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Abstract. The Land and Land Ice Theme in the Coupled
Model Intercomparison Project Phase 7 (CMIP7) represents
the current understanding of physical processes in land sur-
face ecosystems, hydrology, cryosphere, and their physical
interactions with other Earth system components. Simula-
tions from Earth system models (ESMs) could provide cru-
cial information for assessing planetary safety, such as criti-
cal tipping elements, and be used to inform climate risks for
improving climate impact assessments and policy decisions.
This paper presents a collaborative effort to identify scien-
tific opportunities in the Land and Land Ice Theme of the
CMIP7 Data Request. The proposed opportunities build upon
advances in ESMs, including new freshwater system and
land ice processes being included in CMIP7, as well as the
scientific community’s demand for high-frequency and sub-
grid-scale land surface outputs. In total, 25 variable groups
that contain 716 variables have been identified to be poten-
tially available to the broad scientific audience for perform-
ing analysis in land—atmosphere coupling, hydrological pro-

cesses and freshwater systems, glacier and ice sheet mass
balance and their influence on the sea levels, land use, and
plant phenology. Key reflections from this data request effort
include advocacy for closer engagement between the user
community and modeling groups, reduction in the techni-
cal barriers to tracking existing parameters and defining new
variables, and more streamlined variable management. These
will be essential to enhance the usability and reliability of
CMIP7 outputs for climate and Earth system research and
applications to a broad audience that relies on the CMIP7
endeavor.

1 Introduction

Land and Land Ice (including glaciers, ice sheets, and ice
shelves) processes are essential components in Earth sys-
tem models (ESMs) to simulate and project future climate
change and assess climate change impacts (Eyring et al.,
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2016; Lee et al., 2021). Key physical processes within the
Land and Land Ice Theme include energy and hydrologi-
cal interactions associated with land—atmosphere feedbacks,
land use and land cover changes, vegetation, and cryosphere
dynamics. Since the Coupled Model Intercomparison Project
Phase 6 (CMIP6), grand challenges have emerged in Earth
system modeling to integrate these processes and capture
interactions within planetary boundaries (Richardson et al.,
2023) and the potential tipping elements that could result in
dangerously rapid or irreversible changes to the Earth sys-
tem (Armstrong McKay et al., 2022). These have posed a
higher requirement for improving ESMs with available ob-
servational data and improved understanding of Land and
Land Ice processes. In this context, new “Opportunities”
need to be identified for CMIP7 models to map variables that
meet the needs of scientific analyses and societal use and im-
pact assessments. Building upon the provisional planning of
the Baseline Climate Variables (BCVs) of CMIP7 (Juckes
et al., 2025), this paper develops a collection of harmonized
variables within the Land and Land Ice Theme that are avail-
able for the Land and Land Ice communities to work with and
tackle these challenges. Following CMIP6 definition, CMIP7
Data Request includes both output variables and their asso-
ciated spatiotemporal constraints (Juckes et al., 2020).

Land—atmosphere (L—A) interactions represent a critical
pathway through which land and land—ice processes regu-
late the climate system through surface-air energy and water
exchanges. Enhanced understanding of L—A interactions at
various spatiotemporal scales has the potential to improve
Earth system simulations of climate extremes, such as heat
extremes (Dirmeyer et al., 2021; Biess et al., 2024) and trop-
ical extreme rainfall (Negron-Judrez et al., 2024). These ex-
treme events, including the intensification of subdaily wild-
fires due to meteorological dryness in the recent two decades
(Balch et al., 2022; Luo et al., 2024a), have been reported
to lead to significant societal consequences such as increased
mortality from wildfire air pollution (Park et al., 2024) and
threatened energy systems (Zhao et al., 2023). Since CMIP6,
significant progress has been made in evaluating daily and
subdaily precipitation against observational data (Norris et
al., 2021; Wehner et al., 2021; Lei et al., 2022; Dong et al.,
2023). However, the reliance on observation-based reanaly-
sis datasets, which provide high-frequency data, has revealed
that key L—A interactions, such as their role in regional mon-
soon systems (Chauhan et al., 2023) and climate extremes
like drought progression (Herrera-Estrada et al., 2019; Wu
and Dirmeyer, 2020; Schumacher et al., 2022; Yoon et al.,
2023) and heatwaves (Chen et al., 2025), are still not well
represented in models, partially due to insufficient temporal
resolution. To bridge this gap, ESMs must incorporate high-
frequency (e.g., 3-hourly) output for L-A metrics, ensuring
robust comparisons with observation and reanalysis data and
improving the representation of rapid land-surface feedbacks
and extreme event development, such as the morning flux and
afternoon rainfall (Findell et al., 2024).
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Hydrological processes are central to land and land—ice
dynamics, with water connecting all components of the Earth
system. Accurate and comprehensive representation of hy-
drological processes in ESMs is essential for assessing the
water cycle, freshwater systems, and associated feedbacks
with the other components. Typical CMIP6 hydrological
variables include surface water balance, such as precipita-
tion, evapotranspiration, runoff, and soil moisture (Cook et
al., 2020). With the past CMIP cycles, progress has been
made to improve model representation of hydrological pro-
cesses and highlight the need to advance the assessment of
freshwater systems, including lakes (Minallah and Steiner,
2021; Briley et al., 2021; Notaro et al., 2022), artificial
reservoirs (e.g., big dams, Vanderkelen et al., 2022), rivers
(Lehner et al., 2019), estuaries (Sun et al., 2017; Vettoretti et
al., 2024), groundwater (Wu et al., 2021), permafrost (Li et
al., 2010; Koven et al., 2013; Wang et al., 2017; Burke et al.,
2020), snowpack (Sun et al., 1999; Kouki et al., 2022; Zhang
et al., 2022), and glaciers (Shrestha et al., 2015). It is thus
essential to propose a comprehensive CMIP7 hydrological
variable set, that allows for accurately assessing and predict-
ing future changes in freshwater resources, water availability,
and hydrometeorological extremes, and support hydrological
modeling applications in ESM frameworks.

Glacier and ice sheet (including ice cap and floating shelf)
processes, are essential for understanding land ice interac-
tions with the atmosphere and ocean, making them a pri-
ority for CMIP7 Earth system modeling. Glaciers and ice
sheets play a crucial role in sea-level rise, freshwater avail-
ability, and climate feedbacks (e.g., ice-albedo feedback), yet
their future evolution with climate warming remains highly
uncertain (Fox-Kemper et al., 2021). Mountain and polar
glaciers, including those in Greenland and (sub-)Antarctica
(RGI Consortium, 2023), were the primary contributors to
20th-century sea-level rise (Gregory et al., 2013; Oppen-
heimer et al., 2019) and are expected to remain dominant
drivers in the 21st century (Fox-Kemper et al., 2021). They
also sustain ecosystems (Drenkhan et al., 2023), regulate hy-
droclimates (Milner et al., 2017), and provide vital freshwa-
ter resources (Hock et al., 2019b; Huss and Hock, 2018).
Their sensitivity to climate change makes them regional tip-
ping elements, increasing risks of geohazards such as glacial
lake outburst floods and avalanches (Wolken et al., 2021;
Hock and Truffer, 2024). Ice sheet mass loss further accel-
erates sea-level rise, alters ocean circulation, and could trig-
ger cascading Earth system tipping points (Golledge et al.,
2019; Armstrong McKay et al., 2022). To enhance projec-
tions of cryosphere dynamics in ESMs, it is necessary to pro-
vide comprehensive variable groups in CMIP7 to assess the
mass balance, contributions to sea-level rise, and ice-climate
feedbacks of glaciers, ice sheets, and ice shelves. Leverag-
ing CMIP7 data will enhance understanding of glacier and
ice sheet responses to climate change, reducing uncertainties
and strengthening global climate impact assessments.
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Land-use change is a major driver of land—atmosphere and
land—ice interactions, requiring improved representation in
ESMs. Human land use and management have profoundly
altered the Earth’s surface, driving changes in climate (Li
et al., 2022b), carbon dynamics (Hogan et al., 2025), wa-
ter cycle (Sterling et al., 2013; Mao et al., 2015; te Wierik et
al., 2021), and surface energy fluxes (Lawrence et al., 2022).
As global demands continue to increase for resources such
as food and energy, the expected intensification of land use
will exert climatic and biogeochemical impacts. Within the
context of CMIP6 and the Land Use Model Intercomparison
Project (LUMIP, Lawrence et al., 2016), land use impacts on
climate and biogeochemical cycling have been extensively
assessed. Example studies that relied on the CMIP6-LUMIP
simulations include quantification of the biophysical climate
effects of land use and land cover change (LULCC) generally
(Boysen et al., 2020; Tang et al., 2023; Luo et al., 2024b;
Li et al., 2025a) and irrigation specifically (Al-Yaari et al.,
2022), as well as an assessment of the role of agricultural
processes, especially fertilization, in amplifying the annual
cycle of land-atmosphere CO; exchange (Lombardozzi et
al., 2025). A major limitation in assessing the impacts of
LULCC is the lack of sub-grid-scale modeled data that ac-
curately reflect land surface heterogeneity, which is largely
driven by human land transformations. Provision of this sub-
grid information will allow for detailed ongoing assessment
into the LULCC impacts on climate and the carbon cycle,
even when only all-forcing historical runs are available.

