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Abstract Tropical anvil clouds peak near 200 hPa and significantly impact Earth's climate, yet its
physical realism in coarse‐resolution General Circulation Models (GCMs) remains debated. We examine
anvil cloud formation by performing simulations with a GCM with a hierarchy of cloud fraction schemes
ranging from a complex prognostic Tiedtke scheme to a simple binary scheme. All schemes consistently
reproduce the anvil peak. The robust anvil peak arises because extremely cold temperatures at the upper
troposphere facilitate frequent saturation events, producing clouds that disproportionately influence mean
cloud fraction. Sensitivity experiments with enhanced evaporation of cloud condensate unexpectedly
show increased anvil coverage, highlighting how slight evaporative moistening reinforces local saturation
in cold upper‐tropospheric conditions. These results demonstrate that the tropical anvil cloud peak
emerges from fundamental thermodynamic constraints, rather than specific cloud fraction
parameterization choices.

Plain Language Summary Tropical anvil clouds form at high altitudes around 12 km (about
7.5 miles) above Earth's surface and strongly influence climate by affecting heat and radiation. Scientists
question whether climate models accurately represent these clouds. To investigate this, we used a climate model
with various methods for calculating cloud cover, from complex to very simple. Surprisingly, all methods
showed a similar peak in anvil cloud occurrence at this altitude. This occurs because extremely cold
temperatures at these heights often cause air to saturate, creating frequent cloud formation. Additionally,
experiments revealed that increasing evaporation of cloud droplets unexpectedly increased cloud coverage by
adding moisture that maintains saturation. Our study highlights that the tropical anvil cloud peak results mainly
from basic atmospheric conditions, rather than specific modeling choices.

1. Introduction
Tropical anvil clouds, typically peaking around 200 hPa, exert a profound influence on Earth's climate system
(Hartmann et al., 2001; Houze & Betts, 1981; Stephens et al., 2008). Their widespread coverage and persistence
make anvil clouds a key component of cloud feedback mechanisms and climate sensitivity (Hartmann et al., 2001;
Stephens et al., 2008; Zelinka et al., 2013, 2022), yet there remains substantial uncertainty regarding their
governing processes and response to global warming (Zelinka et al., 2022).

Observational and modeling studies suggest that anvil cloud coverage decreases with warming (Beydoun
et al., 2021; Bony et al., 2016; Raghuraman et al., 2024; Saint‐Lu et al., 2020; Tompkins & Craig, 1999; Williams
& Pierrehumbert, 2017), a finding consistent with the negative anvil area feedback assessed by theWorld Climate
Research Program (Sherwood et al., 2020). The prevailing explanation for this behavior is the stability‐iris
mechanism (Bony et al., 2016). This mechanism proposes that as the climate warms, enhanced upper‐
tropospheric stability suppresses convective outflow, leading to a reduction in anvil cloud fraction. The con-
ceptual foundation for this mechanism was established by Hartmann and Larson (2002) who find that convective
cloudy air masses pile up near the 200 hPa level, where clear‐sky radiative cooling diminishes so that the
convective air masses must cease to rise to ensure steady‐state energy balance (Kuang & Hartmann, 2007; Kubar
et al., 2007). This mechanism, however, was challenged by Seeley et al. (2019) who used a cloud‐resolving model
and a simple theory to argue that the major cause of the anvil cloud peak is their long lifetime caused by slow
evaporation of cloud condensates, instead of the detrainment from the convective outflow. As such, the reasons
behind the formation of anvil coverage remain uncertain, as echoed by Zelinka et al. (2022)'s remarks “Much
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uncertainty remains surrounding the processes controlling tropical anvil cloud fraction and its changes with
warming, and the fidelity with which General Circulation Models (GCMs) can simulate them.”

