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Abstract. The upscale influence of tropical cyclones (TCs) on the broader climate system remains poorly understood because

of limitations in existing diagnostic and modeling methods. To address this, we present a method to modulate TC activity online

in Earth-system models. Balanced, axisymmetric TC-like vortical perturbations derived from an analytical formulation with

tunable parameters are superimposed on the atmospheric state. To add TCs to the model (“seeding”), cyclonic perturbations

are introduced into quiescent environments. To remove TCs from the model (“unseeding”), anticyclonic perturbations are5

iteratively tuned to cancel existing TCs. During vortex insertion and removal, the balanced formulation prevents spurious wave

generation while scalar global field corrections prevent climate drift.

In fully coupled aquaplanet simulations, the method reliably modulates TC climatology: seeding increases TC frequency

and accumulated cyclone energy well above baseline, while unseeding reduces them by up to 95%. TC tracking shows that

seeding primarily enhances genesis, whereas unseeding suppresses TC frequency by predominantly targeting incipient storms.10

The resulting experiments produce systematic tropical mean-state and radiative responses that scale approximately monotoni-

cally with TC activity, including upper-ocean cooling and mid-tropospheric drying as TC activity increases. These large-scale

atmospheric mean-state responses differ qualitatively from short-term local anomalies associated with individual TCs, provid-

ing strong evidence that TCs modify their surrounding environment. These results establish online vortex manipulation as a

practical, climatologically stable framework for investigations of TC upscale effects in the coupled tropical atmosphere-ocean15

system.

1 Introduction

The climate and extreme weather research communities have extensively studied the influence of the climate on tropical

cyclone (TC) genesis and intensity. Empirical and theoretical frameworks that explain environmental control of TCs have

been developed and refined, accounting for influences from sea-surface temperatures (SSTs), the vertical temperature profile20

of the atmosphere, water vapor, environmental wind shear, and other factors (Gray, 1979; Emanuel, 1986; Emanuel et al.,

2004; Kieu and Wang, 2017). These frameworks have been applied to predict how forced climate change and slower natural

modes of variability modulate TC activity. On the other hand, the upscale effects of TCs on the broader climate system (i.e.,

how TCs affect circulations at larger spatial scales and longer timescales than TCs themselves) are poorly understood even

though TCs have long been known to influence their surrounding environment (Fisher, 1958; Gangopadhyaya and Riehl, 1959).25
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Understanding these effects may provide avenues for improving subseasonal-to-seasonal prediction. At longer timescales,

climate change will alter the intensity and frequency of TCs along with the rainfall they produce (Knutson et al., 2020).

The resulting upscale effects may become a critical factor in climate feedbacks that modulate the overall climate response to

anthropogenic emissions. Additionally, general circulation models (GCMs) are known to have errors in their representation

of TCs due to insufficient atmospheric resolution (Bengtsson et al., 1995; Camargo and Wing, 2016) and simplified ocean30

coupling (Zarzycki, 2016). Such errors may lead to deficiencies in simulations of the Earth system, underscoring the need to

clarify TC upscale effects.

The upper ocean mediates a well-established pathway for some of these upscale interactions. For several decades, obser-

vational evidence (Fisher, 1958; McFadden, 1967) and modeling (Chang and Anthes, 1978; Price, 1981) have consistently

shown that the sea surface cools during the TC passage. The cold SST anomalies, or “cold wakes,” persist for up to one month,35

generating anomalous surface heat fluxes (reduced upwelling longwave, sensible, and latent heat fluxes) as SSTs recover to cli-

matology (Dare and McBride, 2011). These anomalous fluxes contribute greatly to the annual mean ocean heat uptake (OHU)

(Emanuel, 2001; Jansen et al., 2010; Bueti et al., 2014) and can also feed back on the thermodynamic state of the atmosphere

(Hart et al., 2007; Sobel and Camargo, 2005; Schenkel and Hart, 2015b). As higher resolution climate models allow for more

accurate simulations of TC intensity, it is becoming clearer that TC wind forcing on the ocean surface mediates a substantial40

upscale influence of TCs on the climate (Sriver and Huber, 2007; Li et al., 2023). Similarly, finer ocean model grids may

highlight the role of small-scale ocean processes in modulating TC-induced ocean heating (Brizuela et al., 2023).

The direct upscale influence of TCs on the atmosphere, bypassing communication through ocean heat anomalies, is less

clear. From a purely linear additive viewpoint, the localized circulation and state anomalies associated with TCs significantly

alter the long-term mean and variability of the atmosphere (Hsu et al., 2008; Arakane and Hsu, 2021). Arakane and Hsu (2021)45

coined the term “TC footprints” to describe the difference between the statistics of reanalysis state fields with TCs removed and

the statistics of the unmodified reanalysis. They found that TC footprints contribute substantially to the long-term circulation,

but these footprints cannot account for nonlinear TC-climate interactions involving other modes of variability. For instance,

TCs are known to dynamically interact with the large-scale environment by exciting Rossby waves (Sardeshmukh and Hoskins,

1988; McDonald, 1998; Schenkel and Hart, 2015b) and by modifying extratropical wave packets through potential vorticity50

advection (Hodyss and Hendricks, 2010; Archambault et al., 2013).

TC interactions with hydroclimate extremes and the hydrological cycle have been studied extensively and likely also account

for a major upscale influence on the tropical climate. Regionally within active basins, TCs account for a major fraction of annual

total precipitation (Konrad and Perry, 2010; Hsu et al., 2008) and horizontal moisture transports (Xu et al., 2017; Guo et al.,

2017; Liu et al., 2021; Pérez-Alarcón et al., 2023). Through these anomalous moisture fluxes, TCs can induce synoptic- and55

basin-scale anomalies in water vapor content (Scoccimarro et al., 2020; Schenkel and Hart, 2015a). Though the earlier studies

have established mature TCs to be highly effective moisture transporters, more recent theoretical work posits that developing

TCs may fundamentally modulate the mean tropical circulation by exporting water vapor poleward (Adames and Ming, 2018;

Adames Corraliza and Mayta, 2024; Lin et al., 2025).
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Although these all constitute plausible mechanisms by which TCs interact with larger-scale atmospheric circulations, re-60

search has been relatively scant regarding their comparative influences on the long-term climate state and general circulation.

Recently, Rios et al. (2026) provided a major advancement by globally reducing TC activity in a coupled climate model,

demonstrating that TCs drive large-scale radiative cooling by drying the free troposphere and reducing high cloud coverage.

However, while their work establishes the net macroscopic climate response to TCs, isolating and directly comparing the

individual atmospheric pathways that drive these changes remains a major challenge.65

To complement the experimental techniques of Rios et al. (2026) and help establish causal inference in studying TC upscale

effects, we employ a novel technique to artificially modulate TCs. Past modeling studies have reduced TC intensity by denying

the wind-induced surface heat exchange (WISHE) intensification mechanism of TCs (Montgomery et al., 2009; Zhang and

Emanuel, 2016; Ma and Fei, 2022), but these studies have largely focused on storm dynamics in limited-area models without

addressing the upscale effects of TCs on the general circulation. Rios et al. (2025) devised a version of this artificial evaporative70

suppression technique known as “SWISHE” (Suppression of WISHE), where parameterized surface latent heat fluxes are

adjusted downward within TC grid cells. Applying SWISHE globally in three different Earth-like GCMs, they obtained a 44%

decrease in the number of TCs and a 90% decrease in hurricane-strength TCs.

An alternative class of methods for artificially controlling TCs online in numerical models is through vortex insertion (bo-

gusing) or removal. These vortex manipulation methods have typically been used in weather forecasting contexts to force TC75

initialization in lower-resolution numerical weather prediction or to assess the sensitivity of TC evolution to initial conditions

(Leslie and Holland, 1995; Kurihara et al., 1990; Reed and Jablonowski, 2011). Just as no study had employed WISHE denial

in Earth-system modeling experiments prior to Rios et al. (2025), our search revealed no prior use of TC vortex insertion or re-

moval to examine TC upscale effects. Although vortex manipulation is established in regional or short-term numerical weather

prediction, manipulating TC vortices in climate model experiments requires extra care to maintain local dynamical balance and80

conserve global energy, mass, and momentum to prevent climatological drift. If vortex manipulation can be adapted to these

constraints, it offers some desirable properties. First, vortex manipulation can allow control over the number of TCs rather

than just their intensity, though the resulting TC climatology remains an emergent property of the model background state

(Sect. 3.1). Second, vortex manipulation entails a model state modification rather than altering the underlying (surface heat

flux) physics of the model. This ensures that the air-sea thermodynamic coupling mechanisms by which TCs induce upscale85

influences remain physically consistent. Changes in the climate statistics can then be attributed to changes in dynamically

coherent structures (TC) rather than perturbations to underlying physics. Third, and central to this paper, strictly adhering to

local balance and global conservation constraints enables us to confidently attribute changes in climate statistics to the altered

TC climatology rather than artifacts of vortex insertion and removal.

In this paper, we develop and evaluate an online vortex-manipulation technique that can effectively control the TC activity90

in an Earth-like aquaplanet while satisfying these constraints. Sect. 2 describes the seeding and unseeding methods and the

associated TC tracking. Sect. 3.1 evaluates how these interventions alter TC frequency, intensity, and genesis. Sects. 3.2–

3.3 then document the resulting tropical thermodynamic, radiative, and circulation responses and compare them with the
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direct footprints of individual TCs. Together, these analyses establish the method and identify large-scale climate adjustments

requiring more detailed process-level investigation.95

2 Methods

2.1 Idealized models and the role of AQUA

Comprehensive Earth-system models (ESMs) can reproduce a wide array of variability and feedbacks that are present in the

real Earth system. Although they simulate the climate of Earth realistically, their sophisticated dynamical behavior can make

it difficult to diagnose what basic processes give rise to observed phenomena. To simplify model behavior, researchers have100

created a hierarchy of climate models over time, ranging from two-layer quasigeostrophic models to dry atmospheric GCMs to

comprehensive climate models (Held, 2005). Within this hierarchy lie aquaplanet models, which simplify the lower boundary

condition of the atmosphere by removing landmasses and orography (Neale and Hoskins, 2000; Medeiros et al., 2016; Wu

et al., 2021). Depending on the configuration, aquaplanet models can simulate the mean meridional circulation (MMC) of

the atmosphere (Neale and Hoskins, 2000), the Intertropical Convergence Zone (ITCZ; Goswami et al., 1984), variability of105

atmospheric jets (Marshall et al., 2007), and the control of ocean circulations on the meridional heat transport of the ocean

(Smith et al., 2006). Idealized studies of TCs have also used aquaplanets to understand environmental controls on TCs, reducing

our reliance on empirical approaches (Merlis and Held, 2019). The aquaplanet model described by Wu et al. (2021) includes

a fully coupled ocean model and the full physical parameterizations of more comprehensive atmosphere-ocean GCMs. This

class of aquaplanet models offers an opportunity to explore the upscale effects of TCs on the dominant meridional circulations110

and heat transports in the global atmosphere and ocean.

We run a fully coupled aquaplanet configuration (Youwei Ma, through personal communication) of the Community Earth

System Model (CESM) based on the “Aqua” configuration described by Wu et al. (2021). For the rest of this paper, we

refer to our aquaplanet configuration as “AQUA” even though model components and forcing fields may differ slightly from

those of Wu et al. (2021). In our configuration, the atmosphere is modeled by the Community Atmosphere Model (CAM)115

spectral element dynamical core (CAM-SE; Lauritzen et al., 2018) with version 4 physics (CAM4; Neale et al., 2010). Both

the dynamical core and physics run on a common 0.25° (∼28 km) cubed-sphere grid with 120 cells along each edge of the

cube and four Gauss-Lobatto nodes per cell in each direction (ne = 120,np = 4 or ne120np4). The Zhang-McFarlane deep

convective scheme (Zhang and McFarlane, 1995) is used along with the Hack parameterization of shallow convection (Hack,

1994). To simulate ocean dynamics, the Modular Ocean Model version 6 (MOM6) is run with a uniform 4-km ocean depth over120

the domain 80°S–80°N. Land caps cover the regions poleward of 80° latitude. The sea ice model is dynamic-thermodynamic,

and there is zero heat flux at the ocean floor. The ocean zonal grid spacing is uniform at 2/3° (∼74 km), and the meridional

grid spacing smoothly varies from 2/3° at 20° latitude to 1/8° at the poles. Refinement of the meridional grid spacing down

to 1/4° is used within 20° of the equator to resolve equatorial upwelling. Mesoscale eddy transports are represented by the

Gent-McWilliams scheme (Gent and McWilliams, 1990). Apart from the diurnal cycle, there are no zonal asymmetries in125

the boundary conditions or forcing of the aquaplanet. A realistic seasonal cycle in insolation is also imposed, with the vernal
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equinox fixed on 21 March. The seasonal cycle induces seasonal deepening and shoaling of the ocean mixed layer, which plays

a vital role in modulating TC-induced ocean heat uptake (Stommel, 1979; Jansen et al., 2010). The boundary conditions of

AQUA are hemispherically symmetric, and the annual-mean insolation forcing is hemispherically symmetric.

