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Abstract The challenge of distinguishing convective anvil cirrus from in situ cirrus has long limited the
quantification of their distinct roles in regulating upper-tropospheric moisture and modulating Earth's energy
budget. In this study, we address this ambiguity by introducing a physically constrained classification
framework that applies advanced computer vision techniques to CloudSat-CALIPSO observations. By tracking
the complete physical evolution of cloud systems from their convective origins, this method enables a robust
global separation of anvil and in situ cirrus. Our results illuminate stark contrasts in their macro- and micro-
properties, governed by fundamentally different mechanisms. Anvil cirrus extent is tightly coupled to dynamic
factors, whereas in situ cirrus, while linked to local tropopause thermodynamics, exhibits strong modulation by
remote atmospheric influences from the opposite hemisphere. This identified linkage shows a previously
unrecognized interhemispheric teleconnection: wherein large-scale deep convective systems in one hemisphere
rapidly influence in situ cirrus formation in the other. We hypothesize that this coupling is mediated by
planetary-scale waves—Ilikely fast-propagating Kelvin waves that transmit energy across the equator, cooling
the remote tropical tropopause layer, with subsequent interactions with the subtropical jet fostering mid-latitude
in situ development. This newly quantified atmospheric coupling provides a pathway for improving
representation of cirrus in climate models and suggests a mechanism by which regional shifts in convection
under global warming could reshape global cirrus distributions and their radiative impact.

Plain Language Summary Cirrus clouds—the wispy, high-altitude ice clouds—are critical players
in Earth's climate. They form in two main ways: anvil cirrus spread out from large storm systems, while in situ
cirrus form on their own, high in the quiet atmosphere. Telling these two types apart on a global scale has been a
long-standing challenge. Using an innovative method that applies computer vision to satellite data, we have
created the first global maps that cleanly separate these cloud types. Our analysis revealed a surprising
connection across the planet: powerful storm systems in one half of the world generate massive atmospheric
waves that travel across the equator, significantly influencing the formation of in situ cirrus in the opposite
hemisphere. This discovery highlights how interconnected our climate is and confirms that the two cirrus types
are governed by different rules. Anvil cloud amount is driven by storm activity in its own hemisphere. In
contrast, in situ cloud formation, while dependent on local conditions, is also clearly controlled by major storms
thousands of miles away. This newfound coupling is vital for climate models to accurately predict how shifting
storm patterns under global warming will reshape our future climate.

1. Introduction

Cirrus clouds, composed of ice crystals in the upper troposphere, fundamentally shape Earth's radiative balance
through their unique optical properties. Their thin, filamentous structure allows most solar radiation to pass while
efficiently trapping outgoing longwave radiation, producing a net top-of-atmosphere warming that is strongest in
the tropics and seasonally variable in midlatitudes (Hong et al., 2016). Multi-sensor flux analyses further confirm
that pure ice clouds generally contributing to warming (Matus & L’Ecuyer, 2017). Beyond direct radiative
forcing, cirrus clouds regulate upper-tropospheric humidity and mediate stratosphere-troposphere exchange,
thereby modulating large-scale atmospheric circulation and precipitation patterns (Corti et al., 2006; Dinh &
Fueglistaler, 2014; Jensen et al., 2011).
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The climate impact of cirrus clouds depends fundamentally on their formation pathway. Following established
frameworks (Krdmer et al., 2016; Mace et al., 2006), ice clouds in the upper troposphere arise through two distinct
mechanisms: (a) liquid-origin cirrus formed through detrainment from deep convective systems—commonly
termed anvil cirrus—where ice crystals originate in the moisture-rich lower atmosphere and are lofted upward,
and (b) in situ-origin cirrus that nucleate directly in the cold upper troposphere via frontal lifting, orographic
forcing, or gravity-wave perturbations. These formation pathways yield systematically different properties and
radiative behaviors (Riihimaki & McFarlane, 2010; Zhao et al., 2019). Liquid-origin anvil cirrus, inheriting
characteristics from convective processes, tend to be optically thicker and influence both shortwave and longwave
radiation, with domain-mean top-of-atmosphere effects often near-neutral due to offsetting warming and cooling
(Deutloff et al., 2025; Hartmann & Berry, 2017; McKim et al., 2024). In contrast, in situ-origin cirrus, formed
through gradual cooling and vapor deposition, produce thinner, more diffuse layers that regulate upper-
tropospheric humidity and typically exert net longwave warming (Gasparini et al., 2023; Joos et al., 2008;
Luebke et al., 2016). Because these formation controls and radiative responses differ fundamentally, accurately
distinguishing anvil from in situ cirrus is essential for attribution, interpreting observed fluxes, and constraining
model feedbacks. Yet this distinction presents a fundamental observational challenge: anvil fragments detach
from their convective origins during evolution and can exhibit optical properties similar to in situ cirrus, making
profile-level separation essential but persistently difficult.