Despite these uncertainties, GCMs robustly reproduce a peak in anvil cloud fraction around 200 hPa (Figure 1a).
Given the parameterized nature of cloud processes in GCMs, this agreement is not trivial. Most cloud fraction
parameterization schemes diagnose cloud fraction by assuming a probability density function (PDF) to represent
subgrid‐scale variability of total water content (Tompkins, 2005), linking cloud formation to relative humidity
(RH). Yet, Climate Model Intercomparison Project Phase 6 (CMIP6) models exhibit bottom‐heavy RH profiles
that peak in the lower troposphere rather than at upper levels (Figure 1b). This indicates that the abundance of
clouds near anvil altitudes is disproportionally large relative to what would be inferred from the RH profile at
lower levels. This discrepancy prompts a question: Does the anvil cloud fraction peak result from artificial knob
tuning, such as adjusting critical RH thresholds (Quaas, 2012), or does it arise naturally from basic physical
constraints inherent to GCMs?

To address this question, we investigate the constraints governing anvil cloud fraction by conducting experiments
using the latest version of the Geophysical Fluid Dynamics Laboratory (GFDL) atmospheric model, AM4. AM4
is particularly suited for this analysis due to its prognostic cloud fraction scheme (Tiedtke, 1993), explicitly
simulating the balance between cloud fraction sources and sinks, including mixing with ambient unsaturated air,
in a manner consistent with Seeley et al. (2019)'s theory. By varying the cloud fraction scheme in a hierarchical
manner, we assess whether anvil cloud fraction remains robustly simulated and identify the fundamental physical
principles driving its formation.

2. Model and Simulations
2.1. GFDL Atmosphere Model

We use GFDL's latest atmosphere climate model, AM4 (Zhao et al., 2018). AM4 has a horizontal resolution of
∼100 km, with 33 vertical model levels. It adopts the dynamic core from the hydrostatic version of the GFDL
Finite‐Volume Cubed‐Sphere Dynamical Code (FV3) (Harris et al., 2020; Lin, 2004). AM4 uses a “double‐
plume” convective closure scheme to parameterize both shallow and deep convection (Zhao et al., 2018). The
boundary layer scheme is based on Lock et al. (2000). The cloud microphysics scheme is primarily based on the
works of Rotstayn (1997) and Jakob and Klein (2000). The cloud macrophysics scheme is a fully prognostic
scheme originally developed by Tiedtke (1993). The scheme has two cloud sources of large‐scale condensation
and parameterized convection, one cloud sink of erosion, and two distribution terms of horizontal advection and
vertical mixing, which move the clouds as passive tracers but do not generate or dissipate cloudiness.

Figure 1. Profiles of (a) tropical cloud fraction and (b) relative humidity, averaged between 30°S and 30°N, from the
Atmospheric Model Intercomparison Project output in the Climate Model Intercomparison Project Phase 6 archive. The gray
shadings represent the standard deviations.
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2.2. Experiments

All simulations were performed with prescribed sea surface temperature, sea ice, greenhouse gas, and aerosols,
with their climatological monthly mean values centered in 2010. To ensure clean comparisons between different
cloud fraction schemes, the simulations are nudged to the Modern‐Era Retrospective analysis for Research and
Applications, Version 2 (MERRA2) reanalysis meteorology (wind, temperature, and specific humidity), with a
nudging timescale of 30 min. The experiment runs for 2 years, and the second year is used for analysis. We also
tested the results with 30‐year free‐running simulations and found similar results (Figure S2 in Supporting
Information S1).

We performed simulations using three distinct cloud fraction parameterization schemes:

1. Prognostic scheme (Tiedtke, 1993): The default AM4 cloud fraction scheme, which explicitly models cloud
formation and dissipation including a cloud sink due to lateral mixing of cloud condensate with unsaturated air.
The mixing rates scale proportionally to the saturation deficit‐to‐cloud water ratio, aligning with the theoretical
framework of Seeley et al. (2019). A major source term is the large‐scale condensation (lsc), which initiates
when net cooling occurs, and the RH exceeds a height‐dependent threshold (∼80% on average). Testing with a
fixed threshold shows a similar cloud fraction profile (not shown).

2. PDF‐based diagnostic scheme (Tompkins, 2005): This scheme assumes a symmetric beta function to describe
the subgrid‐scale distribution of total water content, linking cloud fraction to RH. This scheme is broadly
representative of standard cloud fraction schemes in most GCMs.

3. Binary scheme: A grid cell is either fully cloudy (100%) or entirely clear (0%), based solely on whether the
total water content exceeds saturation. It can be considered as a “cloud resolving” version of the coarse‐
gridded AM4. The binary scheme is the simplest one, helping us to interpret the results.