To equilibrate the deep ocean to the forcings used in our AQUA configuration, the model was spun up in several stages.130

First, the ocean state was initialized from Year 410 of the simulation described by Wu et al. (2021) (Youwei Ma, personal

communication), and the model was run freely for a further 1100 years with CAM’s finite-volume atmospheric dynamical core

on a 0.9°×1.25° latitude-longitude grid (for computational expediency), at which point the top-of-model radiative balance was

+1.5 W m−2 (net warming). Integration was resumed from the same ocean state for 30 years with a ∼1° cubed-sphere spectral

element atmospheric grid (ne30np4). Afterwards, the relative humidity (RH) thresholds for cloud formation were adjusted in135

the cloud microphysics scheme to 80% for high clouds and 89% for low clouds to achieve top-of-model radiative balance

during the following 20 years. Next, the atmospheric grid was switched to ne120np4 while retaining the ocean state, and we

applied two additional physics modifications: the ice-cloud modification of Bacmeister et al. (2014) and a reduction in the

Zhang-McFarlane convective adjustment timescale from 3600 s to 1800 s. This high-resolution run was integrated forward for

four years with a high-cloud RH threshold of 80% and a low-cloud RH threshold of 88.5%, achieving a radiative imbalance140

of +0.1 W m−2 and arriving at the initial conditions for the model experiments in this paper. The initial conditions contain a

hemispheric asymmetry, with permanent Antarctic ice and only seasonal Arctic ice; this asymmetry persists across experiments

but does not materially affect the tropical or subtropical model state and is noted here as a consequence of the coupled-model

spinup. The timestamp of these initial conditions is referred to as 1 February of Year 0005 in the text and figures.

2.2 TC tracking145

TCs are tracked on the native atmospheric grid using TempestExtremes (Ullrich and Zarzycki, 2017). The DetectNodes

binary is used for both online TC detection (as part of the seeding and unseeding process) and offline TC tracking. The

DetectNodes call closely follows that in Section 3.2 of Ullrich et al. (2021). The algorithm searches for local minima in

SLP that are at least PSLFOMAG lower than the pressure at distance PSLFODIST away. The node location is defined by

the center of the mesh face containing the SLP minimum. Additional filtering steps are applied using a local 300–500 hPa150

thickness maximum (to enforce an upper-tropospheric warm core) and, in some cases, an 850 hPa cyclonic relative vorticity

maximum. The local extrema of these additional filtering variables must fall within the distances WCOFFSET and RVOFFSET,

respectively, from the sea-level pressure minimum to exclude excessively sheared disturbances. DetectNodes thresholds

can be found in Appendix A.

For online TC detection during seeding and unseeding, only a single model snapshot is used to locate TC-like nodal features,155

so only the DetectNodes routine is called. A key distinction between the online and offline criteria is that WCOFFSET is

restricted to 0.5° great-circle distance (GCD) in the former, compared to 1° GCD in the latter. This stricter online criterion

is required to filter out vertically tilted systems and isolate only highly upright, axisymmetric cyclones for real-time modi-

fication. During offline tracking, StitchNodes is used as in Ullrich et al. (2021) to assemble the nodal features found by

DetectNodes into TC trajectories. StitchNodes thresholds ensure that storms can be continuously tracked for a sufficient160
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duration with a minimum wind speed. The corresponding thresholds, TRAJMINLENGTH and MINWIND, and other criteria can

be found in Appendix A.

Throughout this paper, we use the term “candidate vortices” to refer to nodal features that are considered in the online

unseeding and seeding process, identified by the online DetectNodes configuration. We reserve the term “discrete TCs” (or

simply “TCs”) for storms that satisfy the full offline tracking criteria, including trajectory stitching by StitchNodes. These165

categories heavily overlap but are not identical: only some candidate vortices represent a snapshot of a discrete TC while others

dissipate before satisfying offline tracking criteria. Conversely, some discrete TCs may not be identified as candidate vortices

during seeding and unseeding because of stricter online detection thresholds.

2.3 Seeding and unseeding TCs

Here, TCs can be either artificially added to or removed from the ambient flow. While we acknowledge some ambiguity in the170

term “TC seed” (e.g., Wang et al., 2025), we use “seeding” to refer to the artificial addition of TCs and “unseeding” to refer to

the artificial removal of TCs. To seed and unseed TCs, the aquaplanet model is paused at a specified interval, and a snapshot of

the atmospheric state is saved as a restart file. The DetectNodes binary in TempestExtremes (Ullrich and Zarzycki, 2017)

is applied to these snapshots to locate candidate vortices as defined in Sect. 2.2. In both seeding and unseeding, the model

restart file is then directly modified, and the model is subsequently reinitialized and freely integrated forward until the next175

un/seeding time. Importantly, when no state modification is applied, this framework preserves bit-for-bit reproducibility with

an uninterrupted integration. This approach allows for experimental flexibility, including control over the seeding rate (i.e.,

seeds per day), spatial location (both latitude and longitude), and proximity between seeds and existing candidate vortices.

We seed and unseed TCs by leveraging the work of Reed and Jablonowski (2011), who presented an analytic method of

initializing TCs in numerical models. Reed and Jablonowski derived analytical formulas for three-dimensional axisymmetric180

vortices. The analytical formulas provide the pressure and temperature profiles of warm-cored cyclonic vortices as perturbations

that are embedded within a realistic tropical background state. The perturbations satisfy hydrostatic balance, and a tangential

wind field is derived to satisfy gradient-wind balance. The balanced state of these so-called “Reed-Jablonowski vortices”

(RJVs) prevents the formation of spurious inertia-gravity waves that would otherwise arise from inaccurate modification of

the state fields in a numerical model. Parameters can be adjusted to control the minimum surface pressure deficit (dp), radial185

scale of the vortex (rp), and the height of the warm core (zp). Although the original formulation describes warm-cored cyclonic

vortices used for seeding, we also invert the signs of RJV fields to construct cold-cored anticyclonic perturbations capable of

canceling existing candidate vortices during unseeding. Throughout this paper, we use the term “intervention” to refer to any

single, discrete instance where a RJV (either cyclonic or inverted) is superimposed on the model state.

To superimpose RJVs on the atmospheric state, we adjust the surface pressure, wind, and temperature fields. After inserting190

each vortex, a global correction is applied to preserve atmospheric mass and mass-weighted state field integrals. To preserve

these quantities, we determine the residual difference between global integrals of the initial and modified states. These residuals

are then zeroed by applying a uniform scalar correction throughout the global domain for each variable (ps, T , q, u, v) in the

modified state.
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Seeding a TC involves superimposing an RJV on the existing atmospheric state fields. Canonically, weak TC precursor195

“seeds,” such as African Easterly Waves, are used in transition-probability frameworks (e.g., Emanuel, 2022). In this study, the

inserted RJVs contain coherent TC-like circulations to improve their likelihood of survival and development into self-sustaining

TCs. To define each seeded vortex, parameters controlling its amplitude, spatial structure, and location are randomly sampled

from prescribed distributions. The specific distributions from which these parameters are drawn, whether uniform or derived

from prior model results, are detailed for each experiment in Sect. 2.4. To prevent storms from overlapping, a minimum200

separation of 15° GCD is enforced between seeds and existing TC centers. Unlike the forthcoming unseeding protocol, the

modification of the water vapor field during seeding is dependent on the specific experimental design, as detailed in Sect. 2.4.

Two examples of state modifications to seed Northern Hemisphere TCs in SEED are shown as constant-latitude cross sec-

tions in Figure 1. The original quiescent states (left column) display minimal lateral gradients in θe and the meridional wind

fields. To seed TCs, RJV perturbations (center column) are imposed with a warm core (solid T ′ contours), a low-pressure cen-205

ter (dashed p′ contours), cyclonic winds (southerly winds located west of northerly winds), and additional water vapor (green

shading of δq). The modified states (right column) show the RJVs superimposed on the originally quiescent states, where they

either sustain themselves during subsequent model integration or dissipate in unfavorable environments.

Unseeding entails removing existing candidate vortices from a given atmospheric state by applying an inverted (i.e., anti-

cyclonic) RJV directly over the identified low-pressure center. Rather than using static vortex parameters to unseed a diverse210

population of storms, we employ a novel optimization routine that fits the analytical RJV to each candidate vortex. This routine

iteratively adjusts the three-dimensional RJV parameters to minimize the root-mean-square error between the analytical and

modeled pressure and temperature anomalies. To isolate the candidate vortex structure for this fit, the surface pressure and 3D

temperature profiles are estimated by azimuthally averaging the model fields out to a radius of 800 km from the SLP minimum.

The candidate vortex profile is then expressed as anomalies relative to this environmental boundary before the fit is performed.215

Though this approach lacks the precision of vortex removal techniques that use potential vorticity (PV) inversion, it has a lower

computational cost and better numerical stability. For the water vapor field, a decrement in specific humidity q is first calculated

based on the temperature adjustment such that the relative humidity would remain constant in every grid cell. The decrement

in q is then multiplied by a constant factor of 2.5 (“q factor” in Table 1) and applied to the model state. This constant factor was

determined empirically to remove local specific humidity anomalies and prevent frequent TC (re)development after unseeding.220

A typical unseeding event removes O(1012 kg) of water vapor locally; the subsequent global scalar correction restores global

water vapor content to within O(10 kg) or O(10−13 %) of its original value.

Two examples of state modifications to remove Northern Hemisphere TCs from UNSEED are shown as constant-latitude

cross sections in Fig. 2. The original states (left column) contain TC-like candidate vortices characterized by warm-core, low-

pressure systems with cyclonic winds and moist centers. To cancel out these candidate vortices, the imposed perturbation225

(center column) consists of a temperature decrease (dashed T ′ contours), a pressure increase (solid p′ contours), anticyclonic

winds (represented by southerly flow to the west of the center and northerly flow to the east of the center), and moisture removal

(brown shading). In the modified states (right column), the pressure anomaly field appears uniform, and the T ′ and θe fields

no longer show marked warm and moist anomalies. In both cases, the original v-winds were asymmetric about the candidate
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Figure 1. Constant-latitude cross sections of two distinct seeding interventions, labeled Examples 1 and 2, and displayed in panels (a)–(f)

and (g)–(l) on native model levels. The three columns show the unmodified model state prior to seeding (left), the idealized RJV perturbation

(middle), and the modified model state with the perturbation superimposed (right). For each seeding event, the upper row displays the

meridional wind component v (shaded) and pressure anomaly p′ (contoured). The lower row displays the equivalent potential temperature

θe (shaded) for the “Before” and “After” states, the specific humidity perturbation δq (shaded) for the middle column, and the temperature

anomaly T ′ (contoured) across all panels. Anomalies denoted with a prime are evaluated relative to the azimuthal mean value 5 great-circle

degrees from the center of the storm.
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vortex centers, resulting in a modified state with residual vorticity. Despite the imposed axisymmetric perturbations lacking the230

precision of potential vorticity inversion vortex removal techniques, the modified states confirm a near-total cancellation of the

low-pressure center and the warm core.

To verify that these state modifications do not provoke numerical shock or generate spurious inertia-gravity waves during

forward integration, Fig. 3 illustrates the short-term prognostic evolution of the sea-level pressure (SLP) field using the same

example cases featured in Figs. 1–2. The top row tracking the unseeding event (Example 1 from Fig. 2) shows a well-defined235

SLP minimum (dark purple circle) six hours before intervention (Fig. 3a). Because model history files are output immediately

prior to restart modification, the hour-0 snapshot still reflects this candidate vortex (Fig. 3b). In the 6 to 12 hours following the

inverted vortex superposition, the local SLP minimum vanishes from an otherwise quiescent background environment without

radiating grid-scale wave artifacts (Fig. 3c,d). Conversely, the seeding sequence in the bottom row (Example 2 from Fig. 1)

demonstrates an analogous, stable progression in reverse: inserting a balanced RJV into a quiet environment yields a coherent240

cyclonic disturbance that evolves cleanly over the subsequent integration hours.

