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Subseasonal prediction fills the gap between weather forecasts and seasonal outlooks. There is
evidence that predictability on subseasonal timescales comes from a combination of atmosphere,
land, and ocean initial conditions. Predictability from the land is often attributed to slowly varying
changes in soil moisture and snowpack, while predictability from the ocean is attributed to sources
such as the El Nifio Southern Oscillation. Here we use a set of subseasonal reforecast experiments
with CESM2 to quantify the respective roles of atmosphere, land, and ocean initial conditions on
subseasonal prediction skill over land. These reveal that the majority of prediction skill for global
surface temperature in weeks 3-4 comes from the atmosphere, while ocean initial conditions become
important after week 4, especially in the Tropics. In the CESM2 subseasonal prediction system, the
land initial state does not contribute to surface temperature prediction skill in weeks 3-6 and
climatological land conditions lead to higher skill, disagreeing with our current understanding.
However, land-atmosphere coupling is important in week 1. Subseasonal precipitation prediction skill
also comes primarily from the atmospheric initial condition, except for the Tropics, where after week 4

the ocean state is more important.

Subseasonal forecasts fill the gap between short-term weather forecasts that
extend to 14 days and long-range seasonal outlooks that predict anomalous
patterns several months ahead. Skillful forecasts on the subseasonal time-
scale are in high demand across multiple society-relevant sectors', however
they are difficult to achieve and pose a frontier challenge in Earth system
prediction’. In order to increase subseasonal prediction skill, the sources of
subseasonal predictability on this timescale must be understood. While
accurate atmosphere initial conditions (ICs) are of primary importance for
skillful weather forecasts, predictability on the subseasonal timescale is
believed to come from processes that evolve more slowly than the variability
of the atmosphere, such as soil moisture and snowpack’™. For example,
anomalously dry soil can contribute to heat waves® and anomalously moist
soil can contribute to persistent low temperature anomalies. The ocean state
can also contribute to predictability, especially via coupled ocean-
atmosphere modes of variability such as the El Nifio Southern Oscillation
(ENSO), the Madden-Julian Oscillation (M]JO), and tropical-extratropical
teleconnections®”. There is evidence of a connection between ENSO and

subseasonal prediction skill over the United States®, and prediction of
subseasonal variations of 2-m temperature anomalies over North America is
improved during certain phases of the MJO'*"".

Figure 1, adapted from a commonly shown graphic", illustrates the
current hypothesis of the contributions of the atmosphere, land, and ocean
to subseasonal prediction, assuming the ICs are a good approximation of the
real world at that time. Specifically, the ICs would contain information about
the background climatology plus coincident anomalies. The figure was
originally developed by Paul Dirmeyer and is meant to be representative of a
surface temperature forecast over land for a mid-continental location, like
the central US, viewed as a combined initial-value problem for each of the
three components. In such a location, the rapidly-decaying skill of the
forecast on weather timescales (1 to 10 days) comes predominantly from the
atmosphere. On monthly to seasonal timescales, the influence of remote
ocean variability is thought to emerge as the main source of prediction skill.
Predictability from the land initial state is hypothesized to be dominant
between the weather and the seasonal timescale, with the importance of land
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Fig. 1| Sources of subseasonalpredictability of temperature. Predictability coming
from the atmosphere (yellow), land (green), and ocean (blue) as a function of
forecast time for annual mean 2 m temperature from 30°N to 60°N over land regions
only: a) Hypothesis, adapted from a graphic by Paul Dirmeyer’, (b) derived from
CESM simulations Panel (b) includes additional two coupling terms: land-
atmosphere (green dashed) and ocean-atmosphere (blue dashed). The derivation of
(b) is described throughout the paper and further investigated in Fig. 4.

peaking around day 7 and slowly declining into the subseasonal window"”.
The National Oceanic and Atmospheric Administration (NOAA)’s Climate
Prediction Center (CPC) subseasonal outlooks focus on the weeks 3-4
forecast. According to Fig. 1, in the weeks 3-4 forecast window, the land
initial state is the largest source of predictability, with the ocean and
atmosphere states having smaller, similarly sized contributions to
predictability.