2.3. Cloud Fraction Decomposition

To obtain process‐level insights, we decompose the mean cloud fraction (CF):

CF = CFlsc + CFnolsc (1a)

CFlsc =
1
n
∑
n

t=1
H[C(t)] ·CF(t) (1b)

CFnolsc =
1
n
∑
n

t=1
(1 − H[C(t)]) ·CF(t) (1c)

in which the “lsc” denotes conditions with large‐scale condensation of water vapor, while “nolsc” indicates those
without, and the overbar represents time average over nmodel time steps. TheH is the Heaviside function and C
(t) is the condensation indicator: C(t) > 0 if condensation occurs. In the Tiedtke scheme, condensation rate is a
budget term so the C(t) is readily determined. In binary and PDF schemes, the C(t) > 0 if the air reaches saturation
and cloud water increases after execution of cloud fraction calculation.

Note that clouds generated from condensation by convective parameterization are grouped under the “nolsc”
category, which is small at most levels except in the boundary layer (Figure S2 in Supporting Information S1).

Physically, CFlsc represents actively forming clouds in saturated or near‐saturated air experiencing upward
motion (Figure S3 in Supporting Information S1). In the free troposphere, where the contribution from param-
eterized convection is minor, CFnolsc represents passive clouds sustained or dissipating mostly within unsaturated
ambient air (Figure S3 in Supporting Information S1). To the first order, the CFnolsc can be considered residues of
previously formed CFlsc.

3. Results
Figure 2 shows the vertical profiles of tropical cloud fraction from the three simulations with different cloud
fraction schemes. Regardless of the scheme employed, the simulations consistently produce a top‐heavy cloud
fraction profile, with the anvil cloud peak at ∼200 hPa appearing even with the simplest binary cloud fraction
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scheme. This suggests that tuning of cloud fraction schemes is not required to reproduce the anvil peak; rather,
fundamental physical constraints are responsible for its formation.

To understand how the anvil peak is simulated, we first focus on the binary cloud scheme simulation (right panel
of Figure 2) because of its interpretability and ability to reproduce the anvil peak. We analyze 3‐hourly instan-
taneous cloud fraction and RH at two levels: 200 hPa (the anvil level) and 800 hPa (a lower tropospheric level
with significantly smaller cloud fraction). Unlike the 800 hPa level, where RH exhibit a relatively narrow dis-
tribution with a dominant peak near 80%, the 200 hPa level shows a broader distribution with a notably higher
frequency of saturation events (Figure 2f). CFlsc dominates the cloud cover at higher levels, resulting in the anvil
peak (Figure 2i). Thus, the anvil cloud fraction primarily depends on the frequency of high‐RH episodes rather
than mean RH values.

This behavior persists in the PDF cloud scheme (middle column of Figure 2). The top‐heavy cloud fraction is
predominantly driven by the CFlsc (Figure 2h). At lower levels, the PDF scheme allows clouds to form under
unsaturated environments, leading to larger CFnolsc than the binary scheme.

Figure 2. Simulated profiles of tropical cloud fraction (upper), histogram of relative humidity (RH) at 200 and 800 hPa levels (middle), and decomposition of total cloud
fraction into CFlsc and CFnolsc (bottom) with prognostic (left), PDF‐based diagnostic (middle), and binary (right) cloud fraction parameterizations. The variables are
averaged from 30°S to 30°N. The histograms of RH are based on instantaneous 3‐hourly output.
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For the prognostic cloud scheme, CFlsc remains the primary contributor to the top‐heavy distribution, although the
role of CFnolsc is larger compared to those in diagnostic schemes. Unlike diagnostic schemes in which cloud
fraction responds to the ambient environment relatively quickly, prognostic clouds possess more “memory” of
prior atmospheric conditions. The frequency of saturation events at 200 hPa in the prognostic scheme is lower
compared to other schemes, partially because condensation occurs at an RH threshold of ∼80%, thus limiting
moisture accumulation. Raising this threshold to 100% increases the saturation frequency (Figure S4 in Sup-
porting Information S1). Nevertheless, even with lower saturation frequency, the prognostic scheme still produces
a greater number of high‐RH events at 200 hPa to support significant CFlsc generation.