Last but not least, vegetation on land is a key land pro-
cess that influence the Earth system simulations through the
cycles of energy (e.g., surface albedo), water, carbon, and nu-
trient cycles (e.g., nitrogen) and are thus crucial for CMIP7
ESM simulations. The variability in timing and duration of
a plant’s active season (i.e. phenology) influences the ex-
changes of energy, carbon, and water between land and atmo-
sphere as observed in the last decades (e.g. Richardson et al.,
2013; Keenan et al., 2014; Park et al., 2016). Similarly, vege-
tation greening unveils the relationship between land and at-
mosphere (e.g. Zhu et al., 2016; Munier et al., 2018; Winkler
et al., 2021; Yu et al., 2021). Consequently, it is paramount
to assess and understand the ability of ESMs to accurately
reproduce the vegetation phenology and quantity. This eval-
uation can be performed using the Leaf Area Index (LAI)
variable as done in previous studies (e.g. Murray-Tortarolo
et al., 2013; Peano et al., 2021, 2025; Li et al., 2022a).
However, ESMs estimate LAI through the Plant Functional
Types (PFT) discretization, which differs in each model. For
this reason, it is relevant to assess plant phenology at a stan-
dard vegetation type level to increase the understanding of
model limitations (e.g. Li et al., 2024b).

This theme paper will focus on model output variables
required for the physical Land and Land Ice analysis.
Biogeochemical and nutrient interactions are generally
out-of-scope and are included in the Earth system theme (see
McPartland et al., 2026), except for the land use Opportunity
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due to the tight coupling between physical variables and
biogeochemical fluxes. Full pressure-level atmospheric
dynamics variables are included in the BCVs and Atmo-
sphere theme. The CMIP experiment communities that are
related to the data request from this theme include the High
Resolution Model Intercomparison Project (HighResMIP,
https://highresmip.org/, last access: 31 January 2026,
Roberts et al., 2025), the Ice Sheet Model Intercomparison
Project for CMIP7 (ISMIP7, https://www.ismip.org/, last
access: 17 April 2026, Nowicki et al., 2024), the Land Use
Model Intercomparison Project (LUMIP, https://www.cesm.
ucar.edu/projects/cmip6/lumip, last access: 31 January 2026,
Lawrence et al., 2016), the Snow Model Intercompar-
ison Project (SnowMIP, https://www.wcrp-climate.org/
modelling-wgcm-mip-catalogue/modelling-wgcm-mips-2/
276-modelling-wgcm-catalogue-snowmip, last  access:
31 January 2026, Krinner et al., 2018), the Iriga-
tion Impacts Model Intercomparison Project (IRRMIP,
https://hydr.vub.be/projects/irrmip, last access: 31 Jan-
uary 2026, Yao et al., 2025), the TIpping Point Model
Intercomparison Project (TIPMIP, https://tipmip.org/, last
access: 17 April 2026, Walton et al., 2025; Winkelmann
et al., 2025), the Marine Ice Sheet Ocean Model Inter-
comparison Project (MISOMIP, https://misomip.github.io/,
last access: 31 January 2026, De Rydt et al., 2024),
the Glacier Model Intercomparison Project (Glacier-
MIP, https://climate-cryosphere.org/glaciermip/, last
access: 31 January 2026, Hock et al., 2019a), and Pa-
leoclimate Modeling Intercomparison Project (PMIP,
https://pmip.Isce.ipsl.fr/, last access: 31 January 2026,
Kageyama et al., 2018).

2 Approach and methodology

The Land and Land Ice Theme author team was recruited via
an open call between 13 February and 8 March 024 (https:
/Iwcrp-cmip.org/cmip7-land-ice-call/, last access: 31 Jan-
uary 2026). Members were sought from across the Land and
Land Ice communities to gather variable requirements for the
CMIP7 Data Request (Mackallah et al., 2026). Applications
were reviewed by LUMIP and ISMIP representatives along-
side two members of the Data Request Task Team. A diverse
final group of 21 committee members was chosen, including
representatives from Climate and Cryosphere (CliC) project,
Global Energy and Water Exchanges (GEWEX) program,
PMIP, GlacierMIP, TIPMIP, Reduced Complexity Mode In-
tercomparison Project (RCMIP), the Fire Model Intercom-
parison Project (FireMIP), and the Global Climate Observing
System-Terrestrial Observation Panel for Climate (GCOS-
TOPC) with theme members spanning a range of geographi-
cal regions, career stages, and CMIP experiences, keeping in
mind necessary expertise as well as geographic and gender
diversity.
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Many members of this team were not involved in previous
data requests, but all were creators and/or users of past CMIP
or land/ice sheet model data. Consequently, new ideas and
opinions (see Sect. 4) are combined with user experiences
from CMIP6 and earlier CMIP rounds of data requests to
identify:

— What was effective, e.g., the new Opportunities related
to land ice as in the results.

— What was not, e.g., variables proposed by Opportunities
that are already included in the baseline climate variable
(see Juckes et al., 2025).

— Information about which variables were downloaded,
e.g., download frequency available from Airtable (a
cloud-based database platform that visualizes complex
variables in spreadsheets), and which were used for
major publications and assessment reports such as the
United Nations Intergovernmental Panel on Climate
Change (IPCC) Sixth Assessment Report (ARG6).

Every member of the Land and Land Ice Theme was pro-
vided with a variable list that organized variables (as well as
their downloading frequency in CMIP6) using several cate-
gories such as energy balance, water cycle, and land ice. This
helped each Opportunity proposer to avoid redundancy with
existing variables or variable groups.

The team first convened on 19 July 2024, with commu-
nity engagement activities beginning in parallel with the first
public consultation. Author team members were requested to
utilize their networks as community representatives to gather
scientific requirements for the Land and Land Ice Theme of
the CMIP7 Data Request. Author team members used the
Airtable cloud platform to propose the scientific Opportu-
nities associated with the Land and Land Ice Theme. For
each Opportunity, proposers had to define variable groups
with different priorities which included variables with spe-
cific requirements for the variable dimensions (e.g., latitude,
longitude, and pressure levels), spatial and temporal average
approach, and other property information such as frequency
(e.g., 3h or daily). In the CMIP Data Request, variables are
constructed by combining a “physical parameter” (with an at-
tached Climate and Forecast, CF, standard name as in Hassell
et al., 2017) with additional metadata to describe its spatial
and temporal sampling (Mackallah et al., 2026). Opportu-
nity proposers also had to propose a new physical parameter
if a new variable did not have a CF standard name (i.e., a
string that identifies a geophysical quantity in a data vari-
able) via Github webpage (https://github.com/cf-convention/
vocabularies/issues, last access: 31 January 2026).

In the first phase of consultation six Opportunities were
submitted with the initial selection of variables and their
technical definitions (Fig. 1). The author team met every two
to three weeks to discuss the submitted Opportunities, iden-
tify any remaining gaps, integrate input from the wider com-
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munity, highlight areas requiring cross thematic input and fo-
cus on variable group development and refinement.

3 Information management and decision making

A harmonization sprint, involving all thematic teams, was
held in September 2024, which resulted in the merging of
several Opportunities within and across themes, and desig-
nated a lead theme for each Opportunity. The Land and Land
Ice Theme moved forward, leading six Opportunities (see Ta-
ble 1) plus the Land and Land Ice relevant variables of the
Rapid Evaluation Framework opportunity (full details on this
Opportunity can be found in Dingley et al., 2026). Following
the v1.0 release in November 2024 the team focused on fi-
nalizing variable groups, supporting processing of new vari-
ables, and contributing to cross-thematic meetings on top-
ics including time subsets. Regular team meetings continued,
focused on Opportunity or variable specific requirements.
Team members engaged proactively across themes, partic-
ularly with the Earth System thematic author team through a
dedicated liaison member.

Collaborative spreadsheets were utilized to gather input
between meetings with some members of the team interact-
ing directly with the Airtable online database from a very
early stage with IPO support and Data Request Task Team
liaison members updating the Airtable records as needed. A
systematic variable review was conducted during the Data
Request’s Phase 2 and Phase 3 public consultation periods
to address comments, rectify errors and highlight remain-
ing outstanding issues to the team. Author team members
also contributed to cross-thematic meetings focused on is-
sues such as consistent use of time subsets, ensemble sizes, or
prioritization of variable groups within Opportunities. By the
end of the data request efforts, a total of 25 variable groups
that contain 716 variables had been identified (Table 1).