2.4 Model experiments

We conducted five model experiments in AQUA, differing only in artificial TC manipulation (Table 1). A free-running control

experiment (CTL) serves as a baseline with no TC manipulation. In all other experiments, TCs are only manipulated in the

hemisphere of maximum zonal-mean SST, approximating the summer and fall seasons. We chose this hemispheric restriction245

to leave intact any interhemispheric or interseasonal climate responses that may result from TCs. While the average dates when

the SST maximum switches hemispheres differ between experiments (Fig. 4), we standardize the definition of “warm season"

to cover Northern Hemisphere June–November and Southern Hemisphere December–May for all experiments. The treatment

of seasons is further detailed in Sect. 3.1.

The perturbed model experiments, UNSEED_EX, UNSEED, SEED, and SEED_EX, are named according to the type of250

TC modulation imposed (unseeding or seeding), where the _EX suffix denotes a more extreme imposed forcing compared to

experiments without the suffix. In UNSEED runs, the model is paused every 24 hours, and all detected candidate vortices in

the hemisphere containing the maximum zonal-mean SST are unseeded as described in Sect. 2.3. To avoid excising gridpoint

storms and convective features other than TCs in UNSEED, we also enforced a cyclonic vorticity threshold when selecting

candidates for removal. On the other hand, UNSEED_EX was intended to eliminate as many TCs as possible, and thus was255

run with no vorticity threshold and more permissive pressure/warm-core thresholds. Although it would be ideal to perform

unseeding at every dynamical timestep, the computational overhead of model restarts makes it impractical to further reduce the

24-hour restart interval without modifying low-level CESM source code.

For seeding experiments, the model is also paused every 24 hours to allow vortex insertion. In SEED_EX, a single RJV

is seeded at every restart using parameters sampled from uniform distributions (15–40 hPa pressure deficit and 150–450 km260

RMW). The high intensity of seeds produces an increase in TC activity in SEED_EX that is several times the CTL baseline

(Table 1). The moisture field is not modified in SEED_EX as most seeds become self-sustaining without artificial moisture

injection due to their high amplitude at insertion. For a more moderate forcing experiment, the forcing imposed in SEED
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Figure 2. Constant-latitude cross sections of two distinct unseeding interventions, displayed in panels (a)–(f) and (g)–(l). The three columns

show the unmodified model state with mature TCs prior to unseeding (left), the inverted RJV perturbation (middle), and the modified model

state with the perturbation superimposed (right). Variables plotted are as in Fig. 1
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Figure 3. Prognostic evolution of the sea-level pressure (SLP; shaded [hPa]) field surrounding the time of vortex insertion/removal for (top)

UNSEED Example 1 from Fig. 2, and (bottom) SEED Example 2 from Fig. 1. Hour 0 denotes the model state immediately prior to restart

modification (t= 0 h). The SLP contour interval is set to 1 hPa over the range 1010–1030 hPa to highlight the lack of grid-scale wave artifacts

at hours +6 and +12 following the superposition of balanced RJVs.

is designed to mirror that of UNSEED. First, the probability of seeding a vortex at each 24-hour restart is tuned to 58.1%,

yielding the same mean intervention frequency (212 per year) as UNSEED. Second, rather than drawing RJV parameters265

from uniform distributions, the dp, rp, and central coordinates are each independently sampled from the population of vortices

removed during the first ten years of UNSEED integration. When a sampled latitude falls in the opposite hemisphere of the

current warm season, the latitude sign is flipped to follow the seasonal hemispheric restriction while preserving the latitudinal

distribution of interventions. To maintain symmetry with the moisture decrements applied during vortex removal in UNSEED,

moisture is injected into the q fields in SEED using the same 2.5× scaling factor.270

All model experiments were run for 15 years, except SEED_EX, which was integrated for 10 years. Experiments were

branched from identical initial conditions on 1 February of Year 0005.

2.5 TC footprinting

To quantify the direct contribution or “footprint” of TCs to the modeled precipitation, surface heat and momentum exchange,

and advective flux fields, a TC footprinting technique is devised by masking grid cells associated with TCs in 6-hourly in-275

stantaneous model output. This masking is carried out by the NodeFileFilter and NodeFileEditor routines of Tem-
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pestExtremes. In the literature, the TC outer radius is often defined using a threshold for the azimuthal-mean tangential wind

speed (e.g., a surface wind speed threshold of 8 m s−1 defines r8 in Schenkel et al., 2017) or a fixed radial distance (e.g.,

1000 km in Arakane and Hsu, 2021). The tangential circulations of TCs largely dictate their direct contribution to horizontal

transports and surface aerodynamic fluxes. After testing various wind speed thresholds at the lowest model level (z ≈ 60 m)280

for correspondence to the region of TC tangential circulations and rainbands, we selected 4 m s−1. We denote this radius r4

(R4) and use it to compare local circulation anomalies with large-scale responses in Sect. 3.3.

3 Results

3.1 Response of TC climatology to manual TC modulation

To visualize the TC climatology of AQUA, Fig. 4 shows the latitudinal migration of the SST maximum (green dots) and TC285

genesis density (shading) throughout the year. Genesis is defined as the earliest 6-hourly TC fix along each TC trajectory. In

CTL (Fig. 4b), the TC genesis bands migrate with the latitude of maximum SST, remaining just poleward of it. In the Northern

Hemisphere (NH), a latitudinally wide seasonal maximum (purple and orange shading spanning 10–20°N) in TC genesis occurs

between July and October, roughly matching the real-world seasonality (Schreck et al., 2014). A second, narrower NH seasonal

maximum in TC genesis occurs between December and February, likely owing to the strong double ITCZ bias in AQUA. Both290

the summertime and wintertime genesis maxima are also seen in the Southern Hemisphere (SH), shifted by six months from

their Northern Hemisphere counterparts. The remaining panels will be discussed once the mean CTL climatology has been

established.

To leverage AQUA as a simplified model of the observed TC climatology, the remainder of the text focuses on TC activity

associated with summer and fall genesis events. There are several important definitions. As introduced in Sect. 2.4, “warm295

season” is defined as June–November (JJASON) in the NH and December–May (DJFMAM) in the SH. Because the annual-

mean forcing of the AQUA configuration is hemispherically symmetric, the two warm seasons can be combined into a single

climatology to double the statistical sample. For any seasonally and zonally averaged variable ψ(φ), the folded field ψfolded(φ)

is defined as:

ψfolded(φ) =
ψJJASON(φ)+ψDJFMAM(−φ)

2
. (1)300

The latitude inversion (−φ) folds SH summer onto the NH and NH winter onto the SH; for hemispherically antisymmetric

quantities (e.g., meridional velocity), the sign of the field is also flipped when reversing the latitudes. Unless otherwise noted,

figures labeled “JJASON” show ψfolded(φ), where NH latitudes (φ > 0◦) represent the warm-season composite constructed

from NH JJASON and SH DJFMAM, and SH latitudes (φ < 0◦) represent the cool-season counterpart.

Figure 5 shows annual counts of TCs and hurricanes as well as accumulated cyclone energy (ACE) for all experiments. The305

central column contains the annual sum of warm-season TC counts for CTL. Compared to the real world, the warm seasons

alone in CTL produce more discrete TCs and hurricane-strength TCs as well as ACE than annually observed (Schreck et al.,

2014). Still, with TC number and ACE on the same order of magnitude as observed, CTL serves as a reasonable baseline
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Figure 4. TC genesis events binned by day of year (x-axis) and genesis latitude (y-axis). Shaded values are normalized to density units of

[storms ×(yr ×(day of year) ×106 km2)−1]. Panel (b) shows the density for CTL, and differences from CTL are shaded in all other panels.

The panels are arranged in an upside-down ‘U’ shape, following the ranking from lowest to highest TC frequency clockwise: (d),(a),(b),(c),(f).

Green dots show the latitude of maximum zonal-mean SST for each calendar day over the 15-year simulations (10 years for SEED_EX). In

magenta, the dashed vertical lines and dates printed in each panel show the mean day of year when this maximum switches hemispheres.

for global TC activity. Fig. 6 shows the lifetime maximum intensity of TCs in each experiment as measured by the minimum

central SLP. As before, restricting attention to Fig. 6b for now, most storms are weak in CTL, with a minimum SLP greater than310

1000 hPa. The number of storms tapers gradually with increasing intensity, and only a handful of storms intensify toward the

lowest theoretical pressures (panel e) predicted by potential intensity (PI) theory (Emanuel et al., 2004; Bister and Emanuel,

2002).

To visualize the life cycles and movement of TCs in aggregate, the warm-season-mean latitudinal distribution of TC activity

is displayed in the NH of Fig. 7. Again, focusing on CTL (panels e-f), the warm-season TC genesis frequency (orange line)315

peaks around 15°N and the TC lysis frequency (blue line) peaks at 20°N, indicating a net poleward migration of storms. The

peak in total TC track density (black line in Fig. 7f showing 6-hourly TC fixes) lies between the genesis and lysis peaks. The

region of greatest ACE is located just poleward of the lysis peak, indicating storms at those latitudes are disproportionately

intense. The cool-season development region in CTL (i.e., negative latitudes) produces a large but narrow genesis peak (high

orange line at negative latitudes), which results in a comparable number of TCs (131.8 per year) to the warm season. These320

storms undergo lysis at lower latitudes (reduced spread between orange peak and blue peak in Fig. 7e) and are generally weaker

(lower ACE in Fig. 7f).

Having established the warm-season TC climatology in CTL as an analog to the real world, we next examine how seeding

and unseeding alter TC activity. Moving back to Fig. 4, the frequency and spatial density of tracked TC genesis events are
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Figure 5. Annual counts of TCs and hurricanes as well as total ACE for warm-season TCs (sum of Northern Hemisphere June–November

and Southern Hemisphere December–May). TCs are binned into seasons according to their month of genesis. Absolute counts and ACE are

printed in each cell. The percent change relative to CTL is listed in parentheses and shaded.

shown as anomalies relative to CTL, such that adding the anomalies in the side panels to panel b recovers the total genesis325

frequency. The unseeding experiments (left panels) yield a reduction in TC genesis frequency in the warm season (e.g., the

predominantly blue shading in the Northern Hemisphere during JJASON, bounded by the vertical magenta dashed lines. SEED

(panel c) produces a TC genesis anomaly with roughly the opposite sign (red shading in the warm season) and comparable

magnitude to UNSEED (panel a), consistent with the intended symmetry of the experimental design. SEED_EX produces

a substantially larger response, with warm-season genesis enhancement concentrated within the 5–20◦ latitude seeding band.330

The more extreme runs (_EX) also exhibit an opposite-signed cool-season response, though this is most apparent in SEED_EX.

These changes in the seasonal genesis distributions are reflected in Fig. 5: unseeding reduces climatological TC frequency

and ACE (blue shading), whereas seeding increases both (red). Relative to CTL, UNSEED reduces the total TC count by ap-

proximately one-half. The comparatively larger decreases in hurricane count and ACE in the bottom two rows show that the

reduction in TC counts is concentrated among the strongest storms, consistent with the shift to weaker lifetime maximum inten-335

sities (smaller left tail) in Fig. 6a. Using less restrictive online detection thresholds, UNSEED_EX achieves a further reduction

in TC count but only modest additional decreases in hurricane count and ACE. The additional interventions in UNSEED_EX
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Figure 6. Panel (e) shows the “JJASON” (ψfolded; Eq. 1) averaged tropical cyclone minimum surface pressure pm predicted by potential

intensity theory. The black solid line shows the CTL value by latitude. The blue dashed and red dotted lines show the anomalies for the

unseeding and seeding experiments, respectively. All other panels, arranged in the same upside-down ‘U’ shape as Fig. 4, show histograms

of lifetime maximum intensity measured as minimum SLP for warm-season TCs (NH JJASON and SH DJFMAM). The vertical axis shows

the annual number of storms in each intensity bin. The mean value is printed above each histogram and marked with a dashed vertical line.

therefore appear to act primarily on the residual population of weak storms that remains in UNSEED. The diminishing response

is expected because vortex removal can only act on disturbances generated by the model itself. Consequently, the theoretical

maximum reduction is the complete suppression of the model’s intrinsic (CTL) TC activity, with progressively smaller gains340

as this limit is approached.