In summary, the GCM‐simulated anvil cloud fraction is chiefly governed by the frequency of high‐RH events
rather than mean RH values, because of the nonlinear dependence of cloud fraction on RH.

Frequent upper‐level saturation results primarily from non‐local convective moistening, transporting moisture
from lower atmospheric levels into colder upper tropospheric regions, where small saturation deficits allow easy
saturation (e.g., Seeley et al., 2019). To gain physical intuition, we examine snapshots of RH, cloudiness, and
omega at 200 and 800 hPa (Figure S5 in Supporting Information S1). At 200 hPa, ascending motions consistently
result in saturation and high cloudiness, whereas at 800 hPa, the correspondence between ascent and high‐RH
regions is notably weaker. To further quantify this process, we perform conditional sampling of ascent events
(defined by omega <− 0.05 Pa/s) and track the evolutions from 7 days before to 7 days after the omega
perturbation (Figure S6 in Supporting Information S1). It shows that RH increases at 200 hPa are nearly twice
those at 800 hPa following a similar ascent perturbation (Figure S6 in Supporting Information S1). This difference
in moistening magnitude aligns with a simple analytical calculation based on simulated temperature and its lapse
rate (Text S1 in Supporting Information S1), underscoring the enhanced susceptibility of upper‐level cold air to
moistening.

4. Extending Seeley et al. (2019)'s Theory to GCM
Seeley et al. (2019) proposed, using a convection‐permitting model, that anvil peak is formed by slow evaporation
of cloud condensate at the anvil level where the low saturation deficit significantly limits evaporation, thereby
prolonging cloud lifetime. Our analysis not only supports this mechanism but also extends its validity to a
traditional coarse‐resolution GCM with parameterized cloud processes. Specifically, the high frequency of high‐
RH events at the anvil level naturally disfavors cloud evaporation, reinforcing anvil cloud persistence.

To confirm this idea, we analyze the evaporation rate, E (g/kg/day), normalized by cloud water content, qc
(g/kg), as a measure of evaporation efficiency in depleting cloud water (Figures 3a–3c). The E/qc decreases
rapidly with altitude, consistent with Seeley et al. (2019)'s slow‐evaporation argument. At the anvil level, the
evaporation rate is sufficiently low to sustain high cloud fraction, with precipitation acting as the primary sink
of anvil cloud condensate (red lines in Figures 3d–3f). At lower levels, evaporation becomes a dominant
cloud sink, comparable to or exceeding precipitation as the major sink term—again in agreement with Seeley
et al. (2019) (their Figure 4b). Notably, the slow evaporation of anvil clouds is independent of the cloud
fraction parameterization. The prognostic cloud scheme explicitly parameterizes the evaporation as a function
of saturation deficit while the diagnostic and binary schemes do not. Despite these differences, all schemes
robustly simulate the slow evaporation mechanism, indicating that the microphysical details of evaporation
are not the most determinant factor.

To further probe this mechanism, we conduct sensitivity experiments by applying a scaling factor of 2 to the
evaporation term in the Tiedtke scheme. As expected, this scaling enhanced E/qc across all levels (Figure 4a),
generally reducing cloud fraction at most levels. However, notably at the anvil peak (∼200 hPa), cloud fraction
slightly increased despite enhanced evaporation (Figure 4b). This somewhat counterintuitive result can be
explained by subtle interplay between evaporation and local saturation. At 200 hPa, even minor additional
moistening from enhanced evaporation rates can readily saturate the extremely cold air (Figure 4c), consequently
increasing the frequency of condensation and thus cloud coverage.

Seeley et al. (2019) questioned GCMs' capability to capture this mechanism, noting that “Most GCMs do not
account for vertically varying cloud sinks in their computation of cloud fraction; for example, the most common
type of cloud‐fraction parameterization used in the combined CMIP3/CMIP5 ensemble is based on a diagnostic
function of RH alone.” Our results address this concern, demonstrating that the slow evaporation mechanism
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Figure 3. AM4 simulated profiles of E/qc (upper), and estimated cloud lifetimes (bottom) with prognostic (left), PDF‐based diagnostic (middle), and binary (right) cloud
schemes, averaged between 30°S and 30°N. The same visualization with the same x‐axis limits for all panels is shown in Figure S7 in Supporting Information S1. The
cloud lifetime due to the evaporation and precipitation are computed via dividing the qc by the E and the precipitation rate (g/kg/day), respectively. In the prognostic
scheme, E is directly available as a budget term, while in diagnostic schemes, it is computed from any decrease in cloud water (if present) in each time step after the
cloud fraction calculation.