4 Results: content included in the CMIP7 data request

Given the important role of these land and land ice processes
in ESM simulations in CMIP7, the Land and Land Ice Theme
proposed the following scientific questions that could be ad-
dressed by the CMIP7 Data Request. These variables pro-
posed by the Opportunities in Table 1 could be used by the
Land and Land Ice Theme communities to analyze and com-
prehensively advance the understanding of the Earth plane-
tary boundary. Specifically, the proposed Opportunities aim
to address:

— How do high-frequency land—atmosphere coupling pro-
cesses influence surface energy fluxes and water move-
ment through the soil-plant—atmosphere continuum and
how does this imply for the dynamics of climate ex-
tremes, and how can improved model simulations re-
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Figure 1. Schematic diagram illustrating the Land and Land Ice Theme Opportunities. Land-atmosphere coupling Opportunity covers high-
frequency (3 h) surface radiation, water, and energy fluxes. Hydrology Opportunity contains variables covering hydrological processes, water
resources, and freshwater systems. Glacier and Ice sheet Opportunities cover the mass balance, energy, and water input to climate system.
Land use and plant phenology Opportunities cover variables associated with sub-grid land use tiles and vegetation types, respectively. Figure
originally published at Li et al. (2025b) (see https://doi.org/10.5281/zenodo.15681950).

Table 1. The final list of Land and Land Ice Theme Opportunities. The Opportunity ID indicates the identifier of each Land and Land Ice
Theme Opportunity in the full CMIP7 Data Request content release of v1.2.

ID  Opportunity title Variable = Number of  Number of variables
groups  experiments
1 Accurate assessment of land—atmosphere 2 14 24
coupling
38  Assessments for Hydrological Processes, 8 21 199
Water Resources, and Freshwater Systems
35  Glacier changes, drivers, and impacts 5 16 176
39  Ice sheet mass loss, contributions to sea 7 26 284
level rise and freshwater flux input to the
climate system
43  Land use change 1 15 27
53  Plant Phenology 2 15 6
55 Rapid Evaluation Framework 1 52 20 (Land and Land Ice
relevant)
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duce diurnal and long-term uncertainties in these inter-
actions?

— How do hydrological processes influence water avail-
ability, distribution, and feedback mechanisms across
different Earth system components?

— How do past, present, and future changes in mountain
and polar glaciers influence sea-level rise, regional hy-
droclimates, freshwater resources, and geohazards un-
der different climate scenarios?

— How will the Greenland and Antarctic ice sheets evolve
under future climate scenarios, will they act as tipping
points in the Earth system, and how does their mass loss
contribute to sea level rise, and impact on ocean circu-
lation?

— How do LULCC, including land management prac-
tices, impact climate, biogeochemical cycles, and sur-
face fluxes and stocks of carbon and water, as well as
energy fluxes? Furthermore, in what ways can these
changes contribute to climate change mitigation?

— How do vegetation type and daily frequency data reveal
the seasonality and long-term trends of plant phenol-
ogy that influence terrestrial carbon, energy, and wa-
ter fluxes, and how can improved modeling of pheno-
logical processes enhance ESM simulations of land—
atmosphere interactions?

4.1 Accurate assessment of land—-atmosphere
coupling (ID 1)

Land and atmosphere are closely coupled due to the sur-
face soil and vegetation status providing critical boundary
conditions for the surface energy flux, such as the latent
and sensible heat fluxes. Changes of these surface energy
and water fluxes will interact with and feedback to the at-
mospheric thermodynamics and circulation, which influence
surface air temperature, humidity, and precipitation. Previ-
ous studies have shown that critical land—atmosphere cou-
pling process, such as dynamics in evaporative fraction (i.e.,
the ratio of latent heat flux to the total turbulent heat fluxes)
will influence the rainfall at sub-daily (e.g., Findell et al.,
2011), seasonal (e.g., Koster et al., 2004; Seneviratne et al.,
2006), and annual timescales (Li et al., 2022b). Despite the
current CMIP6 monthly output of surface energy and wa-
ter fluxes, soil, and vegetation variables, 3-hourly output in
land—atmosphere coupling is urgently needed for the next-
generation of global ESMs, which will provide the opportu-
nity of being compared to the observation-based reanalysis
data and flux towers (Findell et al., 2024). High-frequency
land—atmosphere data are valuable to understand, and accu-
rately model, key processes related to short-period (e.g., di-
urnal scale) and high intensity climate extremes such as heat-
waves, droughts, and the onset of rainfall.

Geosci. Model Dev., 19, 3129-3155, 2026

This Opportunity will provide 3-hourly data of critical
variables in land—atmosphere coupling from the surface to
specified lower-tropospheric pressure levels (Table 2). Criti-
cal local land—atmosphere coupling metrics can be computed
based on variables from the group landatm_coupling_3hA,
such as the use of mixing diagrams (Santanello et al., 2009,
2011), two-legged metrics (Seo and Dirmeyer, 2022), and the
triggering feedback strength (Findell et al., 2015). In another
group with medium priority, high-frequency (i.e., 3 hourly)
variables include solar radiation, partitioning of vegetation
water fluxes (e.g., transpiration), soil moisture at different
depths, and the pressure-level atmospheric variables (e.g.,
eastward wind). These variables will significantly enhance
the exploration of mechanisms through which soil and vege-
tation influence the surface energy balance and affect the lo-
cal atmospheric state. The variables in this Opportunity can
also be used to evaluate ESM simulations using the high-
frequency observational data (Findell et al., 2024).

Two time subsets of 20 year simulations of historical and
future scenarios have been requested. This is because previ-
ous studies suggest that a minimum of 10 years of data are
required for robust statistical analysis (Findell et al., 2015).
These two sets of high-frequency model output in land-
atmosphere coupling will provide opportunities for model
evaluations using direct observations from field campaigns
and measurements from reanalysis data. The multi-model in-
tercomparisons enabled by these variables will demonstrate
the modeling uncertainties in land—atmosphere coupling pro-
cesses and be informative for the other MIPs that include
land—atmosphere processes (e.g., HighResMIP). Lastly, this
Opportunity will help to identify sources of process uncer-
tainty, leading toward solutions for improvement of sub-daily
soil and vegetation processes in the models.

4.2 Assessments for hydrological processes, water
resources, and freshwater systems (ID 38)

Water is the essential element linking all Earth system com-
ponents — the atmosphere, hydrosphere, biosphere, geo-
sphere, and cryosphere. Therefore, accurate representation
of hydrological processes in ESMs is important to assess
the distribution and availability of freshwater resources and
the feedback mechanisms between water, energy, and bio-
geochemical cycles (Clark et al., 2015). Climate change has
significant and far-reaching impacts on water resources and
freshwater systems, affecting their availability, quality, and
distribution across the globe (Huntington, 2005). Changing
temperatures and precipitation patterns, hydroclimatic shifts,
and increasing risks of extreme events (floods and droughts)
pose major challenges for ecosystems, agriculture, human
health, and food and water security (Konapala et al., 2020).
This Opportunity is aimed at leveraging CMIP data for as-
sessments, projections, and predictions of hydrological pro-
cesses, water resources, and freshwater systems, including
rivers and estuaries, lakes and inland water bodies, ground-
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Table 2. Variable groups needed for ID 1 Accurate assessment of land—atmosphere coupling.

Variable group name

Reason for inclusion

landatm_coupling_3hA

This variable group allows for adequate

characterization of sub-daily coupling process
between the land and the atmosphere.

landatm_coupling_3hr_medium

This variable group will add variables that

estimate deeper soil moisture information and
component terms of net radiation and
evapotranspiration.

Table 3. Variable groups needed for ID 38 Assessments for Hydrological Processes, Water Resources, and Freshwater Systems.

Variable group name Reason for inclusion

Hydrology

Aggregates variables related to terrestrial water storage, lakes, rivers and estuaries,

runoff, groundwater, permafrost, snow, and glaciers.

WaterResources_subdaily
WaterResources_daily
WaterResources_monthly

Include potential evapotranspiration, runoff components, and soil moisture at different
temporal resolutions (from sub-daily to monthly) for assessments of hydrological
extremes, specifically floods and droughts.

snow_allfreq

Includes snow-related variables at fixed, daily, and monthly steps, important for

cryosphere—hydrology assessments.

baseline_daily
baseline_monthly
models.