In contrast, the total effects of seeding are not bounded by the baseline TC activity. With an imposed forcing designed to

statistically oppose UNSEED, SEED produces nearly equal and opposite changes in TC frequency and hurricane frequency

in Fig. 5. However, a stark asymmetry emerges in the integrated intensity: ACE increases by more than 150% relative to

CTL, exceeding the theoretical maximum decrease attainable through unseeding. To probe this response, SEED_EX is run345

with more frequent interventions (1 per day) and larger initial vortex amplitudes (Table 1). This extreme case produces more

than double the TC count of CTL, with increases in ACE and hurricane frequency several times larger than those of all

other experiments. The disproportionate enhancement of ACE in SEED_EX is driven in part by a shift towards higher storm

intensities (leftward shift of the distribution in Fig. 6f) and suggests that the tropics in AQUA possess a reservoir of potential

energy that spontaneously generated TCs in CTL do not tap into.350

Though aggregated TC activity metrics confirm the efficacy of seeding and unseeding, they do not reveal how individual

interventions relate to the emergent TC climatology. Comparing intervention locations with offline TC trajectories shows that

this relationship is not one-to-one (i.e., one unseeding intervention doesn’t necessarily remove one TC from the tracked record).

16

https://doi.org/10.5194/egusphere-2026-4719
Preprint. Discussion started: 25 October 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 7. Normalized TC activity and intervention responses for the folded “JJASON” (ψfolded; Eq. 1) composite, with latitude (◦) on the

x-axis. Northern Hemisphere latitudes (φ > 0◦) represent the general warm season, while Southern Hemisphere latitudes (φ < 0◦) represent

the general cool season. Experiments are ordered from top to bottom by increasing warm-season TC frequency. All data are shown as

differences from CTL in units of counts (or ACE) per 106 km2 per JJASON-equivalent season (such that integrating a curve across both

hemispheres gives the global climatology over a representative JJASON-equivalent six-month season). Left Panels: Latitudinal densities

of TC genesis (orange) and lysis (blue) points. Maroon lines indicate seeding/unseeding interventions. Blue dotted lines denote lysis points

coincident with unseeding interventions. Orange dotted lines indicate genesis points matched to placed seeds (see text for matching criteria),

while the orange dashed lines show the net change in natural (non-seeded) genesis relative to CTL. Right Panels: Latitudinal density of

Accumulated Cyclone Energy (ACE; green) and total 6-hourly TC fixes (black). Visual Formatting: The horizontal axis is sin-scaled with

gridlines placed every 10◦ latitude. The vertical axes use a symmetric logarithmic scale with horizontal gridlines placed every 1 unit in the

left column and every 10 units in the right column.
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In UNSEED, the latitude of unseeding interventions (maroon dash-dotted line in Fig. 7c) broadly coincides with the greatest TC

track density in CTL (black line in Fig 7f). Compared to CTL, UNSEED exhibits reduced TC genesis (orange line), lysis (blue355

solid line), ACE (green line), and TC fixes (black line). The climatological distributions alone invite multiple interpretations.

One possibility is that unseeding suppresses TCs throughout their life cycle. Another is that it primarily prevents incipient

disturbances from reaching TC genesis criteria, with the downstream reductions in ACE, lysis, and track density necessarily

following.

Distinguishing between these possibilities requires understanding the relationship between the online intervention algorithm360

and the offline tracking methodology (Sect. 2.2). The online unseeding algorithm operates every 24 hours on any snapshot fea-

ture that meets the local DetectNodes criteria, effectively acting on the total population of tropical disturbances. However,

in our offline climatology, TempestExtremes filters out these candidate features unless they successfully trace a trajectory span-

ning at least 10° GCD and sustain wind speeds of at least 10 m s−1 across ten 6-hourly steps. Thus, if unseeding preferentially

targets disturbances shortly after their emergence, these features are likely to be removed before they satisfy the persistence and365

intensity thresholds required for offline TC tracking. This reasoning predicts that relatively few interventions should coincide

with the lysis of offline-tracked TCs.

This is borne out by comparing interventions with TC trajectories. Only a small fraction of interventions coincide with the

lysis point of an offline-tracked TC (blue dotted line in Fig. 7a,c), indicating that direct TC termination is not the dominant

outcome of unseeding. Furthermore, the partitioning of unseeding interventions in Fig. 8c reveals that nearly 80% of all370

interventions in UNSEED target the transient candidate vortices (large yellow-green pie-chart sector) that never match a TC fix.

These interventions may therefore either represent successful suppression of disturbances that would otherwise have developed

into TCs or reflect the targeting of short-lived features that would not have satisfied the offline TC criteria even without

intervention. Only the remaining one-fifth of interventions target TCs that achieved the thresholds required to appear in the

offline record. Together, these findings support the interpretation that unseeding predominantly prunes incipient disturbances375

before they can be tracked as TCs, rather than primarily terminating mature storms.

This partitioning is even more extreme in UNSEED_EX: over 98% of interventions target candidate vortices that do not be-

come offline-tracked TCs. Although the intervention rate (647.8 per year) is more than triple that of UNSEED (212.3 per year),

a smaller absolute number of them are collocated with a lysis point (near-zero blue dotted line in Fig. 7a). Thus, increasingly

aggressive unseeding (achieved through broader online detection criteria) shifts the algorithm towards suppressing disturbances380

before they meet the trajectory length and duration thresholds of TempestExtremes, rather than terminating additional tracked

TCs. Compared to UNSEED, the additional 435 interventions per year in UNSEED_EX only yield a further reduction of ap-

proximately 50 TCs per year, suggesting that many additional interventions act on candidate vortices with limited contribution

to the diagnosed TC climatology. UNSEED_EX therefore demonstrates a practical limit of this unseeding algorithm: beyond

a certain intervention frequency, additional vortex removals produce diminishing reductions in diagnosed TC activity.385

Despite the large number of unseeding interventions in UNSEED_EX and UNSEED, a portion of warm-season TCs still

develop. Nearly half of the tracked warm-season TCs in UNSEED and over 90% in UNSEED_EX encounter zero unseeding

interventions (large blue pie-chart sectors in Fig. 8b,d). This structural omission primarily stems from the differing online
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Figure 8. Pie charts depicting the allocation of unseeding interventions (left) and the count of warm-season TCs by the number of unseeding

attempts along their trajectories (right). The right-hand panels include any TC with at least one 00Z TC fix in the same hemisphere in which

unseeding is active (i.e., the hemisphere of maximum of zonal-mean SST). Percentages are printed within or adjacent to each slice, with

the corresponding annual counts shown in parentheses where space permits. The large olive-green slices labeled “denied genesis” in the left

panels represent unseeding interventions that do not match any TCs detected by TempestExtremes offline.
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and offline detection criteria detailed in Appendix A. Specifically, restricting the online WCOFFSET threshold to 0.5° GCD

(compared to 1° GCD offline) ensures that the upright, axisymmetric inverted RJV perturbation is only applied to vertically390

aligned vortices. Consequently, nascent disturbances characterized by vertical tilt or environmental shear slip through the online

filtering framework, yet can be captured by the more permissive offline detection.

For the TCs that are targeted, the unseeding framework is effective. In UNSEED, most unseeded storms undergo rapid lysis

after a single intervention (green sector), confirming that the inverted RJV and localized moisture removal successfully suppress

the candidate vortex. A smaller subset (9.2 TCs per year in the orange and red sectors) requires multiple interventions before395

undergoing lysis. This recalcitrance suggests that the axisymmetric analytical perturbation does not fully neutralize storms

with asymmetric structure or atypical radial profiles. This trend is amplified in UNSEED_EX, where a larger fraction of storms

experience multiple unseeding events relative to one unseeding event. Because UNSEED_EX targets weaker disturbances,

greater geometric mismatch between the actual TC and the fitted RJV profile could explain why some trajectories require 2–3

interventions for termination. Collectively, these statistics demonstrate that while structural thresholds allow a portion of TCs400

to initially bypass real-time intervention, the unseeding framework remains fairly efficient at terminating a TC trajectory once

an intervention is triggered.

Unlike unseeding, seeding interventions are straightforward to link to TC life cycles. A successful seeding intervention

is defined as one that matches a nearby (within 3° GCD) genesis point occurring exactly one or two 6-hour model output

intervals later, as the seeded vortex converts into a trackable TC. By design, the latitudinal distribution of seeds in SEED nearly405

matches the pattern of unseeding interventions in UNSEED (maroon lines in Fig. 7c,g). From Table 2, the seed conversion

rate of 33.4% means that only one-third of seeds match a genesis point in the offline record. Most of these successful seed

conversions (orange dotted line in Fig. 7g) correspond to seeds placed in the equatorward half of the seeding band. Fig. 6e

shows this is where the background state offers inherently greater environmental support as estimated by PI minimum pressure

pm (solid black line). The response efficiency is fairly high: the 71.4 annual successfully seeded TCs lead to a net increase of410

52.4 discrete TCs per year. Under moderate seeding, seeded TCs approximately stack onto the background TC climatology

with limited mutual suppression.

In contrast to the low conversion rate in SEED, the high-amplitude and radially large seeds in SEED_EX achieve a near-90%

conversion rate, with almost all seeds surviving across the seeding region (the orange dotted line lies very close to the maroon

line in Fig. 7i). The strong seeded TCs come at the expense of most naturally generated TCs (large negative values of the415

orange dashed line), resulting in a lower response efficiency of 41.8%. This hints at a reduction in environmental support for

TCs compared to CTL, consistent with the PI (higher pm shown by the positive dark-red dotted line in Fig. 6e). In addition

to the warm-season responses, the cool-season TC count is drastically reduced in SEED_EX, implying substantial modulation

via cross-equatorial energy transports or a memory effect (e.g., Hart et al., 2007). The contrast between SEED and SEED_EX

demonstrates that algorithmic tuning parameters do not translate directly into TC activity changes: the ambient environment420

regulates seed survival, while the resulting storms modify the environment for subsequent TCs.
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SEED SEED_EX

Seed conversion

rate

33.4%(71.4 / 213.9) 89.2%(325.1 / 364.6)

Response

efficiency

73.4% (52.4 / 71.4) 41.8%(135.8 / 325.1)

Table 2. Average annual metrics for the SEED and SEED_EX experiments. (Top row) Seed conversion rate =Nprox/Nseed, where Nprox is

the number of TC genesis points sufficiently close to a seed in space/time (see text), and Nseed is the total number of seeding interventions.

(Bottom row) Response efficiency =∆TC/Nprox, where ∆TC is the net increase in the total number of discrete TCs.

3.2 Response of the tropical mean state

We now turn to the mean climate response. Examining mean fields allows us to evaluate AQUA as a tropical testbed for isolat-

ing interactions among TCs, energy budgets, and the large-scale circulation. It is important to note that because warm-season

interventions are applied continuously and frequently in our experiments, the tropical atmosphere (even with its short relax-425

ation timescales) does not fully relax back to its unperturbed baseline. The resulting time-mean anomalies instead represent

TC-maintained climate states evolving toward a perturbed statistical equilibrium and may therefore qualitatively differ from

composite studies of environmental recovery after individual TCs. Our objective here is to document the robust large-scale

responses enabled by the intervention framework, rather than to fully attribute the processes producing each response.

Figures 9 and 10 list area-averaged, time-mean quantities for the warm-season tropics and subtropics (10–30° latitude), with430

a vertical mass-weighted integral
∫
(·)dpg applied to energy content and cloud-water metrics up to 100 hPa (nominally through

the depth of the troposphere). The poleward limit of 30°N was chosen based on the canonical outer edge of the tropics, and

the equatorward limit of 10°N excludes potential contamination by AQUA’s equatorial cold tongue. The 10-30° latitude band

in the warm season also aligns with the region of greatest intrinsic ACE and perturbations to ACE in our experiments. To

avoid interpolation errors, both the regional area-weighted means presented here and the following zonally averaged fields are435

calculated directly on the native, unstructured ne120np4 cubed-sphere mesh using the UXArray library (Chen et al., 2026).

The tabulated metrics yield a zeroth-order picture of how persistent TC activity anomalies manifest across basin scales. ACE

represents the time-integrated intensity of tracked storms, whereas EKE measures the variance of the resolved atmospheric flow

capturing transient TC circulations and other disturbances. Across all five simulations, a strict monotonic relation emerges

between TC activity and EKE (i.e., more ACE correlates with greater EKE from left to right). This relationship is consistent440

with TC activity contributing to the resolved transient circulation field, although monthly mean EKE cannot isolate that direct

contribution from other TC-induced dynamical adjustments.

As TC activity increases from left to right in Fig. 9, the tropical-mean SST decreases monotonically (first row). This corre-

lation aligns with previous studies showing local SST cooling due to TC wind forcing (Sriver and Huber, 2007; Li et al., 2023)

and basin-scale upper-ocean cooling with greater TC activity (Hart et al., 2007; Schenkel and Hart, 2015b; Rios et al., 2026).445

21

https://doi.org/10.5194/egusphere-2026-4719
Preprint. Discussion started: 25 October 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 9. Area- and time-averaged tropical mean state metrics for 10–30°N JJASON and 10–30°S DJFMAM (i.e., the warm season). TC

activity increases from left to right. Dry static energy (DSE) is the sum of sensible heat cpT and geopotential gZ. Moist static energy (MSE)

equals the sum of DSE and latent energy (LE). The atmospheric energy content metrics (EKE, DSE, and LE) are vertically integrated from

the surface up to 100 hPa. CTL shows the raw averages. For unseeding and seeding experiments, anomalies relative to CTL are indicated by

both cell shading and printed values. Contiguous rows with no vertical spacing share a common colorbar.