Despite the widespread acceptance of the graphic in Fig. 1, little
research has been done to quantify the relative contributions of atmosphere,
land, and ocean to predictability with the current generation of subseasonal
prediction systems. Several studies have examined the contribution of land
to subseasonal prediction skill. In particular, one study utilized the Global
Land-Atmosphere Coupling Experiment (GLACE-2) consisting of coor-
dinated experiments with and without realistic land surface initialization
carried out by ten subseasonal forecast systems'* and showed that realistic
land had a notable positive impact on surface temperature prediction skill
over North America out to 60 days, with the largest improvements of
forecast skill for days 16-30 (r* increase of 0.05 to 0.1 for all dates, and up to
0.3 increase in some regions for extreme events). Some improvements were
also noted for precipitation, however the impact was much smaller. The
analysis of GLACE-2 was extended to all land areas in a subsequent study"’,
which found soil moisture contributes to significant air temperature forecast
skill. The impact of soil moisture on predictability as a function of time using
the NOAA CFSv2 model was subsequently quantified"’. The study showed
that the land surface contributes to predictability the most between 5 days
and 2 weeks, with a long tail of potential impacts stretching out to 2 months.
A recent study found that the weeks 3-6 precipitation prediction skill over
North America is primarily driven by sea-surface temperatures'®, implying
that land and atmosphere instead have a very small contribution. Here we
quantify the respective contributions of atmosphere, land, and ocean to
subseasonal prediction skill over all land areas in the subseasonal prediction
window, with a focus on surface temperature using a set of experiments with
the Community Earth System Model, version 2 (CESM2) subseasonal
prediction system.

Results

Surface temperature prediction skill

We quantify the respective contributions of atmosphere, land, and ocean to
2-meter temperature (2mT) prediction skill via reforecast experiments
where the ICs of one or two model components are set to climatology (Table
1). By using climatological ICs for one component, we isolate the skill lost
from not including the realistic state in that IC. Whereas, by using clima-
tological ICs for two components, we estimate the skill gained from having a
realistic state in the remaining component and its coupling with the other
two components (see Table 1 and Calculations section). Figure 2 shows the
annual 2mT anomaly correlation coefficient (ACC) for all the reforecast

experiments. There are some seasonal variations in 2mT ACC, with the
highest skill in December, January, February (DJF) and lower skill in June,
July, August (JJA) (Supplementary Figs. 1 and 2). Annual values capture the
most distinguishing features, though, and the seasonal variations over land
areas are discussed in subsequent sections.

Consistent with findings from other subseasonal prediction systems"’,
the standard forecasts show high ACC in weeks 1-2, a sharp decline into
weeks 3-4, and a further minor decline into weeks 5-6 over the majority of
land areas. The northern part of South America is the only land area that
does not show a decrease of 2mT ACC from weeks 3-4 to weeks 5-6.
Changing from realistic to climatological atmospheric ICs dramatically
reduces the weeks 1-2 ACC over all land areas (Fig. 2d). Over the oceans,
2mT ACC is not impacted in the tropical eastern Pacific and Atlantic but is
significantly smaller in the extratropics and western Pacific. The ACC
remains lower for weeks 3-4 compared to the standard forecast, implying
that the atmosphere contributes to prediction skill during this time period as
well (Fig. 2e). This is confirmed by the complementary climoOCNcli-
moLND reforecast experiments (Fig. 2p, q), with realistic atmosphere ICs
only, in which 2mT ACC over the majority of land areas and the Arctic
Ocean is not significantly different from the standard reforecasts for weeks
1-2 and weeks 3-4.

At all lead times and over most regions, the change from realistic to
climatological land ICs unexpectedly does not impact 2mT ACC, except for
equatorial South America and Africa, Southeast Asia, and Siberia over
which 2mT ACC increases (Fig. 2g, h, i). Many of the regions showing
increased prediction skill with climatological land ICs are rainforests with
high rainfall and taiga with permafrost, snow, and bogs, hence they have
high levels of soil moisture year-round. In the absence of realistic atmo-
sphere and oceanic ICs, the land ICs provide up to 30% of 2mT skill derived
from the standard forecasts in weeks 1-2 as the land strongly couples with
the atmosphere near the surface (Fig. 2s, t, u). In weeks 3-4 and weeks 5-6,
the areas of skill from having realistic land ICs become sparse and largely
overlap regions obtained from climatological initialization of all model
components (Fig. 2m, n, o). The exceptions are northernmost South
America and Australia where 2mT ACC is 0.2-0.3 in weeks 3-4 and weeks
5-6 (Fig. 2t, u). Overall, we find that in the absence of initializing the
atmosphere, the surface air temperature over land will rapidly equilibrate
with the realistic land surface and thereby gain some low-level pre-
dictive skill.