Include water cycle variables (e.g., precipitation, evaporation fluxes, etc.), and other
important quantities (winds, temperatures) required for hydrology, snow, lake, and other

water, snowpack, permafrost, and glaciers. The variables
identified in this Opportunity are of interest to a large num-
ber of hydrological applications, including (1) comprehen-
sive assessments of regional hydroclimates and their past,
present, and future states, (2) assessments on the usabil-
ity of Earth system models for water resources applica-
tions, (3) evaluating whether these processes/systems are ad-
equately represented in the modelling frameworks, (4) of-
fering opportunities for model intercomparisons across these
topics (e.g., SnowMIP, IRRMIP, etc.), (5) providing input for
hydrology, lake, snow, and other models, and (6) climate im-
pact assessments of freshwater resources and water availabil-
ity (Table 3).

The main variable group for this Opportunity is hydrol-
ogy which includes variables related to (1) lakes and inland
water bodies (sea/lake surface water temperatures, lake frac-
tion, lake depth, etc.) that are used in assessments of lake—
atmosphere interactions and usability of CMIP models for
large lakes (Minallah and Steiner, 2021; Briley et al., 2021;
Notaro et al., 2022), (2) runoff to assess model hydrological
sensitivity and improve streamflow projections (Lehner et al.,
2019), (3) snow water equivalent and soil moisture to assess
terrestrial water storage (Wu et al., 2021), and (4) permafrost
and snow to study their sensitivity to climate change (Koven
et al., 2013; Burke et al., 2020; Kouki et al., 2022; Zhang et
al., 2022). Additionally, water budget variables (evaporative
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fluxes, soil moisture, runoff, potential evapotranspiration) are
important for assessments of water availability and security,
hydrometeorological extremes, and for hydrological simula-
tions using watershed models.

4.3 Glacier changes, drivers, and impacts (ID 35)

This Opportunity aims at glaciological assessments across
timescales in the past, present, and future. Glaciers here are
defined as mountain and polar glaciers, including peripheral
glaciers in Greenland and (sub-)Antarctica that are decou-
pled from the ice sheets, as identified in the Randolph Glacier
Inventory (RGI Consortium, 2023). These glaciers were con-
sidered the primary contributors to 20th-century sea level rise
from the cryosphere (Gregory et al., 2013; Oppenheimer et
al., 2019). Based on the future scenarios in the IPCC ARG,
glaciers are expected to remain the primary drivers of sea-
level rise during the 21st century, in most scenarios exceed-
ing the contributions from the two ice sheets (Fox-Kemper
et al., 2021). Additionally, they have significance in sustain-
ing ecosystems and modulating regional hydroclimates (Mil-
ner et al., 2017). They are a substantial freshwater resource,
especially in mountainous regions where glaciers are impor-
tant for water and food security for a large population (Hock
et al., 2019b; Huss and Hock, 2018). Through feedback in
the mass balance response to climate change, glaciers are
regional-scale tipping elements in the Earth system (Abrams

Geosci. Model Dev., 19, 3129-3155, 2026



3136

et al.,, 2023; Davies et al., 2024) and are a driving factor
in related geohazards, including glacial lake outburst floods,
slope failures, avalanches, and ice falls (Wolken et al., 2021;
Hock and Truffer, 2024).

The variables requested for this Opportunity are crit-
ical as inputs for the glacier modelling community and
to study the impacts of climate change on glaciers and
glacier changes on other Earth system components (Ta-
ble 4). The Glacier Model Intercomparison Project (Glacier-
MIP, Hock et al., 2019a) aims to advance our understand-
ing of these impacts and reduce uncertainties in glacier
projections through a coordinated intercomparison effort of
global-scale glacier models. The results from the first two
phases of GlacierMIP have informed the IPCC Special Re-
port on the Cryosphere and the Oceans in a Warming Cli-
mate (IPCC, 2019; Hock et al., 2019b) and IPCC ARG re-
port (Marzeion et al., 2020). The core variable group for this
Opportunity is landice_glaciers_allfreq, which requests vari-
ables at daily and monthly temporal resolutions necessary
for glacial mass balance computations, including tempera-
ture, precipitation fluxes, and energy budget quantities. Ad-
ditional applications of this Opportunity are related to moun-
tain cryosphere, glacio-hydrology, and local to regional-scale
geohazards associated with glacier changes under different
scenarios. For accurate partitioning between glacier-melt,
snowmelt, and baseflow contributions to runoff in land and
hydrological models at sub-seasonal to seasonal timescales,
variables from terrestrial hydrology and snow processes at
daily resolutions are also requested (snow_allfreq). Variable
groups baseline_fixed, baseline_daily, and baseline_monthly
host other key variables relevant for these assessments, in-
cluding land cover types, surface elevation, winds, and heat
fluxes.

4.4 Ice sheet mass loss, contributions to sea level rise
and freshwater flux input to the climate
system (ID 39)

The mass loss from the ice sheets of Greenland and Antarc-
tica is a key contributor to future sea level rise, and their
freshwater input to the climate system provides an important
forcing for ocean circulation and carbon and heat uptake. Sea
level rise affects every landmass on Earth and is one of the
most challenging aspects of climate change to mitigate or
reverse. Ice sheets have also been theorized to be a key tip-
ping element in the Earth system, with the potential for irre-
versible changes in this century which may trigger a cascade
of other tipping elements around the globe. Characterizing
and understanding the future evolution of the ice sheets and
their interactions with the global climate system thus has the
potential for huge societal impact. There are many aspects of
modelling and projecting large scale ice sheet change that are
not yet understood sufficiently, so it is important to leverage
the broad spectrum of information in CMIP7 to add to our
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ability to understand and project how ice sheets may change
in the future.

For CMIP6, ISMIP6 (Nowicki et al., 2016, 2020) re-
quested land ice data for the first time within CMIP for key
variables needed to capture the glaciated/ice sheet realms of
the Greenland and Antarctic ice sheets. Variables requested
in this Opportunity build upon the ISMIP6 data request and
will primarily be used to create boundary conditions for a
large ensemble of historical and scenario simulations con-
ducted by standalone Ice Sheet Models (ISMs) coordinated
by ISMIP7 (Table 5). Not only will these variables be used to
generate traditional surface mass balance and ice shelf basal
melt boundary conditions at the high spatial resolutions re-
quired for ice sheet modeling, but they will also be used
to allow the influence of changing climate on calving, ice
shelf damage and collapse to be taken into account. Some
ESMs in CMIP7 will conduct novel simulations with inter-
active ice sheets (i.e., in a coupled setup), and the variables in
this Opportunity are also specified to allow the influence of
such coupling on climate evolution and sea-level projections
to be assessed. The combined output from standalone ISM
and coupled ESM simulations will allow the ice-sheet con-
tributions to sea level rise implied by the ScenarioMIP pro-
tocols to be projected, along with their model and scenario
uncertainties. In addition to ISMIP7, other MIPs concerned
with ice sheet behavior, primarily SOFIA (Southern Ocean
Freshwater Input from Antarctica; Swart et al., 2023), TIP-
MIP (Winkelmann et al., 2025) and MISOMIP (De Rydt et
al., 2024), may use these variables.

4.5 Land use change (ID 43)

Human land-use activities have resulted in large changes to
the Earth’s surface, with resulting implications for climate.
In the future, land-use activities are likely to expand and
intensify further to meet growing demands for food, fiber,
and energy. LUMIP aims to further advance understand-
ing of the impacts of LULCC on climate, specifically ad-
dressing the following questions. (1) What are the effects
of LULCC on climate and biogeochemical cycling (past—
future)? (2) What are the impacts of land management on
surface fluxes of carbon, water, and energy, and are there re-
gional land-management strategies that can help mitigate cli-
mate change? These questions are particularly relevant in in-
vestigations of low emission scenarios, which typically rely
on significant land-based mitigation to achieve climate tar-
gets.

The unique variable group requested for this Opportunity
is the “landuse” variable group (Table 6), which requests a
subset of key biogeophysical and biogeochemical variables
for five land use tiles (defined below). This variable group
addresses the challenges of analyzing the effects of LULCC
on physical and biogeochemical states of land and their in-
teractions with the atmosphere. The underlying rationale for
this request is that informative sub-grid-scale data reflecting
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Table 4. Variable groups needed for ID 35 Glacier changes, drivers, and impacts.

Variable group name

Reason for inclusion

landice_glaciers_allfreq

Core variable group for the Opportunity with variables required for GlacierMIP and other
modeling activities

baseline_daily
baseline_monthly

Include variables for glacier-climate impact assessments (e.g. precipitation fluxes,
temperature, winds, etc.) at daily and monthly timesteps

snow_allfreq

Important variables for snow-glacier interface

Table 5. Variable groups needed for ID 39 Ice sheet mass loss, contributions to sea level rise and freshwater flux input to the climate system.