Similar to SST, the tropical-mean latent energy (LE) associated with water vapor decreases as TC activity increases relative to

CTL, even though we artificially remove water vapor in both unseeding runs and add water vapor in SEED. This TC-associated

drying matches basin-scale behavior in the composite-based study of Schenkel and Hart (2015a).

Just as the LE shows a clear relationship to TC activity, so do surface hydrological fluxes of precipitation P and evaporation

E. With greater TC activity in AQUA comes a reduction in 10–30°N precipitation. Given that TCs themselves produce high450

local precipitation rates, the mean response indicates an overcompensation by the background non-TC state: mean precipi-

tation is reduced by some combination of tropospheric drying and weaker total background convective fluxes in response to

TCs. This suppression of rainfall is clear evidence that the total climate response is not a global accumulation of anomalous

conditions within TCs. Instead, TCs affect their environment beyond the outer radii and lifespans of individual storms, and our

experimental framework captures the long-term, tropical-mean expression of these upscale impacts. On the other side of the455

hydrological budget, mean evaporation increases with TCs. The simple explanation is that strong surface winds in TCs induce
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FSNT -4.97e-01 -2.66e-01 3.25e+02 +9.11e-01 +7.33e+00

SWCF -5.12e-01 -2.76e-01 -5.11e+01 +9.17e-01 +7.41e+00

FSNTC +1.47e-02 +1.00e-02 3.76e+02 -6.29e-03 -8.07e-02

-FLNT +8.84e-01 +2.56e-01 -2.69e+02 -1.30e+00 -7.64e+00

LWCF +5.39e-01 +2.54e-01 2.47e+01 -8.60e-01 -5.09e+00

UNSEED_EX UNSEED CTL SEED SEED_EX

-FLNTC +3.45e-01 +1.27e-03 -2.94e+02 -4.39e-01 -2.55e+00

CWPsfc 700 -1.48e-03 -5.86e-04 4.73e-02 +9.83e-04 +3.74e-03

UNSEED_EX UNSEED CTL SEED SEED_EX

CWP700 100 +1.83e-03 +1.39e-03 7.75e-02 -3.53e-03 -2.32e-02
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Figure 10. Area- and time-averaged TOA radiative fluxes and cloud water paths for 10–30°N JJASON and 10–30°S DJFMAM (i.e., the

warm season). FSNT and FLNT denote net TOA shortwave and longwave fluxes, where the suffix C indicates clear-sky fluxes. SWCF and

LWCF denote shortwave and longwave cloud radiative forcing. Downward (earth-warming) values are plotted as positive for radiative fluxes

and cloud forcing. CTL shows raw averages, while other columns show anomalies. Contiguous rows with no vertical spacing share a common

colorbar.

anomalously large evaporative fluxes, but analysis of our experiments indicates that anomalies in mean trade winds and SSTs

also play a large role in dictating E (not shown), which merits further study in the future.

In contrast to the consistent sign changes of the EKE and LE with TC activity, the tropical-mean tropospheric dry static

energy (DSE) does not display a clear trend or sign of anomalies across the experiments. Whereas SEED_EX and UNSEED460

indicate a marked inverse relation of DSE to TC activity, SEED shows the opposite, though changes in UNSEED_EX are

small. These minor inconsistencies may arise from internal variability or feedbacks involving radiative fluxes and the mean

circulation.

The lack of a tropical-mean DSE signal warrants examination of spatial patterns and thermodynamic budgets. The atmo-

spheric MSE (shading) and DSE (contours) are plotted in Fig. 11 atop the upper-ocean heat content (shaded as potential465

temperature θocn). The basic state in CTL (panel b) features a stably stratified atmosphere (increasing DSE with height), high

moisture content at the double ITCZs (latitudinal MSE maxima below 400 hPa just poleward of 10°N and equatorward of

10°S), and a well-defined warm-season thermocline (strong vertical gradient of potential temperature at ∼50–100 m depth)

separating warm tropical surface waters from cooler waters beneath.
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Figure 11. Zonally averaged JJASON (ψfolded; Eq. 1) thermodynamic state of the troposphere and upper ocean, where positive latitudes

correspond to the warm-season mean and negative latitudes correspond to the cool-season mean. Within each panel, the vertical axis is split

into atmospheric pressure (upper) and ocean depth (lower). In the atmosphere, dry static energy (DSE) is contoured, and moist static energy

(MSE) is shaded. In the ocean, potential temperature θocn is shaded, and the absolute ocean mixed layer depth (MLD) is denoted by a black

curve. DSE contour intervals are 5000 J kg−1 in (b) and 50 J kg−1 in all other panels. DSE, MSE, and θocn show differences from CTL.

Focusing first on the ocean state, all perturbed runs produce a vertical dipole in ocean potential temperature anomalies470

roughly spanning 10–30°N between the surface and 100 m depth. In SEED and SEED_EX (Fig 11c,f), cold anomalies (blue

above ∼ 50 m) at the ocean surface overlie warm anomalies (red between 50 and 100 m). This is consistent with the cumulative

imprint of enhanced TC-driven turbulent mixing and entrainment. Compared to the seeding runs, UNSEED and UNSEED_EX

(Fig. 11a,d) produce the opposite-signed dipole (warm over cold), implying reduced upper-ocean mixing when TC activity is

artificially suppressed.475

The upper-ocean thermal anomalies are directly communicated to the atmospheric boundary layer through surface turbulent

heat fluxes. In all perturbed experiments, the near-surface MSE anomalies share a sign (same shaded color) with the underlying

θocn at nearly all latitudes. The free tropospheric state (above approximately 850 hPa) is less tightly coupled to SSTs than the

boundary layer. Focusing on SEED_EX (Fig. 11f), the tropical free troposphere cools (dashed contours show negative DSE

anomalies) equatorward of 30° in both hemispheres, with relative horizontal uniformity resulting from weak-temperature-480
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gradient dynamics. The cool anomaly maximizes in amplitude around 200–300 hPa. In the Northern extratropics (poleward

of 30°N), a troposphere-deep warm anomaly exists in SEED_EX, tilting equatorward with height over the subtropics. As

expected, UNSEED and UNSEED_EX (Fig. 11a,d) mirror this structure with the opposite sign (tropical warming and boreal

extratropical cooling). Overall, the DSE responses in Fig. 11 tend to imply cooling of the tropical troposphere and stabilization

of the upper-troposphere/lower-stratosphere region with greater TC activity.485

In many regions, the lined DSE and shaded MSE anomaly contours are parallel or coincident, indicating that moisture

contributes little independently of temperature to the MSE response. The notable exception (apart from the equatorial cold-

tongue bias region) is the TC belt between 10 and 30°N, a region where LE anomalies due to water vapor are large, affecting

MSE but not DSE. In SEED and SEED_EX, negative MSE anomalies far exceed negative DSE anomalies over the 400–800 hPa

layer between 10°N and 30°N, implying a large reduction in water vapor in this region. UNSEED and UNSEED_EX mirror490

this MSE anomaly, with mid-tropospheric moistening as TC activity decreases.

These tropospheric and upper-ocean thermal anomalies directly regulate the thermodynamic limit of TC intensity according

to potential intensity (PI) theory. By combining the shifts in SSTs with the upper-tropospheric temperature anomalies, one can

explain the potential intensity (PI) responses introduced earlier in Fig. 6e. PI is computed as in Bister and Emanuel (2002),

with pm derived from monthly mean model output following Eqs. 3–4 via Gilford (2021). Inputs include column SST, surface495

pressure, and temperature and specific humidity profiles to 50 hPa, assuming Ck/CD = 0.9. In the seeding experiments, the

natural TC genesis frequency decreases (negative orange dashed lines in Fig. 7g,i). This implies that seeded TCs are making the

large-scale environment less favorable for other TCs to spontaneously form. At those same latitudes, PI theory shows reduced

thermodynamic support for TCs as higher (weaker) pm (positive red dotted lines in Fig. 6e). This thermodynamic hostility has

contributions from SSTs and tropospheric temperature and moisture profiles, including upper-troposphere/lower-stratosphere500

stabilization. Conversely, the unseeding experiments have stronger PI (negative pm anomalies shown by blue dashed lines in

Fig. 6e), indicating greater thermodynamic support for TCs. Because unseeding removes TC-like disturbances as they form,

the resulting TC climatology cannot reveal whether the more favorable environment would otherwise support greater storm

frequency. Confirming this feedback therefore requires tracking criteria that capture weak or incipient disturbances before they

are removed.505

Because mid-tropospheric water vapor strongly affects tropical clear-sky longwave radiation, we next examine the domain-

mean top-of-atmosphere radiative anomalies (Fig. 10). Across the five experiments, -FLNT decreases monotonically with

increasing TC activity (reddest to bluest shading from left to right). Because the net longwave radiative flux FLNT is defined

as positive upward, smaller values of -FLNT correspond to greater net longwave radiation leaving the atmosphere. This net

longwave cooling with TCs is driven mostly by reduced cloud fraction and/or lower cloud tops, as shown by a same-signed510

but smaller magnitude response in longwave cloud forcing (LWCF). The remainder of the longwave cooling comes from the

clear-sky component (negative values of -FLNTC). As Rios et al. (2026) noted, the mean SST cooling induced by TCs should

weaken clear-sky longwave cooling through the Planck feedback. Because our experiments (and theirs) show a net increase

in clear-sky longwave cooling instead, the drying of the mid-troposphere must dominate the clear-sky longwave response. On

the other hand, the net shortwave radiative flux at the top of the model (FSNT) contributes to tropical warming as TC activity515
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increases. This shortwave warming is driven by shortwave cloud forcing (SWCF), with the clearsky component (FSNTC)

offsetting the response by ∼1%. Though FSNT and -FLNT anomalies largely cancel, the net longwave terms prevail in all

perturbed experiments except UNSEED, demonstrating a net top-of-atmosphere cooling response to enhanced TC activity in

the tropics.

The cloud water path (CWP) is tightly associated with the mean convective behavior while also explaining the cloud radiative520

forcing anomalies in the preceding paragraph. Warm-season area-averaged CWP values (10–30° latitude) show a monotonic

relationship with TC activity (bottom two rows of Fig. 10). As TC activity increases, the long-term tropical-mean CWP of

low clouds (surface to 700 hPa) increases, whereas the CWP of medium and high clouds (700 to 100 hPa) decreases. The loss

of free-tropospheric cloud water is consistent with reduced deep-convective coverage or intensity, suggesting that greater TC

activity suppresses background convection. Because both LWCF and SWCF weaken, the reduction in mid- and upper-level525

clouds dominates the net cloud-radiative response.

These mean state and radiative responses demonstrate that AQUA is a useful testbed for isolating coupled climate adjust-

ments to persistent changes in TC activity. Its simplified geography allows these responses to be interpreted as large-scale

feedbacks rather than basin-specific variability. Crucially, online vortex modulation alters TC activity while allowing the cou-

pled atmosphere-ocean system to adjust freely.530

Radiative fluxes, along with other energy budget responses, serve as a stepping stone to explain the large-scale circulation

response of the tropics to TCs (Rios et al., 2026). This raises a central question: does the mean circulation adjust linearly

in response to direct energy and momentum transports by TCs, or nonlinearly in response to transports mediated by tropi-

cal background convection, which is indirectly controlled by TCs through longer-lived thermodynamic modifications of the

environment?535

3.3 TC footprints do not explain the mean circulation response

Working within a linear view of TC upscale impacts on climate, past observational studies (Hsu et al., 2008; Arakane and Hsu,

2021) have shown that thermodynamic and circulation anomalies associated with TCs contribute significantly to the atmo-

spheric mean state and variability at seasonal and longer timescales. To quantify this influence (or so-called TC “footprints”)

in reanalysis output, Arakane and Hsu (2021) removed potential vorticity (PV) anomalies within a 1000 km radius from each540

TC center and performed PV inversion to adjust other state fields while maintaining balance. From this TC vortex extrac-

tion analysis, they concluded that TCs leave detectable imprints in monthly mean atmospheric states commonly interpreted

as representations of large-scale, low-frequency climate variability, with implications for diagnostics such as genesis potential

indices. A unique aspect of our work is that our TC denial experiments permit us to assess how accurately this vortex-removal

framework describes a “no-TC” climate, thereby testing whether TCs interact linearly or nonlinearly with the mean circulation.545

This linearity is tested in Fig. 12 by comparing the change in TC-induced surface stress to the change in mean surface

stress. In CTL (panel b), the mean surface stress (blue line) is easterly (negative), peaking between 20°N and 30°N, consistent

with the observed zonal mean. The TC-contributed stress (orange line) is computed by first masking each instantaneous zonal

surface stress field so that all grid points outside the TC r4 (or R4; see Sect. 2.5) radius are set to zero, and then taking the same
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temporal and zonal mean as for the full field. In other words, this is the direct contribution of TC footprints to the climatological550

zonal stress, and in CTL it is also net easterly within the region of easterly trade winds.