Initializing the ocean with climatological ICs results in a decrease in
2mT ACC over all oceans except the Arctic (Fig. 2 j, k, 1). However, there is
no statistically significant loss of skill over land in weeks 1-2, and little loss of
skill in weeks 3-4 and weeks 5-6, excepting equatorial South America and
Africa (Fig. 2 j, k, I) suggesting a rather small role of the ocean on the weeks
1-6 forecast. Teleconnections from oscillations such as ENSO and MJO in
which the ocean plays a role are expected to be the strongest in DJF and are
one of the reasons why 2mT ACC is expected to be higher in DJF. Indeed,
there is an increase in 2mT ACC over equatorial South America and Africa,
as well as the western United States in DJF and JJA, but those differences are
rather small (Supplementary Figs. 2j, k, 1 and 2a, b, ¢). In the absence of
realistic atmosphere and land ICs, realistic ocean ICs lead to small 2mT
ACC (<0.2) in Weeks 1-4 over the majority of land areas (Fig. 2 v, w, x). In
weeks 3-4 and weeks 5-6, the 2mT ACC over South America and central
Africa is greater than that in the standard reforecasts, showing that ocean is
the main source of prediction skill in those regions (Fig. 2v, w, x). The impact
of the ocean on predictability in weeks 3-6 comes primarily from ENSO
which is illustrated by an increase in ACC over South America, Africa, and
the west coast of North America during active ENSO years (Fig. 3).

Quantification of sources of 2mT prediction skill

This set of reforecast experiments allows us to attribute subseasonal pre-
diction skill due to the individual components and the coupling among
them. From here onward, when we refer to skill from a coupled model
component (atmosphere, land, or ocean), we are referring to the skill
associated with that component’s anomalies being present in the ICs. We
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Table 1 | Summary of CESM2 reforecast experiments, including reforecast set name, designation of which model components
have climatological and standard ICs, and sources of predictability

Reforecast Set Climatological IC Standard IC Predictability Sources

standard atmosphere, land, & ocean Climaci, Aatm, ALnb, Aocns Cunpatvs Cocnatv, Cinpocn
climoATM atmosphere land & ocean Climari, ALnps Aocns Cinpatvs Cocnatvs Cnbocn
climoLND land atmosphere & ocean ClimacL, Aatm, Aocns Cunpbatv, Cocnatv, Cunbocn
climoOCN ocean atmosphere & land ClimaLL, Aatv, Anps Cunoatv, Coconatv, Cinpocn
climoOCNclimoLND? ocean, land atmosphere ClimaLL, Aatv, Cinpatvs CocnaTm

climoATMclimoOCN atmosphere, ocean land Climari, ALnps Cinpatvs CLnbocn

climoATMclimoLND atmosphere, land ocean Climar1, Aocns Cocnatvs CLnpbocen

climoALL atmosphere, land, ocean

Climay

Ocean here refers to ocean and sea-ice ICs. Predictability sources in the rightmost column include: climatology of atmosphere, land, and ocean initial states (Clima ), atmosphere anomalies (Aatv), land
anomalies (A np), 0cean anomalies (Aocn), coupling between the land and atmosphere (C,npatwv), coupling between the ocean and atmosphere (Cocnativ), @and coupling between the land and ocean
(CLnpocn)- When two model components are set to climatological ICs, we assume their coupling is close to zero.

“Due to limited computational resources, this set contains only 10 years of reforecasts for the months of April-October, and a full set for November-March. We have verified that a reduced time sample does

not significantly change the results: it just makes them slightly noisier in the later weeks.

also derive skill gained from coupling between the model components by
comparing experiments with realistic initialization of one and two model
components (see Table 1 and Calculations section). Based on ACC averaged
over global land, the largest contribution to 2mT prediction skill comes from
atmosphere in weeks 1-4 (Fig. 4a). Beyond week 4, the ocean contributes
most to 2mT prediction skill. In the CESM2 subseasonal prediction system,
land does not contribute directly to prediction skill, however land-
atmosphere coupling contributes during the first week of the forecast. As an
example, if the observed land surface at initialization is colder than normal, it
will draw the boundary layer toward colder than normal temperatures,
regardless of whether the atmosphere is initialized with climatological or
realistic conditions. In addition, ocean-atmosphere and land-atmosphere
coupling also contribute to 2mT prediction skill throughout the forecast
period at a level similar to that of the ocean.