Several classification frameworks have been developed to tackle this challenge, each balancing trade-offs among
spatial coverage, temporal evolution, and vertical resolution. Threshold-based methods efficiently classify clouds
from satellite retrievals (Mace et al., 2006; McKim et al., 2024), but often misclassify anvil outflow or multilayer
in situ clouds due to fixed parameter thresholds. Distance-based approaches enhance spatial context by collo-
cating narrow-swath active sensor with wide-swath geostationary brightness temperatures, yet can conflate
optically thick anvils with convective cores and overlook aged anvil remnants (Sokol & Hartmann, 2020).
Trajectory-based methods provide a dynamically consistent view by advecting convective air parcels forward
using reanalysis winds to trace anvil-to-in situ transition (Horner & Gryspeerdt, 2023), though their accuracy
depends on wind fields and threshold choices. While these diverse strategies have advanced cirrus classification,
our objective—to quantify the physical contrasts between cirrus types and link them directly to their vertically-
resolved meteorological context—requires high-fidelity classification at the profile scale. Without robust
observational constraints, models cannot accurately represent distinct microphysics, meteorological responses, or
each cirrus type feedback leading to biases that propagate into climate sensitivity estimates (Kriamer et al., 2016;
Sokol et al., 2024).

Here, we develop a physically-constrained computer vision method that directly addresses this challenge by
tracking cloud system evolution from convective origins. Designed for high-fidelity separation on the CloudSat-
CALIPSO observation curtain, our approach exploits a fundamental distinction: anvil cirrus maintains a traceable
connection to deep convection, while in situ cirrus forms independently in the upper troposphere. By integrating
iterative expansion with physical property constraints, this framework captures both attached and detached anvil
structures with high confidence. This classification framework provides the vertically-resolved, contour-level
foundation necessary to investigate fundamental questions about cirrus-climate interactions: How do macro-
and microphysical properties differ between anvil and in situ cirrus on a global scale? What specific, co-located
meteorological factors control their formation and maintenance? And can atmospheric dynamics forge connec-
tions between these distinct cirrus populations across vast spatial scales?

Addressing these questions reveals previously hidden aspects of cirrus behavior that challenge conventional
understanding. The two types exhibit fundamentally different properties: anvil cirrus displays large ice crystals
with high ice water content concentrated in convective regions, while in situ cirrus shows smaller crystals uni-
formly distributed globally. These distinct characteristics translate into contrasting meteorological controls—
anvil cirrus remains tightly coupled to regional convective intensity, whereas in situ cirrus responds to a hier-
archy of influences from local upper-tropospheric conditions to remote forcing. Most strikingly, our analysis of
large-scale connections uncovers a robust interhemispheric teleconnection: summer-hemisphere deep convection
systematically modulates winter-hemisphere in situ cirrus coverage through planetary-scale wave propagation
along subtropical jet waveguides. This newly discovered atmospheric bridge reveals cirrus as active participants
in a globally interconnected system, transforming our understanding of how regional convective changes under
warming will reshape global cirrus distributions and their climate roles. Advancing this understanding is therefore
essential for improving the representation of cirrus and their feedbacks in numerical models.
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2. Data Set and Method
2.1. Observational and Auxiliary Data Sets

The development of our novel cirrus classification and the ensuing detailed analyses of cloud properties, gov-
erning mechanisms, and atmospheric teleconnections are built upon an extensive synthesis of multi-platform
satellite observations and auxiliary reanalysis data. Central to this framework is a substantial observational re-
cord from the CloudSat-CALIPSO missions, encompassing approximately 21,008 orbital granules over 5-year
period from June 2006 to April 2011. Meteorological factors in upper-troposphere from ECMWEF Auxiliary
Product and aerosol from MERRA-2 are meticulously integrated detailing essential atmospheric state and aerosol
influence.

The complementary capabilities of the A-Train's core sensors are essential. CloudSat's 94-GHz Cloud Profiling
Radar (CPR) provides sensitive to the larger ice particles, though its signal can be attenuated in optically thick
regions or affected by non-Rayleigh scattering from aggregated ice (Heymsfield et al., 2008). Our CPR reflec-
tivity analysis confirms that vast majority of classified cirrus occur well below these high-reflectivity regimes
(Text S3.1, Figure S5 in Supporting Information S1). In contrast, CALIPSO's lidar excels at detecting optically
thin cirrus and elevated cirrus layers, but becomes fully attenuated at optical depths about three. By combining
these complementary sensitivities, our framework captures both anvil and in situ cirrus across a wide range of
conditions.