With more intense and frequent TCs in SEED and SEED_EX (right panels), the TC footprints contribute to increased

(anomalous relative to CTL) easterly stress over 20–30°N (Fig. 12c,f; negative orange lines). However, the mean circulation

response (blue lines) at the same latitudes shows a positive (westerly) anomaly. This indicates that the mean trade winds weaken

with increased TC activity, despite the fact that the diagnosed TC-footprint stress contribution is easterly and therefore opposes555

the sign of the large-scale circulation response. This opposition provides evidence that the climate response cannot be explained

as a basic linear addition of TC momentum forcing to an otherwise fixed background state. The unseeding experiments reinforce

this conclusion: reduced TC activity weakens the easterlies induced by TC footprints (Fig. 12a,d; positive orange lines), but

the long-term mean easterly stress strengthens (negative blue lines). Just as Hsu et al. (2008) hypothesized, a true “no-TC”

climate cannot be approximated simply by masking out storms because the background state has already adjusted to their560

presence. Instead, the sign reversal shows that the long-term surface-stress response is dominated by adjustment of the large-

scale background circulation rather than the direct momentum footprints of TCs.
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multiplied by 5 in panel (b) only.
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Figure 12. Zonal-mean zonal surface stress τx [N m−2] from 6-hourly instantaneous output for years 0006–0007, representing JJASON

(ψfolded, Eq. 1). Positive τx represents eastward stress experienced by the ocean surface, implying eastward surface winds. Blue lines show

the net zonal surface stress. Orange lines show the zonal stress recomputed with stress values outside of TC r4 set to zero, representing the

direct contribution of TC footprints to the total stress. (b) represents the climatological mean of CTL, while the other four panels represent

the deviation from this mean for the other experiments. All panels other than (b) share a vertical axis. The orange line in (b) is multiplied by

a factor of five to facilitate visual comparison.

The surface-stress response implies an adjustment of the equatorward near-surface branch of the Hadley circulation needed to

maintain the zonal momentum balance. Through mass continuity, this adjustment would be accompanied by changes in tropical
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vertical motion, linking the circulation response to background convective overturning and radiatively driven subsidence. These565

inferred changes are consistent with the thermodynamic and radiative responses in Sect. 3.2, but their underlying mechanisms

require a more detailed budget analysis.

4 Discussion

This study evaluates online vortex insertion and removal as a means of modulating TC activity in a GCM. Unlike offline re-

moval or composite-based approaches, online manipulation allows the coupled atmosphere-ocean system to adjust to altered570

TC activity and preserves the associated feedbacks. Both seeding and unseeding superimpose axisymmetric RJVs (Reed and

Jablonowski, 2011) with tunable structural parameters. Seeding parameters are sampled from prescribed distributions, whereas

unseeding parameters are iteratively fitted so that an inverted RJV cancels the targeted candidate vortex. The imposed perturba-

tions retain the local dynamical balance of the Reed formulation, while global field corrections preserve selected atmospheric

integrals and limit artificial budget drift. Across the aquaplanet experiments, seeding increases TC frequency and activity above575

baseline, whereas unseeding reduces both. The resulting tropical mean-state and radiative responses vary mostly monotoni-

cally with TC activity, showing that persistent TC anomalies can alter climate beyond the direct footprints of individual storms.

Together, these results establish online vortex modulation as a practical and climatologically stable means of controlling TC

climatology, providing a new experimental framework for studying TC upscale impacts in Earth system models.

The mechanics of seeding are relatively straightforward to interpret. When a cyclonic RJV is inserted, it either converts into580

a TC through self-sustaining surface heat flux (Emanuel, 1986) and radiative feedbacks (Wing et al., 2016; Muller and Romps,

2018), or dissipates if the seed amplitude is too small or the environment too hostile. In the case of survival, the seeded vortex

typically evolves into an offline-tracked TC, with the resulting genesis point occurring within one or two 6-hour model output

intervals and 3° GCD of the seeding intervention. Most seeded TCs stack on top of the baseline TC counts of CTL, indicating

that the tropics of AQUA contain potential energy that internally generated TCs do not tap into. However, the internally585

generated TCs do decrease, especially as intervention frequency and amplitude are increased in SEED_EX, suggesting that

seeded TCs make the environment more hostile for subsequent genesis. This demonstrates that vortex insertion provides strong

control over TC frequency while still allowing the ultimate TC climatology to emerge from environmental interactions.

In contrast to the constructive effect of seeding on the TC genesis climatology, unseeding largely acts on the pre-genesis

disturbance population. Only a handful of unseeding interventions terminate mature, offline-tracked TCs. Most instead remove590

candidate vortices early in their life cycles, before they satisfy the offline TC trajectory criteria. Despite directly terminating

only a small number of mature TCs, unseeding is highly effective, eliminating 85–95% of ACE from the unseeding runs. As

online detection thresholds are relaxed to increase intervention frequency, as in UNSEED_EX, further reductions in TC activity

are achieved by increasingly targeting a large population of weak, incipient disturbances.

Residual TC activity during unseeding partly reflects limitations of the current implementation rather than a fundamental595

limit of vortex removal. First, the 24-hour intervention interval allows disturbances to form and intensify between restarts;

central pressures near 970 hPa at some interventions show that substantial development at sub-daily timescales can occur, not
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unlike in observations (Kaplan and DeMaria, 2003). Implementing unseeding directly in the atmospheric model would avoid

restart overhead and permit more frequent intervention. Second, the online DetectNodes criteria are stricter than the offline

tracking criteria, particularly for vertically tilted vortices, so some tracked TCs are never targeted. Third, the axisymmetric600

RJV may poorly fit storms with asymmetric structure or atypical radial profiles, leaving residual cyclonic perturbations that

can redevelop. Together, these limitations identify the primary tuning parameters of the unseeding algorithm: intervention

frequency (controlled by the intervention interval and online detection criteria), and vortex-fit fidelity.

Because its parameters can be tuned systematically, vortex manipulation provides a framework for probing environmental

limits on TC activity. In seeding experiments, intervention frequency could be increased until additional vortices no longer raise605

total TC activity because of environmental constraints or spatial packing limits (e.g., Hoogewind et al., 2020). Complementary

unseeding experiments could test whether suppressing TCs increases the frequency or intensity of weaker tropical disturbances.

In UNSEED_EX, for example, the larger number of interventions may reflect either the broader detection criteria or a genuine

increase in incipient vortices under the adjusted background state. A DetectNodes-only postprocessing analysis could

distinguish these possibilities by tracking TD-like waves (e.g., Lin et al., 2025) and other candidate disturbances that do not610

satisfy the full TC criteria.

The experimental gradation in TC activity produces systematic tropical climate responses, including upper-ocean cooling

(Price, 1981; Dare and McBride, 2011) and tropospheric drying (Schenkel and Hart, 2015a; Scoccimarro et al., 2020). Unlike

storm-centered composites, these anomalies reflect the climate system’s adjustment to sustained changes in TC activity and

include shifts in precipitation, cloud amount, and radiative fluxes. Although individual TCs produce local moistening, heavy615

rainfall, and strong cloud-radiative effects (Schenkel and Hart, 2015a; Hsu et al., 2008; Konrad and Perry, 2010; Bu et al., 2014),

greater TC activity here is associated with tropospheric drying, reduced mean precipitation, and weaker cloud radiative forcing.

This contrast shows that TC climate effects cannot be represented as a linear superposition of storm anomalies. The TC-masked

surface-stress analysis likewise shows that the mean circulation response is dominated by adjustment of the background state

rather than direct TC momentum forcing (Sect. 3.3). The broad tropical adjustments found here and by Rios et al. (2026)620

support viewing TC upscale effects as coupled climate reorganization rather than as independent storm-scale pathways. Online

TC modulation is well-suited to this perspective because it alters TC activity while allowing the atmosphere-ocean system to

adjust freely.

The framework can also isolate specific pathways through mechanism-denial experiments. Fixed-SST simulations could

separate atmospheric drying from SST-mediated effects, while cloud locking could isolate water-vapor and Planck feedbacks625

from cloud-radiative changes. Process attribution will nevertheless remain limited by parameterized convection and unresolved

storm structure until sustained global kilometer-scale simulations become feasible.

Ongoing work is examining the coupled thermodynamic and dynamical adjustments underlying these tropical climate re-

sponses. This analysis uses energy and moisture budgets to quantify interactions among TC-induced surface fluxes, convection,

radiation, and the large-scale circulation, and to assess whether individual mechanisms such as the TC ocean heat pump can630

explain the response to persistently altered TC activity. The present study provides the first step in this effort by establishing

the experimental framework and documenting the large-scale responses that require process-level explanation.

29

https://doi.org/10.5194/egusphere-2026-4719
Preprint. Discussion started: 25 October 2026
c© Author(s) 2026. CC BY 4.0 License.



Code and data availability. The foundational code used to seed and unseed TCs is available at https://zenodo.org/badge/latestdoi/31787694

(Zarzycki, 2025). The CESM (version 2.3 Alpha 17d) source code to run the AQUA configuration, modifications to the seeding code,

output from model experiments, and analysis code can all be found in https://doi.org/10.26208/BDFC-3E18 (Pan and Zarzycki, 2026).635

TempestExtremes is located at https://github.com/ClimateGlobalChange/tempestextremes (Ullrich et al., 2021).

Appendix A: TempestExtremes TC tracking thresholds

As discussed in Sect. 2.2, the DetectNodes binary employs distinct thresholds depending on whether tracking is performed

online or offline, as well as between the UNSEED and UNSEED_EX experiments. The specific threshold values for all con-

figurations are compiled in Table A1.640

The parameter naming convention reflects the meteorological variable and the geometric constraint applied:

– Prefixes denote the tracking variables: psl represents Sea Level Pressure (SLP), wc represents the upper-tropospheric

warm core amplitude (measured by 300–500 hPa thickness), and rv represents 850 hPa relative vorticity.

– Suffixes define the algorithmic criteria: FOmag and FOdist indicate the required falloff magnitude and the radial

distance (in degrees) over which that falloff must occur. MaxOffset specifies the maximum allowable horizontal645

distance between the secondary variable extremum and the SLP minimum, controlling the degree of vertical vortex tilt

permitted.

The StitchNodes thresholds used to generate TC trajectories in postprocessing are listed below:

TRAJRANGE=6.0

TRAJMINLENGTH=10650

TRAJMAXGAP=3

MAXTOPO=150.0

MAXLAT=50.0

MINWIND=10.0

MINLEN=10655

Examples of StitchNodes calls can be found in Ullrich and Zarzycki (2017) and Ullrich et al. (2021), and parameter

definitions are detailed in TempestExtremes user documentation.

Author contributions. CZ developed and implemented the core experimental technique and secured funding for the project. CZ and JP con-

ceptualized and designed the experiments. JP performed the model experiments, curated output data, led the formal analysis and visualization,

and wrote the original draft. CZ and JP reviewed and edited the manuscript.660
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Table A1. DetectNodes threshold values for the different tracking configurations.

Offline
Online

SEED(_EX)

Online

UNSEED

Online

UNSEED_EX

pslFOmag [hPa] 2 4 4 2

pslFOdist [°] 5.5 5.5 5.5 5.5

wcFOmag [m] -6 -15 -15 -6

wcFOdist [°] 6.5 6.5 6.5 6.5

wcMaxOffset [°] 1 0.5 0.5 0.5

rvFOmag [s−1] −8× 10−5 N/A −8× 10−5 N/A

rvFOdist [°] 5.5 N/A 5.5 N/A

rvMaxOffset[°] 0.5 N/A 0.5 N/A

maxlat [°] N/A 30 30 30

mergedist [°] 6 6 6 6

Competing interests. The authors declare that there is no conflict of interest.