The influence of land, atmosphere, and ocean on subseasonal predic-
tion skill of 2mT varies as a function of latitude (Fig. 4b-d). In the Tropics
(Fig. 4b), the role of the ocean is the largest, and prediction skill from the
ocean and ocean-atmosphere coupling begins to exceed that from the
atmosphere starting in week 3, most likely due to ENSO (Fig. 3). The role of
land-atmosphere coupling in the Tropics is comparable to the role of the
ocean for weeks 2-6. This is primarily true over South America likely due to
the very large fraction of land coverage with vegetation (~90%) in that
region'®. In contrast to the Tropics, in mid and high latitudes, the prediction
skill of 2mT comes primarily from the atmospheric initial conditions (Fig.
4c, d), with the ocean beginning to play a greater role only at week 5 of the
forecast period.

For a direct comparison to Fig. 1a, b shows the CESM-derived sche-
matic of sources of subseasonal predictability for annual mean 2m tem-
perature for land regions averaged from 30°N to 60°N. The large role the
atmosphere plays in the subseasonal window is similar between the
hypothesis and CESM-based derivation. The role of land is strikingly dif-
ferent and needs future detailed exploration. The role of the ocean in
CESM2-based prediction system is also lower than expected.

Linearity of the response

As shown by the reddish pink line and black line in Fig. 4, the ACC for the
standard reforecast set and the sum of ACC for individual model compo-
nents and coupling are approximately the same for the majority of the
Earth’s land surface, except for the Tropics. This implies that prediction skill
is generally a linear combination of prediction skill from the atmosphere,
ocean, and land, as well as atmosphere-land and ocean-atmosphere cou-
pling, except for the Tropics where there is some redundancy from the
coupling terms. For 2mT over land, effect of ocean-atmosphere coupling are
small and land-atmosphere coupling is important during the first week of
the forecast.

Sources of precipitation predictability

Subseasonal prediction skill of precipitation is about 4 to 5 times lower than
that for 2mT'*"**. Averaged over global land, the atmosphere is the
dominant source of prediction skill for weeks 3-4 with the ocean and
atmosphere playing approximately equal roles in weeks 5-6 (Fig. 4e).
Similar to 2mT predictability, the land does not contribute much to pre-
diction skill on the subseasonal timescale in CESM2, and the coupling terms
are also small here. The prediction skill of precipitation varies with latitude.
It is the largest in the Tropics and decreases with latitude (Fig. 4f-h). The
atmosphere is the largest contributor to precipitation skill through week 3 in
the Tropics, and the ocean becomes the dominant source of skill thereafter.
This is primarily due to ENSO. During strong ENSO vyears, there is a
50-100% increase in precipitation prediction skill, primarily over South
America and SE Asia/Australia in weeks 3-6, with the ocean being the
dominant driver (not shown). In mid and high latitudes, the atmosphere is
the primary source of precipitation predictability through week 3, with all
terms being very small thereafter. Similar to 2mT, the ACC for the standard
reforecast set and for sum of skill from individual model components and
coupling are approximately the same for precipitation, with the coupling
terms being fairly small.

Discussion

Using a set of experiments conducted with the CESM2 subseasonal pre-
diction system we demonstrated that the atmosphere is the dominant source
of subseasonal prediction skill of 2mT and precipitation over global land
through week 3. In weeks 4 through 6, the role of the ocean is approximately
equal to that of the atmosphere, except for the Tropics where the ocean is the
dominant source of prediction skill. These results do not agree with the
commonly accepted paradigm in which the role of land is much greater
throughout the subseasonal window, and the ocean contribution is
increasing from week 2 onward implying that either the commonly accepted
paradigm needs adjustment or that the CESM2 based system is not cap-
turing accurately some of the interactions between the Earth system model
components The CESM2-based system has overall competitive subseasonal
prediction skill”’. Areas of improvement include addition of coupled data
assimilation system and improved representation of coupling and feedback
processes among various model components.