Variable group name

Reason for inclusion

landice_global_allfreq

Surface variables from ESMs for creating forcings for standalone ISM simulations using
arange of approaches, and for comparing polar climate evolution with coupled ESM-ISM
simulations.

landice_greenland_allfreq
landice_antarctica_allfreq

Variables from ISMs to diagnose ice sheet evolution and sea level contributions from
Greenland and Antarctica, respectively, both for standalone ISM and coupled ESM-ISM
simulations.

ocean_grid

Accurate ocean model grid dimensions are required to create some boundary forcings and
diagnose sea level contributions.

baseline_monthly

baseline variables are required to supplement specific requests in landice_global_allfreq.

baseline_fixed

the strong heterogeneity of the land surface, which is signif-
icantly driven by human transformation of the land and is
already calculated by land models, is not routinely archived.
For CMIP6, LUMIP (Lawrence et al., 2016) requested sub-
grid data for the first time within CMIP for key biogeophys-
ical and biogeochemical variables. This subgrid output was
utilized in several LUMIP studies (e.g., Tang et al., 2023).
Reporting data by land use tile enables assessment of land-
use carbon fluxes, including not only analysis of differences
in fluxes between land-use and no land-use experiments, but
also within a single land-use experiment, utilizing bookkeep-
ing approaches (Houghton et al., 2012) that allow a more di-
rect comparison of observed and modeled carbon inventories.

For the Land Use Opportunity, the sub-grid data request
is for five land-use categories: (1) primary land (including
bare ground and vegetated wetlands), (2) secondary land,
(3) cropland, (4) pastureland, and (5) urban. Other sub-grid
land surface categories such as lakes, rivers, and glaciers are
excluded from this request. This set of land-use sub-grid re-
porting units closely corresponds to land-use categories that
will be in the historical land-use reconstructions and future
scenarios provided by the Land Use Harmonization forcing
product (LUH3, updated from LUH2 — Hurtt et al., 2020).
Primary (i.e., natural vegetation never affected by LULCC
activity) and secondary (i.e., natural vegetation that has pre-
viously been harvested or abandoned agricultural land with
potential to regrow) are separated (they were combined in
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CMIP6 Data Request) to capture the unique behavior of the
next generation of land models that distinguish between these
two land types. This variable group is requested for histori-
cal and scenario simulations and for any specific Land Use
Model Intercomparison Project (LUMIP) simulations.

4.6 Plant phenology (ID 53)

Accurately modelling plant phenology seasonality and long-
term trends in Earth system models is essential for effectively
simulating and understanding terrestrial ecosystem fluxes of
carbon, energy, and water with the atmosphere. In this frame-
work, the “plant phenology” Opportunity aims to expand the
data available for assessing these relations (Table 7). For this
reason, a set of variables is requested at vegetation type level
and daily frequency, high enough to capture the observed and
expected changes in phenophases timings (e.g. Park et al.,
2016). The vegetation type (vegtype) coordinate was already
available in CMIP6 and associated with the landCoverFrac
variable. In the CMIP6 definition, the vegtype coordinate
is a model-dependent dimension. In CMIP7, the vegtype
coordinate, instead, requests values for seven specific
vegetation categories (namely broadleaf_deciduous_trees,
broadleaf_evergreen_trees, needleleaf deciduous_trees,
needleleaf_evergreen_tree, natural_grasses, crops, and
shrubs) to enhance the comparability among models and
processes understanding (e.g. Li et al., 2024b).
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Table 6. Variable groups needed for ID 43 Land use change.
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Variable group name  Reason for inclusion

landuse

Subgrid land-use tile data that is critical for robust assessment of land use change in

historical and scenario simulations.

Table 7. Variable groups needed for ID 53 Plant Phenology.

Variable group name Reason for inclusion

plant_phenology_high
simulated by models.

Subgrid vegetation type-level data, which is essential for assessing plant phenology

plant_phenology_medium

Subgrid vegetation type-level data providing components for assessing carbon fluxes

associated with the simulated plant phenology.

The Plant Phenology Opportunity proposes two
variable groups. The high-priority variable group
(plant_phenology_high) contains the three principal

variables used in evaluating the plant phenology: laiVgt,
gppVgt, and LandCoverFrac. LAI is one of the main vari-
ables used to estimate the timing of phenophases (e.g. Jolly
et al., 2005; Richardson et al., 2012; Anav et al., 2013;
Murray-Tortarolo et al., 2013; Peano et al., 2019, 2021,
2025; Song et al., 2021; Li et al., 2022a, 2023b), while
Gross Primary Production (GPP) estimates the exchange
of carbon between land and atmosphere and provide an-
other metric to evaluate the relation between vegetation
and climate (e.g. Marsh et al., 2025). The landCoverFrac
variable, instead, provides the relative influence of each
vegetation type on the total grid cell. These primary variables
allow us to link the biases in productivity with changes in
phenology (e.g. Li et al., 2024a). The secondary variables
(plant_phenology_medium variable group) provide sin-
gle components of land—atmosphere carbon fluxes at the
vegtype level, namely Net Primary Productivity (nppVgt),
Heterotrophic Respiration (rhVgt), and Autotrophic Res-
piration (raVgt). This allows a deeper investigation of
sources of biases in the land—atmosphere carbon fluxes. This
Opportunity applies to historical, land-hist, and scenario
simulations. The historical and land-hist simulations provide
a benchmark to evaluate the model plant phenology biases
(e.g. Peano et al., 2021, 2025) while scenarios supply future
changes.

4.7 Rapid Evaluation Framework (REF) (ID 55)

The CMIP Rapid Evaluation Framework (Hoffman et al.,
2025) was created to evaluate and benchmark the newly
available CMIP7 Assessment Fast Track simulations as soon
as they are uploaded to ESGF with metrics and diagnostics
that are available through different open-source evaluation
and benchmarking tools. This Opportunity contains the set of
variables that are needed for the planned diagnostics and met-
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rics for the REF (CMIP Model Benchmarking Task Team,
2024) (Table 8). The suggested metrics/diagnostics for the
REF to be available for all CMIP7 Assessment Fast Track ex-
periments are in the first instance very basic evaluations and
are not expected to require very specific variables. The ex-
act selection of variables was also made consistent with the
model evaluation diagnostics in Chap. 3 of the latest IPCC
report (Eyring et al., 2021). Due to the fixed timeline for
the CMIP7 Assessment Fast Track simulations, there is only
a short time period for the technical implementation of the
REF, and therefore the available metrics and diagnostics in
this first version of the REF will be limited to a temporal res-
olution of monthly mean data and about five metrics/diagnos-
tics per realm based on a community selection. The realms
were chosen specifically to be consistent with the realms
used for the data request. Find more information about the
REF Opportunity in Dingley et al. (2026).

5 Discussion
5.1 Prioritisation process and updates on CMIP7

The Land and Land Ice Theme author team is comprised of
members directly from modelling centers and leads of sev-
eral model intercomparison projects. Therefore, the priori-
tization process is straightforward as most of the Opportu-
nity proposers had experience of generating a comprehensive
variable list within the Land and Land Ice Theme. Specific
prioritization processes such as Accurate assessment of land—
atmosphere coupling (ID 1) follows a recent peer-reviewed
article that highlights the high-frequency land—atmosphere
interaction variables (Findell et al., 2024). This Opportu-
nity also contains the low-troposphere atmospheric variables
that were reviewed by the Atmosphere Author Team (see
more details in Appendix A). Another example that shows
the cross-theme collaboration is the Assessments for Hy-
drological Processes, Water Resources, and Freshwater Sys-
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Table 8. Variable groups needed for ID 55 Rapid Evaluation Framework.

Variable group name  Reason for inclusion

ref_land_and_landice

This is the set of variables that would be needed for the planned land and land ice

diagnostics and metrics for the Rapid Evaluation Framework. The variable group will be
linked with the “Rapid Evaluation Framework™ Opportunity and is essential for the
evaluation of the new CMIP7 Assessment Fast Track simulations on a routine basis.

tems (ID 38). The Land and Land Ice Theme author team
worked with the Impacts & Adaptation team and Earth Sys-
tem team to decide to merge Water Security and Freshwater
Ecosystem Services (ID 67) into ID 38 to focus on the water
resources. ID 38 is fundamental since this Opportunity con-
tains comprehensive hydrological variables on land. Other
Opportunities such as, Glacier changes, drivers, and im-
pacts (ID 35), Ice sheet mass loss, contributions to sea level
rise and freshwater flux input to the climate system (ID 39),
Land use change (ID 43), and Plant phenology (ID 53), were
proposed from either modeling centres or the leadership team
from corresponding MIPs and thus were quickly accepted by
the cross-theme review.