Our analysis integrates synergistic CloudSat—-CALIPSO products to progressively refine the cloud information
used by the PCIV classifier (Section 2.2). We begin with 2B-CLDCLASS-LIDAR (Sassen et al., 2008) to obtain
an initial cloud typing (convective cores and cirrus objects), then sharpen spatial delineation and remove spurious
detections with 2B-GEOPROF-LIDAR, which applies a 50% minimum cloud-fraction threshold (Li et al., 2014).
With these delineated profiles, 2C-ICE (Deng et al., 2013) provides microphysical fields by combining radar
reflectivity and lidar backscatter to estimate ice water content (IWC) and ice-crystal effective radius (y,). To
examine meteorological controls, we augment the cloud fields with upper-tropospheric dynamical and thermo-
dynamical variables from ECMWF-AUX (details in Text S1 and Table S1 in Supporting Information S1). To
limit aerosol—cloud confounding when analyzing microphysics and meteorological drivers (Sections 3—4), we
apply a background-aerosol filter using MERRA-2 total column aerosol optical thickness (TAOT < 0.07; Gelaro
et al. (2017); threshold following Chen et al. (2024). Importantly, this aerosol filter is not used by PCIV itself: the
classification and all global occurrence statistics are derived from the full, unscreened data set, so the integrity of
identified cloud structures and their physical linkages is unaffected by aerosol filtering. Sensitivity tests confirm
that our main findings are robust to reasonable choices of the TAOT threshold (Text S5; Figures S11 and S12 in
Supporting Information S1). This integrated, yet methodologically segregated, use of cloud, meteorological, and
aerosol information underpins our global separation of anvil and in situ cirrus and the subsequent diagnosis of
their governing mechanisms.

2.2. Physically Constrained Iterative Vision Method for Cirrus Classification

We proposed a Physically Constrained Iterative Vision (PCIV) method to overcome conventional classification
ambiguities and robustly distinguish global in situ and anvil cirrus. The highly fragmented nature of anvil cirrus,
which often appear as multiple disconnected segments from their origin convection, poses challenge that con-
ventional methods struggle to establish the linkage between these detached anvil fragments and their origins,
leading to systematic misclassification as in situ cirrus. Our method addresses this by leveraging regional con-
nectivity principles from computer vision (Ge et al., 2024; Hu et al., 2021) with synergistic high-resolution
CloudSat-CALIPSO observations. The core strategy is tracking the physical evolution of cirrus outflow from
identified convective origins while systematically enforcing microphysical and thermodynamic constraints. The
PCIV process initiates within each orbital granule by using connected-component labeling to delineate discrete
cirrus objects. Concurrently, convective cores, the genesis points for anvil cirrus, are identified from established
cloud type information derived from the CloudSat-CALIPSO products.

The full anvil structure is then delineated through an iterative expansion process designed to emulate the physical
dispersion of cirrus outflow from these convective sources. A key physical constraint is applied throughout the
classification: only cirrus objects with cloud top temperature below —38°C, a threshold for homogeneous ice
nucleation (Krémer et al., 2016), are considered. Initially, potential anvil segments are identified as cirrus objects
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Figure 1. Case studies demonstrating the PCIV methodology for cirrus classification. Two orbital granules are presented:
(a) 15 June 2006 at 03:18 UTC and (b) 28 June 2006 at 11:02 UTC. For each case, three subpanels display: (1) the initial
cloud type classification from 2B-CLDCLASS-LIDAR, (2) IWC distribution for detected clouds, and (3) the final anvil
structures identified by the PCIV algorithm. The methodology tracks anvil outflow from convective cores while
distinguishing detached segments.

located within 5 km horizontally (approximately triple the CloudSat along-track resolution) and 240 m vertically
of a detected convective core. Starting from these segments, an iterative cycle of morphological dilation and
rigorous physical validation is applied. In each iteration, the spatial domain surrounding the existing anvils is
expanded by 5 km horizontally and 240 m vertically to search for neighboring cirrus objects. These candidates are
incorporated into the growing anvil structure only if they meet an additional physically motivated criterion: a
mean IWC not exceeding 1.2 times that of the parent anvil segment from which it is expanding. This IWC
constraint preserves consistency with observed anvil dispersion and microphysical evolution (Sokol et al., 2024).
The expand—validate—merge cycle proceeds until no additional qualifying cirrus are found, yielding physically
coherent anvil structures (Figure S1 in Supporting Information S1).

After anvil delineation converges, remaining cirrus objects satisfying the —38°C criterion and vertically separated
from underlying cloud by >5 km (Text S3.3; Figure S7 in Supporting Information S1) are classified as in situ.
Sensitivity tests around this threshold (2, 3, 5 km) showed negligible classification impact; we retain 5 km to limit
contamination from overlapping systems. This operational framework thus partitions upper-tropospheric ice
based on observable convective linkage: anvil cirrus captures the liquid-origin pathway via deep convection,
while in situ cirrus represents all other formation mechanisms. Although the in situ category is composite—
including true in situ nucleation, weaker liquid-origin cirrus from non-DCS sources (e.g., extratropical cy-
clones), and occasional contrails—these diverse pathways share a common defining characteristic: absence of
connection to organized deep convection. This shared attribute produces coherent meteorological signatures
distinct from anvil cirrus (Text S3.4; Figures S8 and S9 in Supporting Information S1), validating the classifi-
cation's utility for diagnosing formation controls despite the in situ category's internal diversity.