When interpreting these results it is important to keep in mind that the
findings are representative of the entire 1999 to 2020 reforecast period as a
whole, and that the role of predictive windows of opportunity such as ENSO
and MJO are not explicitly displayed. By isolating active ENSO years we
show that the role of the ocean on 2mT prediction skill is indeed larger
during ENSO; However, it is still much smaller than what Fig. 1 suggests
except in parts of South America and Africa. With the knowledge that
CESM2 has a very good representation of ENSO teleconnections®, these
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Fig. 2 | Prediction skill in CESM2reforecast experiments. Annual 2mT ACC for  (v-x). The white shading indicates regions not significantly different from zero
CESM2 over ocean and land for weeks 1-2 (a, d, g, j, m, p, s, v), weeks 3-4 according to a t test at the 95% confidence level. Areas of ACC in the experimental
(b, e, h, k, n, q, t, w), and weeks 5-6 (¢, f, i, 1, 0, r, u, x) for standard reforecasts (a—c),  reforecast sets that are not statistically different from standard reforecasts are
climoATM (d-f), climoLND (g-i), climoOCN (j-1), climoALL (m-o), cli- stippled.

moOCNclimoLND (p-r), climoOCNclimoATM (s-u), climoATMclimoLND
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Fig. 3 | Role of ENSO. Difference of 2mT ACC for Active and Neutral ENSO states
for the standard CESM2 reforecast set for (a) Weeks 1-2, (b) weeks 3-4, (c) weeks 5-6.
Active ENSO states are defined as those forecasts that are initialized when the
absolute value of SST anomalies averaged over the Nino 3.4 region are greater than
1 °C and neutral ENSO refers to absolute SST anomalies less than 0.5 °C at any time
of the year. Findings are very similar for other reforecast sets with realistic ocean
initialization (not shown). The white shading indicates regions not significantly
different from zero according to a t-test at the 95% confidence level.

results imply that the role of the ocean on prediction skill is only beginning
to grow in the subseasonal window and is not fully developed at these
timescales, even when we look at active ENSO years. The quantification of
the MJO and how it changes as a result of different initial conditions will be
explored in future work.

In our modeling system, realistic land model initialization (including
soil moisture) does not lead to improved prediction skill of 2mT or pre-
cipitation. Soil moisture initializations and its predictability are well repre-
sented in the CESM2 subseasonal prediction system given the initialization
method used (Supplementary Fig. 3), however there still could be defi-
ciencies in initial state representation due to lack of data assimilation. The
standard reforecast experiment shows statistically significant soil moisture
forecast skill in many land areas, including North America, Europe,
Southeast Asia, and Australia. Soil moisture forecast skill is considerably
higher in the standard reforecast experiment than the climoLND experi-
ment, e.g., 50% higher for a point in the central US (bottom panel in
Supplementary Fig. 3). However, we saw no increased temperature pre-
diction skill in those places either. The high-latitude regions, e.g., including
northern Canada, Alaska, northern and central Asia, and parts of Africaand

South America, show minimal skill improvement due to soil moisture
initialization. This result is partly related to data uncertainty issue, ie.,
climate model-based soil moisture data, in this case, CESM2 subseasonal
reforecast and ERA5-Land, agree well in the regions where a higher density
of precipitation observation are found". Additionally, we found a much
higher soil moisture forecast skill by comparing the CESM2 subseasonal
predictions with the corresponding land-only (CLM5) simulation driven by
CFSR meteorological data (not shown).