For CMIP7, these new Opportunities will support a more
comprehensive integration of Land and Land Ice Theme
components, enable the identification of new feedback loops
associated with improved Land and Land Ice processes,
and provide critical surface boundary conditions for other
Themes included in the CMIP7 Data Request. During the
time of CMIP6, processes linked to land ice were firstly in-
troduced to CMIP ESMs (Nowicki et al., 2016), which have
been widely applied to studies that focus on important as-
pects in the Earth climate system such as the change in the
Antarctic Ice Sheet (Stokes et al., 2022) and global sea-level
rise (Edwards et al., 2021) under future climate scenarios.
Similarly, studies that apply land use experiments from the
CMIP6-LUMIP experiments (e.g., Li et al., 2022b) also serve
as a benchmark to keep improving processes on the land sur-
face, which include energy, water, carbon, and other biogeo-
chemical cycles. In CMIP7 these separate processes will be
integrated together and new opportunities such as TIPMIP
will offer chances to identify new feedback loops. For exam-
ple, glacier melting-induced changes in the ocean circulation
over the Atlantic may generate climate teleconnections on
the climate system in the Amazonian rainforest (Van Westen
et al., 2024), which could be compared among CMIP7 ESMs
by including the full feedback loop of considering the cli-
mate warming on ice sheet changes. Studies on these cli-
mate change feedbacks and their interactions with land use
changes may become feasible with improved Land and Land
Ice processes in CMIP7.
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5.2 Key reflections and challenges from the CMIP7
data request process

The CMIP7 Land and Land Ice Data Request differs funda-
mentally from that of CMIP®6 in its scientific focus, variable
design, and technical implementation, reflecting both evolv-
ing scientific priorities and lessons learned from CMIP6.
In CMIP6, the land data request defined a centralized and
comprehensive set of variables spanning a wide range of
land processes, with increasing process complexity driven
by CMIP6-endorsed MIPs (Juckes et al., 2020). While sci-
entifically valuable, this large variable list contributed to the
increased burden on modelling centres (O’Rourke, 2023)
against the tight timelines of IPCC Assessment Report 6
(Dunne et al., 2025).

By contrast, the CMIP7 Land and Land Ice Data Request
adopts a more community-engaged and opportunity-driven
approach. Scientifically, the focus has shifted from broad
process completeness (Eyring et al., 2016) toward emer-
gent and societally relevant topics, including land-related
dangerous weather patterns, carbon-cycle management, tip-
ping points, and coupled land—ice interactions (Dunne et al.,
2025). This shift is enabled by the increased maturity of land
and land ice process representation, diagnostics, and evalua-
tion, which now supports investigation of full Earth system
feedbacks rather than isolated components.

Correspondingly, variable design in CMIP7 moves away
from a single centralized definition toward a structure in-
formed by community input, CMIP6 user experience, ex-
pert judgement, and variable downloading frequency (see
Sect. 2). This innovative approach aims to balance scientific
objectives with feasibility and usability, reducing unneces-
sary burden while targeting variables that best support pri-
ority science questions. Technically, while CMIP7 continues
to rely on NetCDF CF metadata conventions, it introduces
the interactive and cloud-based Airtable platform that enable
timely community feedback, clarification, and correction of
variables—an innovation not available in CMIP6. Together,
these changes reflect a deliberate and systematic evolution in
how Land and Land-Ice Data Request moves from CMIP6 to
CMIP7.

The CMIP7 Data Request has seen significant improve-
ments over the CMIP6 era, particularly in process orga-
nization and community engagement. However, challenges
remain regarding the detailed variable requests. For in-

Geosci. Model Dev., 19, 3129-3155, 2026



3140 Y. Li et al.: CMIP7 data request: land and land ice priorities and opportunities

stance, two key Opportunities within the Land and Land Ice
Theme — the accurate assessment of land—atmosphere cou-
pling (ID 1) and the evaluation of hydrological processes,
water resources, and freshwater systems (ID 38) — require
variables with sub-daily resolution. This inherently demands
increased data storage capacity, an updated framework for re-
liable data sharing, and robust data validation before publica-
tion. Additionally, the land-use change (ID 43) and plant phe-
nology (ID 53) Opportunities requires sub-grid information,
necessitating more sophisticated model outputs. These re-
quirements may discourage modeling groups from contribut-
ing to certain Opportunities. However, at this stage in the data
request process — before modeling centers determine which
variables they will provide for CMIP7 — it remains uncertain
how widely these Opportunities will be adopted. A balance
must be struck between scientific needs, which should have
already been addressed in the public consultation process,
and the level of detail that can realistically be achieved. Mov-
ing forward, prior to finalizing the list of Opportunities, more
intensive direct consultations between Opportunity leads and
modeling groups may be necessary to ensure the effective
implementation of CMIP7.

Another critical consideration is the quality control of re-
quested data, which may need to be specified before final-
izing the data request. For example, a recent study on land
carbon and nitrogen mass conservation based on CMIP6 data
(Tang et al., 2025a) reports significant mass imbalances aris-
ing solely from the C4MIP-requested variables. The primary
causes include misinterpretation of the data request by ESM
teams (e.g., incomplete data submissions) and the lack of a
harmonized variable request across different MIP activities,
leading to overlapping variables.

In the CMIP7 Data Request, issues with variables having
similar definitions persist. For example, overlaps exist be-
tween variables requested under the land-use change Oppor-
tunity (ID 43) and the carbon cycle Opportunity (ID 15), po-
tentially perpetuating the mass conservation issues observed
in CMIP6. This problem is now recognized by data users,
particularly those in the simple climate model (emulator)
community, as emulator development relies heavily on the
quality of ESM outputs (Tang et al., 2025b, 2026). While
some community-led initiatives aim to streamline data re-
porting from ESM teams to broaden data applications (Tang
et al., 2025a), such efforts are not yet integrated into the
CMIP7 Data Request process.

The challenge lies in the substantial effort required to har-
monize the outputs that ESMs can produce, the variables
expected by different MIP Opportunities, and the overlap-
ping variables of interest across these Opportunities. While
this may be considered less critical than addressing the sci-
entific questions that are the primary focus of the current
data request, data quality is fundamental to robust analysis.
A unified data request within the Land and Land Ice Theme
would greatly enhance both data reporting and usage in the
future, making it an issue worth greater attention moving for-
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ward. We understand that a “unified” or “harmonized” data
request requires input not only from the CMIP7 Data Re-
quest Task Team (for reviewing the opportunities), but also
from the MIPs (for updating the variable groups), the mod-
eling centers (regarding which variables can realistically be
produced in their models), and the data users (regarding the
challenges they face when using the data). Achieving this
is different from the CMIP6 Data Request (Juckes et al.,
2020) that aimed to provide a comprehensive variable set and
will require a detailed Theme-related review of the requested
variables and feedback from all these parties. This represents
a considerable amount of work and has, so far, been partially
implemented in the current CMIP7 Data Request process.
However, given its importance to the entire climate model-
ing and data production workflow, we argue that establishing
a robust feedback and refinement loop for variables should
be a high priority in the near future, probably from the CMIP
level rather than simply from the Data Request Task Team.

While this paper focuses on scientific Opportunities and
Priorities in Data Request activities for the CMIP7 Land and
Land Ice Theme, we recognize the rapidly growing use of
data-driven approaches (e.g., artificial intelligence and ma-
chine learning) in land surface and cryosphere modeling re-
search. For instance, such approaches have been applied to
process emulation (e.g., for parameter optimization; Li et
al., 2023a), uncertainty reduction (e.g., Yuan et al., 2022),
and impact-relevant analyses (e.g., examples in Ruane et al.,
2025). Opportunity-oriented variables in the CMIP7 Data
Request would better support these applications by providing
more specific targets for data-driven methods. Broader con-
siderations related to data formatting, metadata standards,
and computational frameworks for data-driven workflows are
addressed at the CMIP7 program level and in cross-cutting
infrastructure discussions.

5.3 Outstanding gaps in Earth system processes

Despite advances in ESM simulations and the expanding
suite of variables available in CMIP7, several critical gaps
remain in the representation of land and land ice processes.
One major area requiring further development is plant hy-
draulics, which governs water movement through the soil—
plant—atmosphere continuum. While many land models in-
clude simplified representations of soil moisture and tran-
spiration, they often lack explicit simulations of plant stem
and leaf water potentials — key physiological metrics that
influence drought responses and plant mortality (Xu et al.,
2016; Kennedy et al., 2019; Li et al.,, 2021; Yao et al.,
2024). Observational datasets such as the sap flow from the
SAPFLUXNET exist to evaluate these processes (Poyatos
et al., 2021), but their incorporation into ESM diagnostics
remains limited partially due to the scientific challenge to
perform comprehensive and rigorous data-model integration.
It also depends on whether the significance of these water-
related processes is identified for various scientific model-
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ing purposes (e.g., moisture conditions for fuels in fire mod-
eling in ESMs). Improved integration of plant hydraulics
into ESMs would enable better assessments of hydrologi-
cal shifts, aiding in the prediction of drought-induced forest
dieback and its cascading effects on carbon, water, and en-
ergy cycles.