Applied to the 5-year CloudSat—CALIPSO record, the PCIV algorithms yields a globally consistent separation of
anvil and in situ cirrus. Figure 1 illustrates advantages over threshold- or proximity-only schemes. In the first orbit
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(Figure 1a), panel (1) shows the baseline cloud types, panel (2) the IWC field, and panel (3) the PCIV anvil mask.
A threshold-only optical-depth approach would merge the anvil with a nearby in situ layer near ~46°N because
the two exhibit similar IWC and optical properties; PCIV keeps them distinct by requiring dynamical connectivity
to a convective core and consistent temperature/IWC evolution. In another case (Figure 1b), the algorithm re-
covers detached anvil clusters that proximity-only methods miss, because the segments continue to satisfy the
outflow-based physical constraint.

While these examples highlight the method's strengths in resolving ambiguities, we also systematically assessed
its potential limitations, including CALIOP attenuation at 7 =~ 3, the CloudSat 94-GHz “dim band” near outflow
(Heymsfield et al., 2008), and IWC continuity that may exclude portions of anvils under variable moisture.
Because PCIV excludes precipitating cores and enforces smooth T-IWC continuity, any resulting bias primarily
shortens core-adjacent anvil segments rather than misclassifying them as in situ. Furthermore, aviation-induced
thin cirrus may appear within the in situ category, reflecting our operational design based on the physical
distinction between “in situ origin” and “liquid origin” cirrus (Kramer et al., 2016). Only liquid-origin cirrus with
traceable convective link are classified as anvil, while other ice clouds including contrails or synoptic cirrus fall
into the broader “in situ” category. Crucially, excluding the typical NH contrail cruise layer (x250-180 hPa,
Gryspeerdt et al., 2024; Teoh et al., 2024) does not alter key in situ statistics or the central teleconnection result
(Text S4, Figure S10 in Supporting Information S1). Although our curtain-based approach also faces potential
influence from off-swath convective sources, supplementary analyses confirm overall robustness (Text S3.2,
Figure S6 in Supporting Information S1). Therefore, the combination of convective-core tracking, iterative
expansion, and physically grounded constraints yield a dynamically self-consistent classification that reliably
supports analyses of cirrus meteorological controls and atmospheric interactions.

2.3. Meteorological Drivers Framework for Different Cirrus

The globally consistent distribution of in situ and anvil cirrus enabled by our method provides a robust foundation
for investigating the distinct meteorological drivers of each cirrus type. We employed ridge regression to address
multi-collinearity inherent in chosen meteorological variables (Figure S2 in Supporting Information S1). These
variables exhibited substantial inter-correlation (often >0.5), rendering ordinary regression methods unreliable.
Ridge regression mitigates this issue through L2 regularization, which penalizes large coefficient magnitudes by
adding a term proportional to the sum of squared coefficients. This approach preventing overfitting to correlated
variables, while retaining all predictors in the model, enabling a more stable and interpretable estimation of each
variable's relative influence.

Cirrus occurrence frequency was calculated on a 3° X 3° grid at 16-day intervals, aligning with the CloudSat-
CALIPSO repeat cycle. Following the 3S-GEOPROF-COMB methodology (Bertrand et al., 2024), this fre-
quency was defined as the ratio of satellite profiles containing a specific cirrus type to the total number of valid
profiles within each grid cell. We then used ridge regression model to reconstruct cirrus frequencies as a function
of standardized meteorological predictors. The optimal penalty strength (4 = 12) was selected via cross-validation
across a range from logarithmic range from 10~ to 10° and applied uniformly. Regressions were conducted
independently for each grid cell, and only those with positive coefficients of determination (R* > 0) and cor-
relation coefficients exceeding 0.4 were retained for further analysis (Andersen et al., 2023). This procedure
yields a stable, statistically robust characterization of the contrasting meteorological sensitivities of in situ and
anvil cirrus, with skill metrics and coefficient patterns effectively unchanged between daytime and nighttime
overpasses (Text S6; Figures S13 and S14 in Supporting Information S1).

3. Macro- and Microphysics of In Situ and Anvil Cirrus

Applying our classification to 5 years of CloudSat-CALIPSO observations, Figure 2 presents the global distri-
butions of anvil and in situ cirrus and their distinct morphological and microphysical characteristics. In situ cirrus
exhibits a broadly continuous spatial pattern from the tropics to high latitudes, with a modest enhancement near
the equator (10°S—10°N). This homogeneity is consistent with the wide availability of upper-tropospheric for-
mation pathways (e.g., synoptic-scale ascent and gravity-wave cooling). Vertically, their occurrence maximizes a
few kilometers below the local tropopause and shifts with latitude (Figure 2a, left panel, red line), consistent with
enhanced cirrus formation linked to the tropical tropopause layer (TTL) (Lamraoui et al., 2023; Lesigne
et al., 2024). Importantly, our classification also detects ultra-thin layers that hug the tropopause, with rare,
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Figure 2. Global Climatology of In situ and Anvil Cirrus Properties. Zonal mean distributions of (a) cloud frequency (%),
(b) ice crystal effective radius (y,, pm), and (c) ice water content (IWC, g/m3) for in situ cirrus (top row) and anvil cirrus
(middle row), derived from 5 years (2006-2011) of CloudSat-CALIPSO observations. Cloud occurrence frequency is
calculated as the ratio of profiles containing the specified cirrus type to the total number of valid atmospheric profiles. In each
panel, the left-side inset displays the mean vertical profile, while the bottom-plot shows the vertically integrated latitudinal
distribution. The contrasting distributions of frequency, particle size, and ice content highlight the fundamentally different
formation pathways and characteristics of the two cirrus types with the tropopause height indicated by a solid gray line.