We investigated further why the improved soil moisture forecast skills
did not translate into the temperature prediction skill. The impact of soil
moisture on surface temperature comes primarily via evaporation, with high
soil moisture anomalies leading to increased evaporative cooling of the
surface and negative surface air temperature anomalies, and vice versa for
dry soils”. We found that the land surface air temperature and precipitation
predictability was highest in areas with both strong soil moisture-
evaporation coupling and long soil moisture memory**. Due to the differ-
ing strength of land-atmosphere coupling throughout the year, it was found
that although soil moisture predictability was high over North America
throughout spring and summer, atmosphere predictability was low in early
spring and in fall due to low land-atmosphere coupling strength*. Cap-
turing this atmosphere-land interaction in global models is dependent on a
realistic representation of surface fluxes and their feedback on the atmo-
sphere, which are difficult to validate as their observations are sparse. In
order to understand the reason for why the land-atmosphere feedback in
CESM2 is weak™, and the contribution of the land initial state to prediction
skill has not been realized, we have compared CESM2’s terrestrial coupling
index to available FLUXNET towers as well as to CESM1, a model that was
closer to that used in the GLACE-2 study. Supplementary Figure 4 shows
that in CESM2, strong and negative coupling is present between soil
moisture and sensible heat flux in the summer hemispheres for each season.
In DJF in the Southern Hemisphere, this is true in both CESM2 and CESM1,
and is to some extent consistent with observations (particularly over Aus-
tralia and South America). However, coupling in the Northern Hemisphere,
while weaker than in the south, is stronger in CESM1 than in CESM2 Thus,
it is likely that there is a weakened impact of soil moisture on surface fluxes
in the boreal winter in CESM2. In JJA, there are also striking differences
between CESM2 and CESMI. The latter indicated strong and negative
coupling over almost all land regions, which would enable relatively stronger
soil moisture-based modulation of surface fluxes than more modern ver-
sions of the model. Hence, overall our analysis suggests that land model
changes that have occurred between CESM1 and CESM2 have reduced the
strength of land-atmosphere coupling, especially in the Northern Hemi-
sphere. Many of the model updates have occurred between the time of
GLACE-2 and this particular study, making it somewhat unsurprising that
our results may diverge from what has been established previously. The
relatively weaker coupling could explain why the role of land initialization
has a limited impact on subseasonal forecast skill, though this is a topic that
deserves additional attention in the future. Future studies can explore the
effects of land initialization on climate extremes, e.g., heat waves, where
observation-based studies have found a critical role of land-atmosphere
coupling’,”’. A weak land-atmosphere coupling and/or lack of data assim-
ilation could limit CESM’s ability to capture these phenomena. As the
findings of this study differ from the commonly accepted paradigm of the
dominant sources of subseasonal predictability, it would be beneficial for
similar studies to be carried out by other modeling centers to compare
findings and for a focused effort to be carried out to improve land initi-
alization and data assimilation, as well as to improve the representation of
land-atmosphere coupling in Earth system models.

Methods

Forecasting system

We utilize the Community Earth System Model, version 2 (CESM2) sub-
seasonal prediction system with the Community Atmosphere Model, ver-
sion 6 (CAMBS) as its atmospheric component™. The CESM2 subseasonal
prediction system includes fully coupled atmosphere, ocean, land, sea-ice,
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Fig. 4 | Sources of subseasonal predictability ofprecipitation. 2mT (two left col-
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for the standard reforecast set (black) and attributed contributions of ACC from the
atmosphere (yellow solid, AATM), land (green solid, ALND), and ocean (blue solid,
AOCN). Contributions from land-atmosphere coupling (green dotted, Cyxpatm)
and ocean-atmosphere coupling (blue dotted, Cocnatm) are also shown. Sum
(pinkish red) is the total of these components. Averages over global land are shown
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(d) and (h). Light gray shading highlights the weeks 3-4 forecast window. Note that
the first two weeks are missing from the labeled precipitation figures to highlight the
subseasonal window. The entire forecast period for precipitation is shown in the top
right panel for global land.

river, and wave models with approximate 1° horizontal resolution in all
components”. Standard CESM2 reforecasts are initialized weekly from
1999 to 2020. Reforecasts are 45 days long with an 11-member ensemble.
The atmosphere model is initialized using the National Centers for Envir-
onmental Prediction (NCEP) CFSv2 reanalysis™” interpolated to the
CAME6 grid. Land ICs for CESM2 reforecasts come from a stand-alone
Community Land Model, version 5 (CLM5) simulation forced by CFSv2
reanalysis™'. Ocean and sea-ice ICs are obtained from a stand-alone ocean
sea-ice coupled configuration of CESM2 forced with the adjusted Japanese
55-year reanalysis product state fields and fluxes (JRA55-do forcing™).
Ensemble spread is generated using a random field perturbation
methodzlj(),}l.