Acknowledgements. This material is based upon work supported by the National Science Foundation (NSF) under the EarthCube Project

Raijin (Award No. 2126458), which funds the development of UXArray (https://github.com/UXARRAY/uxarray/) used extensively in this

research. The authors also acknowledge support through the NSF Grant AGS-1916689, including the computing allocation provided by it. We

acknowledge high-performance computing support from the Derecho system (doi:10.5065/qx9a-pg09) provided by the NSF National Center665

for Atmospheric Research (NCAR), sponsored by the National Science Foundation. The Community Earth System Model version 2 is a joint

effort between the National Center for Atmospheric Research (NCAR) and the University Corporation for Atmospheric Research (UCAR).

Source code can be accessed at: http://www.cesm.ucar.edu/models/cesm2/release_download.html. Any opinions, findings, and conclusions

or recommendations expressed in this publication are those of the authors and do not necessarily reflect the views of the National Science

Foundation.670

The authors used ChatGPT (OpenAI), Gemini (Google), and Claude (Anthropic) during manuscript preparation to assist with brain-

storming, restructuring of section/paragraph organization, and language editing. They were also used as a programming assistant to suggest

implementations for data processing and visualization routines. All AI suggestions were reviewed, verified, and edited by the authors, who

take full responsibility for the manuscript’s content.

31

https://doi.org/10.5194/egusphere-2026-4719
Preprint. Discussion started: 25 October 2026
c© Author(s) 2026. CC BY 4.0 License.



References675

Adames, A. F. and Ming, Y.: Interactions between Water Vapor and Potential Vorticity in Synoptic-Scale Monsoonal Disturbances: Moisture

Vortex Instability, Journal of the Atmospheric Sciences, 75, 2083 – 2106, https://doi.org/10.1175/JAS-D-17-0310.1, 2018.

Adames Corraliza, A. F. and Mayta, V. C.: The Stirring Tropics: Theory of Moisture Mode–Hadley Cell Interactions, Journal of Climate, 37,

1383 – 1401, https://doi.org/10.1175/JCLI-D-23-0147.1, 2024.

Arakane, S. and Hsu, H.-H.: Tropical Cyclone Footprints in Long-Term Mean State and Multiscale Climate Variability in the Western North680

Pacific as Seen in the JRA-55 Reanalysis, Journal of Climate, 34, 7443 – 7460, https://doi.org/10.1175/JCLI-D-20-0887.1, 2021.

Archambault, H. M., Bosart, L. F., Keyser, D., and Cordeira, J. M.: A Climatological Analysis of the Extratropical Flow Response to

Recurving Western North Pacific Tropical Cyclones, Monthly Weather Review, 141, 2325 – 2346, https://doi.org/10.1175/MWR-D-12-

00257.1, 2013.

Bacmeister, J. T., Wehner, M. F., Neale, R. B., Gettelman, A., Hannay, C., Lauritzen, P. H., Caron, J. M., and Truesdale, J. E.: Ex-685

ploratory High-Resolution Climate Simulations using the Community Atmosphere Model (CAM), Journal of Climate, 27, 3073 – 3099,

https://doi.org/10.1175/JCLI-D-13-00387.1, 2014.

Bengtsson, L., Botzet, M., and Esch, M.: Hurricane-type vortices in a general circulation model, Tellus A, 47, 175–196,

https://doi.org/https://doi.org/10.1034/j.1600-0870.1995.t01-1-00003.x, 1995.

Bister, M. and Emanuel, K. A.: Low frequency variability of tropical cyclone potential intensity 1. Interannual to interdecadal variabil-690

ity, Journal of Geophysical Research: Atmospheres, 107, ACL 26–1–ACL 26–15, https://doi.org/https://doi.org/10.1029/2001JD000776,

2002.

Brizuela, N. G., Alford, M. H., Xie, S.-P., Sprintall, J., Voet, G., Warner, S. J., Hughes, K., and Moum, J. N.: Prolonged thermocline warming

by near-inertial internal waves in the wakes of tropical cyclones, Proceedings of the National Academy of Sciences, 120, e2301664 120,

https://doi.org/10.1073/pnas.2301664120, 2023.695

Bu, Y. P., Fovell, R. G., and Corbosiero, K. L.: Influence of Cloud–Radiative Forcing on Tropical Cyclone Structure, Journal of the Atmo-

spheric Sciences, 71, 1644 – 1662, https://doi.org/10.1175/JAS-D-13-0265.1, 2014.

Bueti, M. R., Ginis, I., Rothstein, L. M., and Griffies, S. M.: Tropical Cyclone–Induced Thermocline Warming and Its Regional and Global

Impacts, Journal of Climate, 27, https://doi.org/10.1175/JCLI-D-14-00152.1, 2014.

Camargo, S. J. and Wing, A. A.: Tropical cyclones in climate models, WIREs Climate Change, 7, 211–237,700

https://doi.org/https://doi.org/10.1002/wcc.373, 2016.

Chang, S. W. and Anthes, R. A.: Numerical Simulations of the Ocean’s Nonlinear, Baroclinic Response to Translating hurricanes, Journal of

Physical Oceanography, 8, 468 – 480, https://doi.org/10.1175/1520-0485(1978)008<0468:NSOTON>2.0.CO;2, 1978.

Chen, H., Chmielowiec, P., Clyne, J., Eroglu, O., Jacob, R., Jain, R., Medeiros, B., Ullrich, P., and Zarzycki, C.: UXArray,

https://doi.org/10.5281/zenodo.21463232, computer software, 2026.705

Dare, R. A. and McBride, J. L.: Sea Surface Temperature Response to Tropical Cyclones, Monthly Weather Review, 139, 3798 – 3808,

https://doi.org/10.1175/MWR-D-10-05019.1, 2011.

Emanuel, K.: Contribution of tropical cyclones to meridional heat transport by the oceans, Journal of Geophysical Research: Atmospheres,

106, 14 771–14 781, https://doi.org/https://doi.org/10.1029/2000JD900641, 2001.

Emanuel, K.: Tropical Cyclone Seeds, Transition Probabilities, and Genesis, Journal of Climate, 35, 3557 – 3566,710

https://doi.org/10.1175/JCLI-D-21-0922.1, 2022.

32

https://doi.org/10.5194/egusphere-2026-4719
Preprint. Discussion started: 25 October 2026
c© Author(s) 2026. CC BY 4.0 License.



Emanuel, K., DesAutels, C., Holloway, C., and Korty, R.: Environmental Control of Tropical Cyclone Intensity, Journal of the Atmospheric

Sciences, 61, 843 – 858, https://doi.org/10.1175/1520-0469(2004)061<0843:ECOTCI>2.0.CO;2, 2004.

Emanuel, K. A.: An Air-Sea Interaction Theory for Tropical Cyclones. Part I: Steady-State Maintenance, Journal of Atmospheric Sciences,

43, https://doi.org/10.1175/1520-0469(1986)043<0585:AASITF>2.0.CO;2, 1986.715

Fisher, E. L.: HURRICANES AND THE SEA-SURFACE TEMPERATURE FIELD, Journal of Atmospheric Sciences, 15, 328 – 333,

https://doi.org/10.1175/1520-0469(1958)015<0328:HATSST>2.0.CO;2, 1958.

Gangopadhyaya, M. and Riehl, H.: Exchange of heat, moisture and momentum between Hurricane Ella (1958) and its environment, Quarterly

Journal of the Royal Meteorological Society, 85, 278–286, https://doi.org/https://doi.org/10.1002/qj.49708536509, 1959.

Gent, P. R. and McWilliams, J. C.: Isopycnal Mixing in Ocean Circulation Models, Journal of Physical Oceanography, 20, 150–155,720

https://doi.org/10.1175/1520-0485(1990)020<0150:IMIOCM>2.0.CO;2, 1990.

Gilford, D. M.: pyPI (v1.3): Tropical Cyclone Potential Intensity Calculations in Python, Geoscientific Model Development, 14, 2351–2369,

https://doi.org/10.5194/gmd-14-2351-2021, 2021.

Goswami, B. N., Shukla, J., Schneider, E. K., and Sud, Y. C.: Study of the Dynamics of the Intertropical Convergence Zone with

a Symmetric Version of the GLAS Climate Model, Journal of Atmospheric Sciences, 41, 5 – 19, https://doi.org/10.1175/1520-725

0469(1984)041<0005:SOTDOT>2.0.CO;2, 1984.

Gray, W. S.: Hurricanes: Their formation, structure and likely role in the tropical circulation, https://api.semanticscholar.org/CorpusID:

132807346, 1979.

Guo, L., Klingaman, N. P., Vidale, P. L., Turner, A. G., Demory, M.-E., and Cobb, A.: Contribution of Tropical Cyclones to Atmospheric

Moisture Transport and Rainfall over East Asia, Journal of Climate, 30, 3853 – 3865, https://doi.org/10.1175/JCLI-D-16-0308.1, 2017.730

Hack, J. J.: Parameterization of moist convection in the National Center for Atmospheric Research Community Climate Model (CCM2),

Journal of Geophysical Research: Atmospheres, 99, 5551–5568, https://doi.org/10.1029/93JD03478, 1994.

Hart, R. E., Maue, R. N., and Watson, M. C.: Estimating Local Memory of Tropical Cyclones through MPI Anomaly Evolution, Monthly

Weather Review, 135, 3990 – 4005, https://doi.org/10.1175/2007MWR2038.1, 2007.

Held, I. M.: The Gap between Simulation and Understanding in Climate Modeling, Bulletin of the American Meteorological Society, 86,735

1609 – 1614, https://doi.org/10.1175/BAMS-86-11-1609, 2005.

Hodyss, D. and Hendricks, E.: The Resonant Excitation of Baroclinic Waves by the Divergent Circulation of Recurving Tropical Cyclones,

Journal of the Atmospheric Sciences, 67, 3600 – 3616, https://doi.org/10.1175/2010JAS3459.1, 2010.

Hoogewind, K. A., Chavas, D. R., Schenkel, B. A., and O’Neill, M. E.: Exploring Controls on Tropical Cyclone Count through the Geography

of Environmental Favorability, Journal of Climate, 33, 1725 – 1745, https://doi.org/10.1175/JCLI-D-18-0862.1, 2020.740

Hsu, H.-H., Hung, C.-H., Lo, A.-K., Wu, C.-C., and Hung, C.-W.: Influence of Tropical Cyclones on the Estimation of Climate Variability in

the Tropical Western North Pacific, Journal of Climate, 21, 2960 – 2975, https://doi.org/10.1175/2007JCLI1847.1, 2008.

Jansen, M. F., Ferrari, R., and Mooring, T. A.: Seasonal versus permanent thermocline warming by tropical cyclones, Geophysical Research

Letters, 37, https://doi.org/https://doi.org/10.1029/2009GL041808, 2010.

Kaplan, J. and DeMaria, M.: Large-Scale Characteristics of Rapidly Intensifying Tropical Cyclones in the North Atlantic Basin, Weather and745

Forecasting, 18, 1093 – 1108, https://doi.org/10.1175/1520-0434(2003)018<1093:LCORIT>2.0.CO;2, 2003.

Kieu, C. and Wang, Q.: Stability of the Tropical Cyclone Intensity Equilibrium, Journal of the Atmospheric Sciences, 74, 3591 – 3608,

https://doi.org/10.1175/JAS-D-17-0028.1, 2017.

33

https://doi.org/10.5194/egusphere-2026-4719
Preprint. Discussion started: 25 October 2026
c© Author(s) 2026. CC BY 4.0 License.



Knutson, T., Camargo, S. J., Chan, J. C. L., Emanuel, K., Ho, C.-H., Kossin, J., Mohapatra, M., Satoh, M., Sugi, M., Walsh, K., and Wu, L.:

Tropical Cyclones and Climate Change Assessment: Part II: Projected Response to Anthropogenic Warming, Bulletin of the American750

Meteorological Society, 101, E303 – E322, https://doi.org/10.1175/BAMS-D-18-0194.1, 2020.

Konrad, II, C. E. and Perry, L. B.: Relationships between tropical cyclones and heavy rainfall in the Carolina region of the USA, International

Journal of Climatology, 30, 522–534, https://doi.org/https://doi.org/10.1002/joc.1894, 2010.

Kurihara, Y., Bender, M. A., Tuleya, R. E., and Ross, R. J.: Prediction Experiments of Hurricane Gloria (1985) Using a Multiply Nested Mov-

able Mesh Model, Monthly Weather Review, 118, 2185 – 2198, https://doi.org/10.1175/1520-0493(1990)118<2185:PEOHGU>2.0.CO;2,755

1990.