episodic excursions into the lowermost stratosphere during strong gravity-wave activity. These features are
consistent with the subvisual cirrus documented by OSIRIS/Odin (Bourassa et al., 2005). They should not be
interpreted as a persistent mid-latitude 17-18 km “mode”’; when mapped in tropopause-relative coordinates they
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Figure 3. Meteorological controls on cirrus occurrence from ridge regression using curtain-collocated ECMWEF-AUX fields. (a) Equatorial (20°S—-20°N, top) and mid-
latitude (20°-60°, bottom) bands: box-and-whisker plots of standardized coefficients for in situ (blue) and anvil (red) cirrus; boxes span the interquartile range across
retained grid cells, diamonds mark medians, and whiskers show the 10-90th percentiles; (b) Global maps of the locally dominant factor for in situ (top) and anvil
(bottom) cirrus, defined as the predictor with the largest absolute standardized coefficient at each grid cell; colors group variables into Thermal (ST, TT), Wind
dynamics (UTWS, TU, TV), and Stability/Humidity (UTS, TRH).

sit within ~1 km of the local dynamical/thermal tropopause and comprise only a very small fraction of detections.
While aviation-induced cirrus can contribute thin layers, typical cruise levels (~250-180 hPa; Singh et al., 2024)
lie well below these UTLS heights, making contrails an unlikely explanation for this feature. In contrast, anvil
cirrus is concentrated in the deep-convection belt (30°S—30°N), with maxima over Southeast Asia, the Western
Pacific warm pool, and the Indian Ocean (Figures 2a and 4a, right panels), where warm SSTs and abundant
moisture sustain persistent convection. The vertical extent of anvils captured by our methodology exceeds prior
estimates (e.g., Rithimaki & McFarlane's, 2010) because our object-centered approach preserves both over-
shooting tops and detached lower segments. This provides a more complete view of anvil lifecycle and micro-
physical evolution, linking observed macrostructure with co-retrieved IWC and effective radius.

These morphological distinctions are enhanced by contrasting microphysical properties that further differentiate
anvil and in situ cirrus categories (Figure 2b). In situ cirrus is featured by relatively small ice crystals near the
tropopause, with particle size increasing toward the cloud base (Figure 2b, left panel). Although their vertical
extent broadly overlaps with that of anvil cirrus, in situ cirrus does extend to slightly higher altitudes (Figure 2b,
left panel, red line). The uniform latitudinal distribution in both y, and IWC suggests that in situ cirrus formation
depends on supersaturation conditions, which are commonly met in the upper troposphere globally. In contrast,
anvil cirrus display more pronounced latitudinal and vertical microphysical variability. Anvil cirrus y, is larger at
lower altitudes, decreasing with height similar to in situ cirrus. However, anvil cirrus exhibits a distinct equatorial
7, maximum, with sizes notably larger than in situ cirrus at similar altitudes (Figure 2b, right panel). This
equatorial y, enhancement diminishes rapidly with altitude; above 15 km equatorially, anvil y, can be smaller than
that of co-located in situ cirrus, a size difference reflecting their distinct origins: in situ growth via tropopause
supersaturation versus anvil development from convective outflow. Furthermore, at mid-latitudes, convective
outflow dynamics can lead to anvil cirrus having larger y, than in situ cirrus, even at higher altitudes.

Similarly, anvil cirrus IWC is substantially larger than that of in situ cirrus, with pronounced maxima near the
equator and evident in some mid-latitude regions (Figure 2c, right panel). This elevated anvil IWC stems from a
fundamentally different formation pathway: anvil ice crystals predominantly form and grow in the moisture-rich
lower and middle sections of convective updrafts where temperatures are warmer. They are then transported
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Figure 4. Seasonal anomaly patterns of cirrus frequency and associated tropopause conditions for boreal summer (JJA, left column) and boreal winter (DJF, right
column). Panels show frequency anomalies for in situ cirrus in JJA (a) and DJF (e), and anvil cirrus in JJA (b) and DJF (f). Corresponding tropopause temperature
anomalies are displayed for in situ cirrus in JJA (c) and DJF (g), and anvil cirrus in JJA (d) and DJF (h). Arrows in all panels indicate concurrent tropopause wind
anomalies (scale in upper right corner of each subplot); circles in anvil cirrus panels (b, d, f, h) mark DCS frequency (scale in lower right corner of each subplot).

vertically to the cold upper troposphere and detrained. In contrast, in situ crystals nucleate directly at very cold
temperatures and high supersaturations, where significantly less water vapor is available to support substantial
growth. Consistent with their y, patterns, mid-latitude anvil cirrus can also show higher IWC at greater altitudes
compared to typical in situ values, reinforcing the role of strong vertical transport from these distinct, lower-
altitude origins. These pronounced morphological and microphysical differences—particularly the larger, more
variable particle sizes and significantly higher IWC in anvil cirrus—strongly indicate that anvil and in situ cirrus
are governed by distinct meteorological conditions, thereby justifying the quantitative investigation of these
mechanisms in subsequent sections.