As land models increasingly integrate demographic vege-
tation capabilities (Fisher et al., 2018; Koven et al., 2020),
a more refined set of diagnostics is needed to capture com-
plex vegetation dynamics, including competition, mortality,
and recovery processes. However, many land models within
ESMs still lack explicit representations of key biophysical
mechanisms regulating vegetation structure and function, in-
cluding hydraulic limits on water transport, physical con-
straints on tree stability, and temperature-dependent physi-
ological thresholds. Moreover, standardized benchmarks for
key biophysical outputs — such as canopy structure, vegeta-
tion height, leaf area dynamics, and surface roughness — re-
main underdeveloped, hindering model validation against re-
mote sensing and field observations. Without these advance-
ments, ESMs may struggle to accurately simulate vegetation-
climate feedbacks, particularly under future climate stres-
sors.

Similarly, land ice processes remain underrepresented,
particularly in the coupling between dynamic ice sheets,
atmospheric processes, and ice-ocean interactions. Current
models often exclude or simplify key mechanisms such
as ocean cavities below ice shelves, subglacial freshwater
fluxes, and the role of aerosol deposition in modulating ice
sheet albedo and melt. The omission of these processes limits
the accuracy of sea-level rise projections and ice-ocean feed-
backs, which are critical for understanding long-term climate
stability.

Additionally, groundwater systems remain a weakly in-
tegrated component in ESMs, despite their significant role
in modulating soil moisture, runoff, and terrestrial water
storage. Improved representation of groundwater dynamics
is necessary to better capture long-term drought resilience,
subsurface hydrological feedbacks, and interactions between
deep water storage and surface climate variability. Similarly,
accounting for the terrain characteristics is important to accu-
rately represent terrestrial processes and quantify energy and
water budgets (Clark et al., 2015; Fan et al., 2019). How-
ever, ESMs typically run at resolutions of around 100 km,
which prevents the capture of detailed topographic and land-
scape effects. This results in large uncertainties in simulating
the hydrological and radiative processes, and assessing their
spatiotemporal variability in mountainous regions and com-
plex terrains that are characterized by prominent topographic
variations in surface elevation, steepness (slope), and the ori-
entation of the land surface (aspect).

Beyond the traditional land, hydrology, and cryosphere
components, solid Earth processes are another frontier in
Earth system modeling that require greater attention. Pro-
cesses such as isostatic adjustments (Whitehouse, 2018),
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geothermal heat fluxes (Losing et al., 2020), and tectonic
activity influence surface deformation, hydrological path-
ways (Michalek et al., 2023), and even cryosphere stabil-
ity (Albrecht et al., 2024), yet they remain largely excluded
from ESM frameworks. The potential climate implications of
these interactions — including their role in modulating geo-
hazards, altering water systems, and influencing permafrost
and ice sheet dynamics — underscore the need for a more in-
tegrated Earth system perspective. As CMIP7 advances, ad-
dressing these gaps will be essential to improving climate
projections, refining impact assessments, and reducing un-
certainties in future Earth system responses.

6 Conclusions

In this paper, we present the progress and evolution of the
CMIP7 Data Request concerning land and land ice processes.
Driven by a transparent and community-engaged approach,
the updated request in the Land and Land Ice Theme includes
six refined Opportunities addressing distinct scientific ques-
tions. These Opportunities — focusing on land—atmosphere
coupling, glacier changes, freshwater processes, ice sheet
loss and sea level rise, land use change, and plant phenol-
ogy — reflect the urgent needs of various research commu-
nities. This work serves as a valuable resource for modeling
groups, guiding potential modifications or enhancements to
their output to better align with evolving scientific priorities.

While the scientific significance of these data request Op-
portunities is fundamental, effective variable management
(e.g., removal of duplicates, harmonization of similar vari-
ables through improved definitions), robust data validation
(e.g., mass conservation check), and efficient data distribu-
tion are equally critical. The primary goal of the data re-
quest, and of modeling groups producing data, is to facilitate
downstream analysis. In this context, CMIP7 Data Request
in Land and Land Ice reflects community efforts to facili-
tate maximum consistency between requested variables and
model outputs.

Looking ahead, modeling groups — who best understand
the capabilities of their models — are expected to weigh in
more on basis of the current community-engaged approach
for future data requests. Additionally, a comprehensive re-
view of both existing and newly requested variables should
be conducted before finalizing the next-generation data re-
quest. This review should extend beyond individual themes
or Opportunities to encompass the entire variable space, con-
sidering the complex interactions within the climate system.
Furthermore, community tools such as ESMValTool (i.e.,
a community diagnostic and performance metrics tool for
ESM evaluation, Righi et al., 2020) should be developed or
updated to support the harmonization of variables within the
whole Earth system and improve data consistency.
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Appendix A: Opportunity processing

Following the first consultation phase, the submitted Oppor-
tunities related to the Land and Land Ice Theme were re-
viewed during author team meetings and assessed for their
scientific value, clarity and selection of variables. If deemed
appropriate, Opportunities were accepted, otherwise they
were rejected or possibly merged with other Opportunities.
Potential gaps and the creation of variable groups were also
identified in those meetings, discussed with the proposer and
relevant communities, and brought to the attention of cross
thematic theme coordinators if Opportunities were relevant
to other themes and required their input. Comments from
other themes or the public consultation were addressed, and
following the cross-thematic harmonization sprint some Op-
portunities with overlapping interests were merged.

Table A1. The Opportunities led by the Land and Land Ice Theme as well as key decisions for each Opportunity are listed in the following

table.

Action taken  Opportunity Meeting Notes from consultation and cross Notes from Author team
title decision made thematic

Accepted

ID1 Accurate Author team Cross-thematic group review requested  Cross thematic and atmosphere team
assessment of meeting 25 Oc-  additional description and impacts review points were addressed - more
land— tober 2024 information. The atmosphere review details were added to the description,
atmosphere confirmed that the Opportunity is expected impacts were explained and
coupling appropriate and that high-frequency the variable groups were reviewed and

data is required. soil moisture at different levels was
added. Review of atmosphere variables
was also conducted.

ID 35 Glacier Author team The cross-thematic review suggested The landice_glaciers_allfreq variable
changes, meeting 25 Oc-  investigating the need for a more group was added in response to review.
drivers, and tober 2024 specific variable group. It was also Discussion of potential merger and
impacts suggested to include mountain glaciers  decision to retain a distinct glacier

in the title and the possibility of Opportunity and to re-name (from
merging with Hydrology and Fresh original Glacier geometry changes and
Water Systems (ID 38), Water glacio-hydrology).

Resources (ID 67) and Water Cycle

(ID 66), which could be consolidated

into two Opportunities.

ID 39 Ice sheet mass Author team No comments from cross thematic or The Opportunity was clearly justified.
loss, meeting 25 Oc-  consultation review. Only a piControl timeslice was to be
contributions to  tober 2024 added.
sea level rise
and freshwater
flux input to the
climate system

ID 43 Land use Author team No comments from cross thematic or The variable definitions for variables
change meeting consultation review. on land use tiles were modified.

3 January 2025

ID 53 Plant Author team The cross-thematic review accepted the  An issue with the missing

phenology meeting 25 Oc-  scientific proposition, but noted that Vegetation_type variable group was

tober 2024

variables were not provided and that
daily outputs are a high demand,
although need was recognised.

resolved.
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Action taken  Opportunity Meeting Notes from consultation and cross Notes from Author team
title decision made thematic
ID 38 Assessments Author team The cross-thematic review suggested After consideration of potential for
for meeting 25 Oc-  consolidating this Opportunity proposed merges, author team decided,
Hydrological tober 2024 (previously Hydrology and Freshwater  together with input from
Processes, Systems), the Water Resources (ID 67)  Impacts & Adaptation team that ID 67
Water and Water Cycle (ID 66) into two (see below) be merged while ID 66, in
Resources, and Opportunities, where one is focused on  discussion with and led by the Earth
Freshwater the water cycle and the other on System team, should remain
Systems land/water resources. The proposers of  standalone as it is a fundamental
all three Opportunities were requested component together with energy and
to make the necessary edits and a carbon cycles. A soil temperature
merge with ID 67 and Climate impact profile was also identified to be
assessments on freshwater ecosystems included for permafrost.
(ID 15) was requested.
MERGED
67 Water Security ~ Author team Cross thematic review suggested this After considerable discussion with the

and Freshwater
Ecosystem
Services

meeting 25 Oc-
tober 2024

Opportunity, Hydrology and Fresh
Water Systems (ID 38) and Water cycle
(ID 66) should be consolidated into
two Opportunities with suggestion is
one focused on water cycle, the other
focused on land/water resources.

Impacts and Adaptation team this
Opportunity was merged into ID 38
(see above).