Lauritzen, P. H., Nair, R. D., Herrington, A. R., Callaghan, P., Goldhaber, S., Dennis, J. M., Bacmeister, J. T., Eaton, B. E., Zarzycki, C. M.,

Taylor, M. A., Ullrich, P. A., Dubos, T., Gettelman, A., Neale, R. B., Dobbins, B., Reed, K. A., Hannay, C., Medeiros, B., Benedict,

J. J., and Tribbia, J. J.: NCAR Release of CAM-SE in CESM2.0: A Reformulation of the Spectral Element Dynamical Core in Dry-Mass

Vertical Coordinates With Comprehensive Treatment of Condensates and Energy, Journal of Advances in Modeling Earth Systems, 10,760

1537–1570, https://doi.org/10.1029/2017MS001257, 2018.

Leslie, L. M. and Holland, G. J.: On the bogussing of tropical cyclones in numerical models: A comparison of vortex profiles, Meteorology

and Atmospheric Physics, 56, 101–110, https://doi.org/10.1007/BF01022523, 1995.

Li, H., Hu, A., Meehl, G. A., Rosenbloom, N., and Strand, W. G.: Impact of Tropical Cyclone Wind Forcing on the Global Climate in a Fully

Coupled Climate Model, Journal of Climate, 36, 111 – 129, https://doi.org/10.1175/JCLI-D-22-0211.1, 2023.765

Lin, Q.-J., Adames Corraliza, A. F., and Mayta, V. C.: Hadley Cell Instability and Its Link to Tropical Depression-Type Waves, Geophysical

Research Letters, 52, e2025GL116 716, https://doi.org/https://doi.org/10.1029/2025GL116716, 2025.

Liu, Q., Li, T., and Zhou, W.: Impacts of Multi-Timescale Circulations on Meridional Moisture Transport, Journal of Climate, 34, 8065 –

8085, https://doi.org/10.1175/JCLI-D-20-0126.1, 2021.

Ma, Z. and Fei, J.: A Comparison between Moist and Dry Tropical Cyclones: The Low Effectiveness of Surface Sensible Heat Flux in Storm770

Intensification, Journal of the Atmospheric Sciences, 79, 31 – 49, https://doi.org/10.1175/JAS-D-21-0014.1, 2022.

Marshall, J., Ferreira, D., Campin, J.-M., and Enderton, D.: Mean Climate and Variability of the Atmosphere and Ocean on an Aquaplanet,

Journal of the Atmospheric Sciences, 64, 4270 – 4286, https://doi.org/10.1175/2007JAS2226.1, 2007.

McDonald, N. R.: The decay of cyclonic eddies by Rossby wave radiation, Journal of Fluid Mechanics, 361, 237–252,

https://doi.org/10.1017/S0022112098008696, 1998.775

McFadden, J. D.: SEA-SURFACE TEMPERATURES IN THE WAKE OF Hurricane Betsy (1965), Monthly Weather Review, 95, 299 – 302,

https://doi.org/10.1175/1520-0493(1967)095<0299:SSTITW>2.3.CO;2, 1967.

Medeiros, B., Williamson, D. L., and Olson, J. G.: Reference aquaplanet climate in the Community Atmosphere Model, Version 5, Journal

of Advances in Modeling Earth Systems, 8, 406–424, https://doi.org/https://doi.org/10.1002/2015MS000593, 2016.

Merlis, T. M. and Held, I. M.: Aquaplanet Simulations of Tropical Cyclones, Current Climate Change Reports, 5, 185–195,780

https://doi.org/10.1007/s40641-019-00133-y, 2019.

Montgomery, M. T., Sang, N. V., Smith, R. K., and Persing, J.: Do tropical cyclones intensify by WISHE?, Quarterly Journal of the Royal

Meteorological Society, 135, 1697–1714, https://doi.org/https://doi.org/10.1002/qj.459, 2009.

Muller, C. J. and Romps, D. M.: Acceleration of tropical cyclogenesis by self-aggregation feedbacks, Proceedings of the National Academy

of Sciences, 115, 2930–2935, https://doi.org/10.1073/pnas.1719967115, 2018.785

34

https://doi.org/10.5194/egusphere-2026-4719
Preprint. Discussion started: 25 October 2026
c© Author(s) 2026. CC BY 4.0 License.



Neale, R. and Hoskins, B.: A standard test for AGCMs including their physical parametrizations: I: The proposal, Atmospheric Science

Letters, 1, 101–107, https://doi.org/https://doi.org/10.1006/asle.2000.0019, 2000.

Neale, R., Richter, J. H., Conley, A. J., Park, S., Lauritzen, P. H., Gettelman, A., Williamson, D., Rasch, P. J., Vavrus, S. J., Taylor, M. A.,

Collins, W., Zhang, M., and Lin, S.: Description of the NCAR Community Atmosphere Model (CAM 4.0), Ncar technical note, National

Center for Atmospheric Research (NCAR), Boulder, CO, USA, https://doi.org/10.5065/GSEB-6470, 2010.790

Pan, J. and Zarzycki, C.: Model Output from Tropical Cyclone Seeding and Unseeding Experiments in a High-Resolution CESM Coupled

Aquaplanet, https://doi.org/10.26208/BDFC-3E18, 2026.

Pérez-Alarcón, A., Coll-Hidalgo, P., Fernández-Alvarez, J. C., Trigo, R. M., Nieto, R., and Gimeno, L.: Impacts of tropical cyclones on the

global water budget, npj Climate and Atmospheric Science, 6, 212, https://doi.org/10.1038/s41612-023-00546-5, 2023.

Price, J. F.: Upper Ocean Response to a Hurricane, Journal of Physical Oceanography, 11, 153 – 175, https://doi.org/10.1175/1520-795

0485(1981)011<0153:UORTAH>2.0.CO;2, 1981.

Reed, K. A. and Jablonowski, C.: An Analytic Vortex Initialization Technique for Idealized Tropical Cyclone Studies in AGCMs, Monthly

Weather Review, 139, 689 – 710, https://doi.org/10.1175/2010MWR3488.1, 2011.

Rios, G., Vecchi, G., and Yang, W.: Reducing Tropical Cyclone Activity in Global Climate Models by Evaporative Suppression, Journal of

Geophysical Research: Atmospheres, 130, e2024JD043 302, https://doi.org/https://doi.org/10.1029/2024JD043302, 2025.800

Rios, G. A., Vecchi, G. A., and Yang, W.: On the large-scale radiative cooling induced by tropical cyclone activity, Proceedings of the

National Academy of Sciences, 123, e2526160 123, https://doi.org/10.1073/pnas.2526160123, 2026.

Sardeshmukh, P. D. and Hoskins, B. J.: The Generation of Global Rotational Flow by Steady Idealized Tropical Divergence, Journal of

Atmospheric Sciences, 45, 1228 – 1251, https://doi.org/10.1175/1520-0469(1988)045<1228:TGOGRF>2.0.CO;2, 1988.

Schenkel, B. A. and Hart, R. E.: An Analysis of the Environmental Moisture Impacts of Western North Pacific Tropical Cyclones, Journal of805

Climate, 28, 2600 – 2622, https://doi.org/10.1175/JCLI-D-14-00213.1, 2015a.

Schenkel, B. A. and Hart, R. E.: An Examination of the Thermodynamic Impacts of Western North Pacific Tropical Cyclones on Their

Tropical Tropospheric Environment, Journal of Climate, 28, https://doi.org/10.1175/JCLI-D-14-00780.1, 2015b.

Schenkel, B. A., Lin, N., Chavas, D., Oppenheimer, M., and Brammer, A.: Evaluating Outer Tropical Cyclone Size in Reanalysis Datasets

Using QuikSCAT Data, Journal of Climate, 30, 8745 – 8762, https://doi.org/10.1175/JCLI-D-17-0122.1, 2017.810

Schreck, C. J., Knapp, K. R., and Kossin, J. P.: The Impact of Best Track Discrepancies on Global Tropical Cyclone Climatologies using

IBTrACS, Monthly Weather Review, 142, 3881 – 3899, https://doi.org/10.1175/MWR-D-14-00021.1, 2014.

Scoccimarro, E., Gualdi, S., Bellucci, A., Peano, D., Cherchi, A., Vecchi, G. A., and Navarra, A.: The typhoon-induced drying of the Maritime

Continent, Proceedings of the National Academy of Sciences, 117, 3983–3988, https://doi.org/10.1073/pnas.1915364117, 2020.

Smith, R. S., Dubois, C., and Marotzke, J.: Global Climate and Ocean Circulation on an Aquaplanet Ocean–Atmosphere General Circulation815

Model, Journal of Climate, 19, 4719 – 4737, https://doi.org/10.1175/JCLI3874.1, 2006.

Sobel, A. H. and Camargo, S. J.: Influence of Western North Pacific Tropical Cyclones on Their Large-Scale Environment, Journal of the

Atmospheric Sciences, 62, https://doi.org/10.1175/JAS3539.1, 2005.

Sriver, R. L. and Huber, M.: Observational evidence for an ocean heat pump induced by tropical cyclones, Nature, 447, 577–580,

https://doi.org/10.1038/nature05785, 2007.820

Stommel, H.: Determination of water mass properties of water pumped down from the Ekman layer to the geostrophic flow below, Proceed-

ings of the National Academy of Sciences, 76, 3051–3055, https://doi.org/10.1073/pnas.76.7.3051, 1979.

35

https://doi.org/10.5194/egusphere-2026-4719
Preprint. Discussion started: 25 October 2026
c© Author(s) 2026. CC BY 4.0 License.



Ullrich, P. A. and Zarzycki, C. M.: TempestExtremes: a framework for scale-insensitive pointwise feature tracking on unstructured grids,

Geoscientific Model Development, 10, 1069–1090, https://doi.org/10.5194/gmd-10-1069-2017, 2017.

Ullrich, P. A., Zarzycki, C. M., McClenny, E. E., Pinheiro, M. C., Stansfield, A. M., and Reed, K. A.: TempestExtremes v2.1: a com-825

munity framework for feature detection, tracking, and analysis in large datasets, Geoscientific Model Development, 14, 5023–5048,

https://doi.org/10.5194/gmd-14-5023-2021, 2021.

Wang, Z., Rios-Berrios, R., Stern, D. P., Baker, A. J., Beucler, T., Camargo, S. J., Duvel, J.-P., Feng, X., Lee, C.-Y., Leroux, M.-D., Li, H.,

Macholl, J., Molina, M. J., Ocasio, K. M. N., Ramsay, H. A., Ritchie, E. A., Schenkel, B. A., Stansfield, A. M., Ayar, P. V., and Wisinski,

E.: On the Definition and Tracking of Tropical Cyclone Seeds from a Climate Perspective, Bulletin of the American Meteorological830

Society, 106, E1815 – E1822, https://doi.org/10.1175/BAMS-D-24-0200.1, 2025.

Wing, A. A., Camargo, S. J., and Sobel, A. H.: Role of Radiative–Convective Feedbacks in Spontaneous Tropical Cyclogenesis in Idealized

Numerical Simulations, Journal of the Atmospheric Sciences, 73, 2633 – 2642, https://doi.org/10.1175/JAS-D-15-0380.1, 2016.

Wu, X., Reed, K. A., Wolfe, C. L. P., Marques, G. M., Bachman, S. D., and Bryan, F. O.: Coupled Aqua and Ridge

Planets in the Community Earth System Model, Journal of Advances in Modeling Earth Systems, 13, e2020MS002 418,835

https://doi.org/https://doi.org/10.1029/2020MS002418, 2021.

Xu, G., Osborn, T. J., and Matthews, A. J.: Moisture transport by Atlantic tropical cyclones onto the North American continent, Climate

Dynamics, 48, 3161–3182, https://doi.org/10.1007/s00382-016-3257-6, 2017.

Zarzycki, C.: Betacast v0.2.1, https://doi.org/10.5281/zenodo.14997279, 2025.

Zarzycki, C. M.: Tropical Cyclone Intensity Errors Associated with Lack of Two-Way Ocean Coupling in High-Resolution Global Simula-840

tions, Journal of Climate, 29, 8589 – 8610, https://doi.org/10.1175/JCLI-D-16-0273.1, 2016.

Zhang, F. and Emanuel, K.: On the Role of Surface Fluxes and WISHE in Tropical Cyclone Intensification, Journal of the Atmospheric

Sciences, 73, 2011 – 2019, https://doi.org/10.1175/JAS-D-16-0011.1, 2016.

Zhang, G. and McFarlane, N. A.: Sensitivity of climate simulations to the parameterization of cumulus convection in the Canadian Climate

Centre general circulation model, Atmosphere-Ocean, 33, 407–446, https://doi.org/10.1080/07055900.1995.9649539, 1995.845

36

https://doi.org/10.5194/egusphere-2026-4719
Preprint. Discussion started: 25 October 2026
c© Author(s) 2026. CC BY 4.0 License.