4. Distinct Meteorological Controls and Hemispheric Teleconnections
4.1. Contrasting Meteorological Controls on In Situ Versus Anvil Cirrus

Building on the distinct properties identified for in situ and anvil cirrus, we applied the ridge regression
framework to quantify the meteorological controls on their respective frequencies. Model performance was
evaluated by comparing predicted cirrus frequencies against observations (see Supplementary Material Figure S3
and Table S2 in Supporting Information S1). The results demonstrate strong and statistically significant corre-
lations (typically > 0.4) and substantial coefficients of determination (R? generally > 0.3) across most regions.
Furthermore, global performance metrics—including mean squared error (MSE), mean absolute error (MAE),
and average R>—consistently support the reliability of the regression framework, confirming its suitability for
identifying key meteorological drivers of cirrus occurrence.

Figure 3 presents these controls comprehensively, with the left panels showing regionally averaged coefficients as
box plots and the right panels displaying spatial distributions of dominant factors. In equatorial regions (20°S—
20°N), upper-tropospheric stability (UTS) emerges as a primary control for both cirrus types as depicted in the
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upper right panel. This underscores the tropical thermal structure's fundamental role in regulating atmospheric
vertical motion, impacting both anvil cirrus and in situ cirrus. However, secondary controls diverge significantly.
In situ cirrus exhibits strong dependence on tropopause relative humidity (TRH), then tropopause zonal wind
(TU) and surface temperature (ST), suggesting formation linked to upper-level moisture modulated by winds (Li
et al., 2018). Conversely, the next most influential factor for equatorial anvil cirrus is ST. Its strong positive
coefficient highlights their direct connection to the surface-based thermodynamic engine—warmer ocean surface
—that fuels the deep convection from which they originate. These evidence indicate that both types respond to
tropical tropospheric stability, while anvil cirrus connect directly to convection's energy source, in situ cirrus
primarily respond to upper-tropospheric temperature and moisture conditions.

Right panels in Figure 3 present the spatial distribution of the dominant controlling factors for each cirrus type,
highlighting regional variations in their relative influence. For in situ cirrus (top right panel), the maps reveal a
clear hemispheric asymmetry in their secondary meteorological drivers: humidity-related factors tend to dominate
in the Southern Hemisphere, whereas dynamic and thermodynamic factors appear more influential in the
Northern Hemisphere. In the case of mid-latitude anvil cirrus, it shows strong influences from wind dynamic
factors, notably meridional wind and wind shear. This points to a transport-dominated formation mechanism,
linking cirrus to tropical or subtropical convective outflow. These observed systematic differences in the primary
meteorological controls for in situ versus anvil cirrus, and the variations in these controls with latitude, underscore
their fundamentally distinct formation pathways. The observed diversity in regional meteorological drivers ne-
cessitates a deeper examination of large-scale atmospheric processes to elucidate the underlying causes of these
varied controlling pathways.

4.2. Contrasting Hemispheric Controls on Different Cirrus

To better examine the relationship between cirrus and their meteorological environment across spatial and
temporal scales, we convert all variables into anomalies, thereby removing their inherent seasonal cycles and
spatial gradients. This analysis reveals distinct seasonal structures and highlights the influence of controlling
factors over large-scale regions. While cirrus frequency provides a general view of cloud distribution, it does not
fully capture the physical scale of cirrus development, which can obscure connections to underlying meteoro-
logical drivers. The seasonal anomaly patterns illuminate fundamental differences in how each cirrus type re-
sponds to its environment, which are not fully resolved by frequency data alone. In situ cirrus frequency
anomalies peak in their respective winter hemisphere (Figures 4a and 4e) under anomalously cold tropopause
conditions (Figures 4c and 4g), consistent with primary formation driven by local thermodynamics. This winter-
hemisphere enhancement reflects the favorable conditions created by enhanced tropopause cooling and increased
supersaturation. Anvil cirrus frequency anomalies, though dominated by summer hemisphere convective outflow
(Figures 4b and 4f), also show weak positive anomalies in the winter mid-latitudes. These winter anomalies are
associated with poleward wind anomalies and suggestive wave-like tropopause temperature patterns (Figures 4d
and 4h), hinting at dynamical transport processes extending beyond local convection.

To address the limitations of frequency metrics, we leverage the along-track length of cirrus systems, a metric for
which our classification method is particularly well-suited due to its ability to capture the complete spatial
structure of each cloud type. We define two key length metrics (visualized in Figure 5): the length of in situ cirrus
systems and the length of Deep Convective Systems (DCS)—the organized convective cores that generate anvil
cirrus. In this framework, longer in situ cirrus length indicates broader regions influenced by favorable upper-
tropospheric processes, while longer DCS length serves as a robust proxy for more intense and organized
convective activity and its associated latent heat release.