The realism of land model initialization has been verified by
comparing root zone soil moisture (0-0.5 m) forecast with the ERA5-
Land observation”(Supplementary Fig. 3). Snow-pack initialization,
which affects primarily high-latitudes in boreal winter was also com-
pared to observation. In agreement with other Earth system models
participating in phase 6 of the Coupled Model Intercomparison Pro-
ject, CESM2 overestimates the snow water equivalent in high-
latitudes® however the seasonal cycle, location, and inter-annual
variability is in good agreement with the observations (Supplementary
Fig. 5). The sea surface temperatures (SSTs) from JRA55-do forced

ocean simulation used to initialize the reforecasts correlate very highly
with the Hadley Centre Sea Ice and Sea Surface Temperature dataset’
(HadISST™). Specifically, correlations between the simulation and
HadISST were found to be close to 1 over the majority of ocean basins,
with smaller values in the Arctic Ocean and near the maritime con-
tinent. JRA55-do forced ocean simulation also tracks the observed
ENSO index very closely™.

Subseasonal forecasting skill of key quantities was evaluated”' showing
that the CESM2 subseasonal prediction system has surface temperature and
precipitation skill comparable to the National Oceanic and Atmospheric
Administration (NOAA) CFSv2 model, but slightly lower than that of the
European Centre for Medium-Range Weather Forecasts (ECMWF) model.
It was also shown that the MJO in CESM2 is predictable out to ~25 days, a
few days longer than in the NOAA CFSv2 system, but slightly less than that
in the ECMWF system®. The CESM2 subseasonal prediction system
exhibits a small initialization shock during the first day of the forecast due to
the initialization methods and lack of data assimilation, which could con-
tribute to spurious results during the first few days of the forecast. Although
the CESM-based prediction systems do not use data assimilation in model
initialization, the subseasonal prediction skill is equal to or higher than other
SubX models, several of which do use data assimilation, as shown for
CESM1-based system™.
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Experiments

We carry out seven additional subseasonal reforecast sets following the same
reforecast protocol as for the standard reforecasts but with climatological
ICs for one or more of the model components as described in Table 1. For
example, the climoATM reforecast set uses climatological atmosphere ICs
in conjunction with land and ocean ICs from the standard set. Climatolo-
gical atmosphere ICs for every day of the year were created from the CFSv2
daily reanalysis for the time period from 1999 to 2020. Climatological ocean
ICs were created in a similar manner by averaging the daily ICs from the
default forecasts. Due to discontinuities in sea-ice from year to year, the
simple averaging procedure did not work for creating the sea-ice climatol-
ogy, hence 2010 conditions were chosen as a neutral year, in the middle of
the reforecast period, instead of climatology for sea-ice in the climoOCN
runs. To create land ICs, we spun up CLMS5 in a stand-alone mode, forced by
the NCEP CFSv2 atmospheric datasets from 1979 to 1984. This 6-year
segment was cycled 115 times until a quasi-equilibrium state was achieved.
Thus, this spin-up run was integrated for 690 years. To obtain the standard
land ICs, we started from the end of the spin-up run and integrated forward
from 1979 through 2020, using the standard NCEP CFSv2 atmospheric
datasets as the forcing. For the climatological land ICs, we again started from
the end of the spin-up run and performed an additional 210-year integration
using climatological annual-cycle NCEP CFSv2 atmospheric datasets
averaged for the 1979-2020 period. At the end of this simulation, we verified
that a quasi-equilibrium climatological state was achieved for certain vari-
ables of interest, such as total leaf area index and soil moisture. The final state
of this simulation was then used as the climatological IC for land (e.g,
Supplementary Fig. 3e).

Verification Datasets

The ECMWF Reanalysis v5 (ERA5) is used for 2mT verification to
include global ocean and land coverage. We use daily mean 2mT output
and interpolate it onto a 1°x 1° grid to match the post-processed format
of the CESM2 reforecast output. The Global Precipitation Climatology
Project (GPCP)* dataset is used for precipitation verification, and it is
also interpolated. Calculations were repeated using the NOAA Climate
Prediction Center (CPC) Global Daily Temperature and Gauge-Based
Precipitation™ datasets, which yield very similar results over land.
Finally, we used ERA5-Land” data for soil moisture and snow water
equivalent verification.

Calculations

We calculate global ACC for temperature and precipitation using anomalies
relative to a lead dependent climatology, following the methodology
described by ref. 19. We use the resulting ACC to define the prediction skill
for various model components over different land regions. For time-varying
ACC figures (Fig. 4), ACC is calculated daily and subsequently averaged
over the globe and various latitude bands (over land only). For precipitation,
a 3-day moving average is applied to reduce noise.