Appendix B: New variable description

Table B1. Variables that are newly introduced in CMIP7 related to Land and Land Ice Theme Opportunities are listed below. Details about
the coordinate specifications regarding the time and spatial requirements for the variable’s outputs can be seen in the release v1.2 of the

CMIP7 Data Request (https://wcrp-cmip.org/cmip7-data-request-v1-2/, last access: 1 April 2025).

New physical CF standard Description Further detail to aid compute Coordinate
parameter name specifications
3hr.mrso10 mass_content_  Soil moisture at 3h but ~ The variable is a high-frequency output  sdepth10, 3h

of _water_in_ for O-1m at 3 h interval and should be identical

soil_layer to 0—1 m soil moisture.
3hr.srfrad surface_net_ Net radiative flux at The variable is a high-frequency output  3h

downward_ surface at 3 h interval and should be identical

radiative_ to the net balance of surface downward

flux and upward radiation for shortwave

and longwave radiation.

E3hrPt.hus6 specific_ Specific humidity on This should be identical to Global field (6 pressure

humidity 6 pressure levels in the  variable (hus) but with specified levels), plev6, 3h

lower troposphere

vertical pressure levels from 950 to
700 hPa with an interval of 50 hPa for
vertical layers (6 vertical layers)

https://doi.org/10.5194/gmd-19-3129-2026
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New physical CF standard Description Further detail to aid compute Coordinate

parameter name specifications

E3hrPt.ta6 air_ Air temperature on This should be identical to variable (ta) ~ Global field (6 pressure
temperature 6 pressure levels in the  but with specified vertical pressure levels), plev6, 3h

lower troposphere levels from 950 to 700 hPa with an
interval of 50 hPa for vertical layers
(6 vertical layers)

E3hrPt.ua6 eastward_ Zonal wind (positive in ~ This should be identical to Global field (6 pressure
wind a eastward direction) variable (ua) but with specified vertical  levels), plev6, 3h

on 6 pressure levels in pressure levels from 950 to 700 hPa
the lower troposphere with an interval of 50 hPa for vertical
layers (6 vertical layers)

E3hrPt.va6 northward_ Meridional wind This should be identical to Global field (6 pressure

wind (positive in a variable (va) but with specified vertical  levels), plev6, 3h
northward direction) on  pressure levels from 950 to 700 hPa
6 pressure levels in the  with an interval of 50 hPa for vertical
lower troposphere layers (6 vertical layers)

E3hrPt.wap6 lagrangian_ Omega (=dp/dt) on This should be identical to Global field (6 pressure
tendency_of _ 6 pressure levels in the  variable (wap) but with specified levels), plev6, 3h
air_pressure lower troposphere vertical pressure levels from 950 to

700 hPa with an interval of 50 hPa for
vertical layers (6 vertical layers)

Eday.gppVgt gross_primary_  The rate of synthesis of  The variable is aggregated from the Global (single level)

biomass from inorganic  subgrid land structure into vegetation with extra dimension
productivity_ precursors by type level based on the categories: vegtype
of_biomass_ autotrophs broadleaf_deciduous_trees,
expressed_as_ (“producers”) broadleaf_evergreen_trees,
carbon expressed as the mass needleleaf deciduous_trees,

of carbon which it needleleaf_evergreen_tree,

contains. For example, natural_grasses, crops, shrubs.

photosynthesis in

plants or

phytoplankton. The

producers also respire

some of this biomass

and the difference is

referred to as the net

primary production.

Reported on land-use

tiles.

Eday.laiVgt leaf_area_ A ratio obtained by The variable is aggregated from the Global (single level)
index dividing the total upper  subgrid land structure into vegetation with extra dimension

leaf surface area of
vegetation by the
(horizontal) surface
area of the land on
which it grows.

type level based on the categories:
broadleaf deciduous_trees,
broadleaf evergreen_trees,
needleleaf_deciduous_trees,
needleleaf_evergreen_tree,
natural_grasses, crops, shrubs.

vegtype

Geosci. Model Dev., 19, 3129-3155, 2026
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New physical
parameter

CF standard
name

Description

Further detail to aid compute

Coordinate
specifications

Eday.nppVgt

net_primary_
productivity
_of _biomass_
expressed_as
_carbon

“Production of carbon”
means the production
of biomass expressed
as the mass of carbon
which it contains. Net
primary production is
the excess of gross
primary production
(rate of synthesis of
biomass from inorganic
precursors) by
autotrophs
(“producers”), for
example,
photosynthesis in
plants or
phytoplankton, over the
rate at which the
autotrophs themselves
respire some of this
biomass.
“Productivity” means
production per unit
area. The phrase
“expressed_as” is used
in the construction
A_expressed_as_B,
where B is a chemical
constituent of A. It
means that the quantity
indicated by the
standard name is
calculated solely with
respect to the

B contained in A,
neglecting all other
chemical constituents
of A.

The variable is aggregated from the
subgrid land structure into vegetation
type level based on the categories:
broadleaf_deciduous_trees,
broadleaf_evergreen_trees,
needleleaf_deciduous_trees,
needleleaf_evergreen_tree,
natural_grasses, crops, shrubs.

Global (single level)
with extra dimension

vegtype

Eday.raVgt

surface_upward_

mass_flux_of_
carbon_dioxide_

expressed_as_
carbon_due_to_

plant_respiration

Carbon mass flux per
unit area into
atmosphere due to
autotrophic respiration
on land (respiration by
producers) [see rh for
heterotrophic
production]. Calculated
on vegetation type.

The variable is aggregated from the
subgrid land structure into vegetation
type level based on the categories:
broadleaf_deciduous_trees,
broadleaf_evergreen_trees,
needleleaf_deciduous_trees,
needleleaf_evergreen_tree,
natural_grasses, crops, shrubs.

Global (single level)
with extra dimension

vegtype

Eday.rhVgt

surface_upward_

mass_flux_of_
carbon_dioxide_

expressed_as_
carbon_due_to_

heterotrophic_
respiration

Carbon mass flux per
unit area into
atmosphere due to
heterotrophic
respiration on land
(respiration by
consumers), calculated
on vegetation type.

The variable is aggregated from the
subgrid land structure into vegetation
type level based on the categories:
broadleaf deciduous_trees,
broadleaf_evergreen_trees,
needleleaf_deciduous_trees,
needleleaf_evergreen_tree,
natural_grasses, crops, shrubs.

Global (single level)
with extra dimension

vegtype
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Table B1. Continued.

New physical CF standard Description Further detail to aid compute Coordinate

parameter name specifications

Emon.albsrfc surface_ Albedo of the surface This is a global single level field longitude latitude time
albedo representing the grid cell averaged

albedo (averaged over all subgrid-scale
structures and all wave-bands

fx.depthl depth Depth of lakes. If this quantity is present in the model.  fx
If computed via volume and area, then
this is lake volume divided by lake area

fx.sftlkf area_ Fraction of horizontal typelkins, fx
fraction land grid cell area
occupied by lake.
Ofx.dxto The linear extent of the ~ Not applicable to unstructured grids. fx

cell in the x direction
of the horizontal grid
centered at ¢ points
(points for tracers such
as temperature, salinity,
etc.).

Ofx.dxuo The linear extent of the ~ Not applicable to unstructured grids. fx
cell in the x direction
of the horizontal grid
centered at u points
(points for velocity in
the x direction).

Ofx.dxvo The linear extent of the =~ Not applicable to unstructured grids. fx
cell in the x direction
of the horizontal grid
centered at v points
(points for velocity in
the y direction).

Ofx.dyto The linear extent of the ~ Not applicable to unstructured grids. fx
cell in the y direction
of the horizontal grid
centered at ¢ points
(points for tracers such
as temperature, salinity,
etc.).

Ofx.dyuo The linear extent of the =~ Not applicable to unstructured grids. fx
cell in the y direction
of the horizontal grid
centered at u points
(points for velocity in
the x direction).

Ofx.dyvo The linear extent of the =~ Not applicable to unstructured grids. fx
cell in the y direction
of the horizontal grid
centered at v points
(points for velocity in
the y direction).
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New physical CF standard Description Further detail to aid compute Coordinate
parameter name specifications
Omon.thkcelluo  cell_thickness The time varying “Thickness” means the vertical extent mon
thickness of ocean cells  of a layer. “Cell” refers to a model
centered at u points grid-cell.
(points for velocity in
the x direction).
Omon.thkcellvo  cell_ The time varying “Thickness” means the vertical extent mon

thickness of ocean cells
centered at v points
(points for velocity in
the y direction).

thickness

of a layer. “Cell” refers to a model
grid-cell.

Code and data availability. The variables and their metadata in-
cluded latest CMIP7 Assessment Fast Track Data Request can
be accessed at https://doi.org/10.5281/zenodo.17986580 (Data Re-
quest Task Team, 2025d). At the time of this publication, the lat-
est major release is v1.2 (Data Request Task Team, 2025b; ac-
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