Deseasonalized cirrus length time series reveal markedly different relationships between cirrus horizontal extent
and DCS length across hemispheres for the two cirrus types. For anvil cirrus, the analysis demonstrates strong
within-hemisphere coupling: correlations between DCS lengths and anvil cirrus lengths are robust when both
occur in the same hemisphere (r = 0.85 SH, r = 0.67 NH, p < 0.05 for both), while opposite-hemisphere cor-
relations remain negligible (r =~ 0.1-0.2). This pattern confirms that anvil cirrus horizontal extent is tightly
governed by the intensity and organization of same-hemisphere deep convection. The analysis of preferred
meteorological states (Figures 4d and 4h) further suggests that while local convection dominates, transport along
organized flow patterns may modulate their spatial distribution. In contrast, the length-based analysis for in situ
cirrus reveals an unexpected pattern: NH in situ cirrus lengths correlate strongly with SH DCS lengths (Figure 5Sa,
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Figure 5. Deseasonalized time series of in situ cirrus and DCS lengths from June 2006 to February 201 1. In each panel, the blue line represents the length of in situ cirrus
in one hemisphere, and the gray bars indicate DCS lengths in the opposite hemisphere. (a) Northern Hemisphere (NH) in situ cirrus length with Southern Hemisphere
(SH) DCS length. (b) SH in situ cirrus length with NH DCS length. This configuration highlights potential cross-hemispheric relationships between in situ cirrus and

deep convection.

r = 0.65, p < 0.05), and SH in situ cirrus lengths similarly correlate with NH DCS lengths (Figure 5b, » = 0.46,
p < 0.05). Notably, within-hemisphere correlations between DCS and in situ cirrus lengths are much weaker
(r = 0.2, not significant). These strong same-hemisphere coupling of anvil versus opposite-hemisphere coupling
of in situ with DCS lengths suggest strikingly different mechanisms and point toward the existence of large-scale
dynamical processes.

5. Discussion: Interhemispheric Coupling via Planetary Wave Dynamics

To spatially quantify the teleconnection identified in Section 4.2, we correlate summer-hemisphere convective
activity with winter-hemisphere in situ cirrus development. We first construct a summer hemispheric-mean DCS
index to represent aggregate convective intensity. This index is calculated by averaging the total along-track
length of all DCS within the hemisphere, weighted by the cosine of latitude to account for meridional conver-
gence (see Text S2 in Supporting Information S1 for details). Correlating this deseasonalized DCS index with
local, grid-point in situ cirrus length anomalies in the opposite winter hemisphere reveals a statistically significant
pattern (Figure 6): a zonally elongated band of positive correlation along the mid-latitude “waveguide” region
(20°-40°), a signature consistent with planetary-scale wave activity. This pattern is not an artifact of aviation, as it
remains unchanged when potential contrail layers are removed from the analysis (Text S4, Figure S10 in Sup-
porting Information S1). The near-simultaneous nature of this correlation at monthly resolution, showing no
substantial lead or lag, provides compelling evidence for rapid cross-equatorial influence occurring on timescales
of days to weeks, strongly implicating atmospheric wave dynamics as the primary mediating mechanism. To
assess potential interference from contrails, which cluster along aviation routes in mid-latitudes, we recomputed
the correlations with cruise layers masked (see Text S3). The pattern shows no observable change, indicating
negligible impact from contrails on the teleconnection.

Based on the observed correlation patterns and established atmospheric-dynamics theory, we posit an inter-
hemispheric pathway initiated by summer-hemisphere DCS. Organized convection acts as a sustained elevated
heat source, producing upper-tropospheric divergence that excites planetary-scale equatorial wave responses
(Gill, 1980; Matsuno, 1966). Among these, equatorially trapped, eastward-propagating Kelvin waves offer a
dynamically direct conduit: their gentle, large-scale ascent cools the TTL adiabatically (Wheeler & Kila-
dis, 1999), lowering temperatures and preconditioning broad regions for ice supersaturation. This sequence aligns
with the persistent, hemispheric-scale coupling between convection and in situ cirrus in our multi-year anomalies
(Figures 4 and 5) and with prior evidence that Kelvin waves modulate TTL thermal structure on synoptic—intra-
seasonal timescales (Boehm & Verlinde, 2000; Virts & Wallace, 2014).

