03 × 10⁻⁷ 5.1651 × 10⁻⁷ 1.70 × 10⁻¹⁶ 5.80 × 10⁻¹⁵

2001 4.44 × 10⁻⁷ 4.7473 × 10⁻⁷ 9.56 × 10⁻¹⁶ 1.84 × 10⁻¹⁴

2002 4.08 × 10⁻⁷ 4.7941 × 10⁻⁷ 5.16 × 10⁻¹⁵ 2.96 × 10⁻¹⁴

2003 4.11 × 10⁻⁷ 5.15923 × 10⁻⁷ 1.10 × 10⁻¹⁴ 2.84 × 10⁻¹⁴

2004 4.72 × 10⁻⁷ 5.7538 × 10⁻⁷ 1.07 × 10⁻¹⁴ 1.16 × 10⁻¹⁴

2005 5.46 × 10⁻⁷ 6.38873 × 10⁻⁷ 8.62 × 10⁻¹⁵ 1.13 × 10⁻¹⁵

2006 6.01 × 10⁻⁷ 6.9276 × 10⁻⁷ 8.39 × 10⁻¹⁵ 4.65 × 10⁻¹⁶

2007 6.91 × 10⁻⁷ 6.97153 × 10⁻⁷ 3.66 × 10⁻¹⁷ 1.24 × 10⁻¹⁴

2008 6.64 × 10⁻⁷ 6.68827 × 10⁻⁷ 2.83 × 10⁻¹⁷ 7.04 × 10⁻¹⁵

2009 6.08 × 10⁻⁷ 6.17593 × 10⁻⁷ 1.01 × 10⁻¹⁶ 7.82 × 10⁻¹⁶

2010 5.42 × 10⁻⁷ 5.5933 × 10⁻⁷ 3.08 × 10⁻¹⁶ 1.43 × 10⁻¹⁵

2011 5.36 × 10⁻⁷ 4.9894 × 10⁻⁷ 1.35 × 10⁻¹⁵ 1.93 × 10⁻¹⁵

2012 3.99 × 10⁻⁷ 4.60987 × 10⁻⁷ 3.89 × 10⁻¹⁵ 3.28 × 10⁻¹⁴

2013 4.50 × 10⁻⁷ 4.36753 × 10⁻⁷ 1.82 × 10⁻¹⁶ 1.67 × 10⁻¹⁴

2014 4.66 × 10⁻⁷ 4.28423 × 10⁻⁷ 1.42 × 10⁻¹⁵ 1.29 × 10⁻¹⁴

2015 5.09 × 10⁻⁷ 4.50877 × 10⁻⁷ 3.37 × 10⁻¹⁵ 4.99 × 10⁻¹⁵

2016 5.58 × 10⁻⁷ 4.7958 × 10⁻⁷ 6.10 × 10⁻¹⁵ 4.80 × 10⁻¹⁶

2017 6.09 × 10⁻⁷ 5.15403 × 10⁻⁷ 8.72 × 10⁻¹⁵ 8.51 × 10⁻¹⁶

2018 5.60 × 10⁻⁷ 5.58947 × 10⁻⁷ 2.14 × 10⁻¹⁸ 3.69 × 10⁻¹⁶

2019 6.30 × 10⁻⁷ 5.769 × 10⁻⁷ 2.82 × 10⁻¹⁵ 2.54 × 10⁻¹⁵

2020 5.51 × 10⁻⁷ 5.60527 × 10⁻⁷ 8.84 × 10⁻¹⁷ 8.11 × 10⁻¹⁶

2021 5.10 × 10⁻⁷ 5.35497 × 10⁻⁷ 6.27 × 10⁻¹⁶ 4.78 × 10⁻¹⁵

2022 5.55 × 10⁻⁷ 5.00817 × 10⁻⁷ 2.92 × 10⁻¹⁵ 6.14 × 10⁻¹⁶

2023 5.38 × 10⁻⁷ 4.5681 × 10⁻⁷ 6.62 × 10⁻¹⁵ 1.72 × 10⁻¹⁵

2024 4.70 × 10⁻⁷ 4.32413 × 10⁻⁷ 1.40 × 10⁻¹⁵ 1.20 × 10⁻¹⁴

2025 5.42 × 10⁻⁷ 4.28277 × 10⁻⁷ 1.28 × 10⁻¹⁴ 1.45 × 10⁻¹⁵

Source: See Figure 13 and associated text.
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Appendix C. Solar Forcing of Climate

under a Damped Harmonic Oscillator

Model

Ghil et al.’s paper [78] in addition to its many other points

of reference, studies a nominally chaotic circulation dynamic

process, ie, the so called “double-gyre” problem associated

with the divergent streamlines of the NW Pacific and NE

Atlantic oceans. Through a quasi-geostrophic (QG) approx-

imation, the exercise explores how the bifurcation of QG

winds across those regions into opposing gyres expresses

symmetry and asymmetry, based on the time series history

of the geospatial mapping.

In alignment, we also interpret the meridional solar cor-

relation dipole as both roughly symmetric and influenced by

circulation. The concept of a correlation dipole is abstract,

but we anticipate again that high correlation in these cases can

serve as proxies for actual parameters such as surface temper-

ature or rainfall. The Ghil et al. paper also explored periodic

forcings including anthropogenic forcings and volcanism (p.

16), and they targeted some of the same WG1AR5 climate

forcing parameterizations that our study also describes. How-

ever, solar activity was not explored. In comparison, our

exercises are premised upon the influence of an oscillating so-

lar forcing function with a period of ~11 years, and a damped

correlation wave which follows in its wake.

For example, following the peak 2 to 3 year lag in solar

correlation, the drop in intensity of correlation with each

year of lag, as the perimeter of that correlation expands from

each pole, may resemble a forced critically- or over-damped

harmonic oscillator. Notably the preceding HC studies such

as Held and Hou [76], factored damping into their equations

of radiatively-forced meridional transport. We interpret that

variations of both the contextual framework and of the damp-

ing coefficient itself can be exercised to explore sensitivity

of the correlations to that parameter. For example, the pro-

gression of the correlation front is not observed so far to

oscillate in any of the graphic products developed in this

study. Accordingly, damping is essential to fit any of the

solar correlation progression data developed here. In this

limited scoping perspective, we simply revisit the damping

principal within our solar conceptual framework. If solar

correlation intensity is defined by ψ, then

ψ(t) = Ade
−γt (A1)

Where γ is a damping coefficient, t is lag time, and

Ad is the displacement from the peak correlation. There are

many possibilities for the implementation of this framework.

Green’s function applications come tomind, given their incor-

poration of a pulse that propagates through a continuum, us-

ing the principle of superposition already universally adopted

throughout hydrologic applications. For example, the geo-

graphical advancement of a flood, following a significant

rainfall event is a routinely applied implementation. In many

ways this seems to be a suitable metaphor for the dynamic

advancement of a solar caused pulse of added energy to the

hydrosphere and its subsequent ebbing over time.
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