Figure 4. Profiles of simulated changes in (a) E/qc, (b) cloud fraction, and (c) frequency of supersaturation in the sensitivity experiment. Note that the relative changes are
quite small; it is their shape, not their magnitude, that conveys the key point.

Geophysical Research Letters 10.1029/2025GL118740

ZHENG ET AL. 6 of 8

 19448007, 2025, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
118740 by M

PI 348 M
eteorology, W

iley O
nline L

ibrary on [27/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



emerges robustly from fundamental thermodynamic constraints inherently represented in coarse‐gridded GCMs,
independent of the specific cloud fraction parameterization details.

5. Concluding Remarks
Through a hierarchy of simulations using GFDL's AM4 with three distinct cloud fraction schemes, we find that
the anvil cloud maximum, consistently observed in GCMs, arises fundamentally from the frequent occurrence of
saturation events in the upper troposphere, rather than cloud fraction parameterization details. Our results are
consistent with Seeley et al. (2019)'s theory that the minimal saturation deficit at these cold upper levels serves as
a key constraint that limits the evaporation of cloud condensate by frequently generating saturation events.
Sensitivity experiments further demonstrate that even when evaporation rates are artificially enhanced, anvil
cloud fraction at ∼200 hPa remains resilient or even slightly increases, emphasizing a delicate interplay between
evaporation and saturation conditions unique to the upper troposphere. These insights reinforce the notion that
fundamental thermodynamic constraints, rather than the tuning of cloud fraction parameterization, primarily
govern the tropical cloud fraction profile, contributing important clarity to the ongoing discourse regarding the
physical realism of anvil cloud representation in GCMs (Seeley et al., 2019; Zelinka et al., 2022).

The thermodynamic mechanism highlighted in this study is not separate from the traditional view that convective
detrainment shapes the anvil peak; rather the two are intrinsically coupled. The fundamental reason why cloud
detrainment peaks at ∼200 hPa is the insufficient radiative emission of water vapor above this level, where
saturation vapor pressure is extremely low due to the low temperatures. The low temperatures, in turn, help
sustain anvil cloud condensate by creating an easy‐to‐saturate environment (our central takeaway). This coupling
is consistent with Beydoun et al. (2021), who found that anvil cloud lifetime is linked to the clear‐sky mass
convergence. We therefore argue that future studies should treat the processes controlling the tropical anvil
cloudiness as a fully coupled system, where both the formation of anvils through detrainment and their main-
tenance through low saturation deficit jointly determine anvil cloudiness and altitude. Such an approach will
advance understanding of both anvil cloud area and altitude feedbacks.

Our study highlights three avenues for further investigation. First, while we emphasize the fundamental ther-
modynamic constraints responsible for the top‐heavy distribution of cloud fraction, the role of cloud micro-
physical processes remains less explored. Beyond cloud fraction, microphysical details have stronger impact on
cloud optical thickness, which critically influences the anvil cloud radiative feedback. Second, this study does not
explain why the anvil peak cloud fraction consistently falls between 15% and 20% in both the CMIP6 models
(Figure 1) and the AM4 experiments with different cloud‐fraction schemes (Figures 2a–2c). Given the importance
of thermodynamic constraint highlighted in this work, it should be feasible to develop a theoretical explanation
for this characteristic anvil cloud fraction using basic principles such as Clausius‐Clapeyron scaling and steady‐
state energy balance, similar to the approach of Romps (2014). Third, based on our experience with the AM4, we
note that this model tends to generate a relatively high proportion of resolved convection than parameterized
convection in the tropics, a characteristic that somewhat differentiates AM4 from many other GCMs. Future
studies should therefore assess the robustness of our findings in other GCMs to generalize the findings.
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