The spatial selectivity of the response—an enhancement of in situ cirrus largely confined to the winter-
hemisphere 20°-40° band (Figure 6)—implies an additional stage in which equatorial wave energy projects
poleward onto the subtropical jet. In this view, the jet acts as a meridional waveguide that can amplify incident
disturbances into quasi-stationary trough-ridge trains. The ascent branches of these wave trains preferentially
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Figure 6. Cross-hemispheric teleconnection between DCS and in situ cirrus revealed through correlation analysis. Grid-point
correlation coefficients are shown between deseasonalized in situ cirrus length anomalies and the opposite-hemisphere DCS
length index (cosine-weighted hemispheric mean). The upper panel displays correlations between Southern Hemisphere
DCS activity and Northern Hemisphere in situ cirrus, while the lower panel shows the reverse relationship. Black dots
indicate statistical significance at p < 0.05.

raise upper-tropospheric relative humidity on the jet's equatorward flank, imprinting a midlatitude teleconnection
pattern that matches the zonal, band-limited structure in Figure 6. The multi-week propagation and adjustment
times intrinsic to this Kelvin-to-jet pathway are consistent with the near-zero-lag relationships resolved at
monthly cadence, while the hemispheric scale of both the convective forcing and the jet response explains why an
aggregate convection metric projects onto large-scale in situ cirrus development across the opposite hemisphere.
This mechanism also clarifies the contrasting behaviors of the two cirrus types diagnosed here. Anvil cirrus
remains tightly coupled to local DCS because its microphysics and geometry are governed by detrainment in the
same hemisphere, whereas in situ cirrus responds to remotely driven TTL thermodynamics set by the wave field.
In other words, the same convective forcing that sets local anvil extent can, via the equatorial-wave/jet sequence,
modulate far-field supersaturation and ice initiation conditions in the opposite hemisphere. Although our
observational analysis cannot isolate each dynamical component on its own, the combined evidence—
hemispheric reach, band-limited midlatitude focus, monthly-scale coherence, and the distinct anvil versus in
situ sensitivities—most parsimoniously supports the Kelvin-wave—to—subtropical-jet pathway described above.

6. Conclusions and Implications

This study introduces a novel classification framework, leveraging physically-constrained computer vision on
CloudSat-CALIPSO observations, to achieve a robust, global-scale separation of anvil and in situ cirrus. This
approach, which tracks the physical evolution of cloud systems from convective sources, overcomes key am-
biguities inherent in traditional classification techniques. The resulting classification reveals fundamentally
distinct macro- and microphysical characteristics: anvil cirrus displays high ice water content concentrated in
deep convective regions, while in situ cirrus exhibits a broader distribution with properties tightly linked to
tropopause-level thermodynamics. Further analysis quantifies their contrasting meteorological controls, showing
that anvil cirrus extent is tightly coupled to and scales directly with the intensity of same-hemisphere deep
convection. In stark contrast, in situ cirrus is significantly influenced by remote atmospheric processes. This key
distinction enabled the subsequent identification of a previously unquantified interhemispheric teleconnection:
the extent of in situ cirrus in the winter hemisphere is rapidly modulated by the aggregate intensity of DCS in the
opposite summer hemisphere, a linkage we hypothesize is mediated by fast-propagating planetary-scale waves.
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These findings offer a clear path forward for resolving persistent uncertainties in high-cloud representation,
from fundamental parameterizations to large-scale feedback assessments. Our work provides the crucial
observational constraints needed for GCMs to advance beyond simplified schemes that do not distinguish
between these physically distinct cirrus types. By providing a quantitative blueprint of their distinct governing
mechanisms—Iocal versus remote—we establish a basis for more physically realistic cloud simulations. This
refined separation is critical for accurately assessing high cloud feedbacks in models. While a powerful
framework like the Fixed Anvil Temperature (FAT) hypothesis (Hartmann & Larson, 2002) is well-suited for
anvil cirrus, our analysis demonstrates it is fundamentally ill-suited for in situ cirrus, whose behavior is tied to
remote dynamical modulation. The critical issue arises in models that lack the process-level physics to separate
these pathways: they inevitably conflate the two cirrus types, producing a single, blended high-cloud response.
Such composite feedback, which artificially averages distinct physical behaviors, will invariably be biased and
misrepresent the true climate sensitivity, highlighting the need for the process-level disentanglement our study
enables.

Perhaps most critically, the discovery of the interhemispheric teleconnection reveals a planetary-scale pathway of
climate influence that is especially important in the context of global warming. Climate projections consistently
indicate that deep convection will intensify and shift geographically (Diffenbaugh et al., 2013; Zhang, 2023). Our
findings demonstrate that such regional changes can rapidly trigger global consequences through this wave-
mediated coupling—a process often underrepresented in models. As summer-hemisphere convection patterns
evolve, they will reshape in situ cirrus distributions in the opposite hemisphere, altering global cloud radiative
forcing in ways that purely local feedback analyses cannot predict. Incorporating this dynamic linkage into next-
generation models is therefore essential for reducing a key uncertainty in climate projections and for anticipating
how the globally interconnected climate system will respond to ongoing warming.
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from the CloudSat Data Processing Center, including 2B-CLDCLASS-LIDAR (https://www.cloudsat.cira.
colostate.edu/data-products/2b-cldclass-lidar) for initial cloud-type classification, 2B-GEOPROF-LIDAR
(https://www.cloudsat.cira.colostate.edu/data-products/2b-geoprof-lidar) for refined cloud structures, 2C-ICE
(https://www.cloudsat.cira.colostate.edu/data-products/2c-ice) for ice water content and effective radius, and
ECMWF-AUX (https://www.cloudsat.cira.colostate.edu/data-products/ecmwf-aux) for temperature, humidity,
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