By using ACC to define prediction skill in our reforecast sets, we can
also use it to deduce skill in individual components. In order to derive
contributions from the atmosphere, land, and ocean, we assume that the
ACC from the standard reforecast set is equal to a linear sum of ACC from
climatology (Climg;), anomalies in the three model components (A,
Ainp, and Apcn), and coupling between components (Crnpatms
Cocnatvs and Crnpocn)- By using climatological conditions for certain
model components in our experimental reforecast sets, we create ICs that
lack anomalies and coupling interactions between certain model compo-
nents. By calculating ACC in these various simulations, we can derive ACC
associated with individual components, and derive the coupling terms by
comparing the various simulations. We define coupling as interactions or
adjustments that take place between two components. Coupling will be
small when model components are in balance and larger when they are not.
For example, land-atmosphere coupling (Cynpata) Will be small when the

The ACC derived from the standard forecast is a combination of ACC
from climatology, anomalies, and coupling. Speaking in terms of ACC, we
can define:

standard = Clim,;; + Ay + Apnp + Aocn + Conpatm )

+ Coonarm + Crnpoon

where bolding indicates that the quantity is directly derived from a given
reforecast set. When climatological initial conditions are used for a single
component, that component’s anomaly term no longer contributes to the
ACC, and the ACC for those reforecasts sets comes from fewer terms:

climoATM = Clim,;; + Ajxp + Aoen + Crapami + Coonatm + Cinpoen

@

climoLND = Clim; + Aapy + Aocy + Cinpamv + Cocnatv + Crnpoon

(€)

climoOCN = Clim,; + Aypy + Ao + Cinpama + Coonatm + Crnpoen

4)

The above assumes that the average coupling between the various
components does not change much between the reforecast sets. For
example, we expect the coupling between the atmosphere and land in the
standard reforecast set to be similar to the atmosphere and land coupling in
the climoATM reforecast set.

We can solve for the ACC associated with atmospheric anomalies
(AaTm) by subtracting Eq. (2) from Eq. (1). We can also calculate the ACC
associated with land (Ajnp) and ocean (Apcy) anomalies in a similar
fashion, hence:

(Climyy, + Axrv + Ao + Aoex + Cinoarv + Coonatv + Cinpocen)

— (Climyy; + Apnp + Aoex + Cixpatv + Coonav + Cinvoen) = Axrm

(©)

(Climy, + Apry + Ap + Aoen + Cinparv + Coavav + Cinboen)
—(Clim,p; + Ay + Aoex + Conparm + Coavatv + Cinpoen) = A

()

(Climyy;, + Axrv + Ao + Aoen + Cinoarv + Coonatv + Cinpocen)

— (Climyp; + Apmy + Ao + Coaparv + Coovamu + Crnpoen) = Aoen

@)

When climatological initial conditions are used for two components,
we assume their two anomaly terms are negligible, along with their shared
coupling term, and the ACC for those sets is as follows:

climoOCNclimoLND = Clim,;; + Agryv + Crxparv + Coonart (8)
dimoOCNcimoATM = Clim,;; + A;xp + Cinparm + Civvoeny (9)

climoATMclimoLND = Clim,;; + Agcy + Coonatm + Cinpoen (10)

The ACC from climatology (Clim,yy) is derived from the climoALL
suite, or simply:
(11)

climo,;; = Clim,;;

By subtracting Eq. (11) from Egs. (8) through (10) we can deduce the
anomalies and coupling terms associated with each component:

(ClimALL + AATM + CLNDATM + COCNATM

atmosphere and land are both set to climatology, and it will be larger when (12)
one is out of balance. — (Climy;) = Aury + Cinvparm + Cocnarm
npj Climate and Atmospheric Science | (2024)7:59 7
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(Clim,y;, + Ajnp + Crnparv + Cinpoon)
— (Clima;) = Apnp + Cinparv + Cinpoon

(13)

(Climy;;, + Agen + Coonatm + Crnpocn) (14)
—(Climy;) = Apen + Cocnarv + Crnpoon

Assuming that the land-ocean coupling (Cpnpocn) is nearly zero over

land, we can then use Ajnp and Agcy, (from Egs. 6 and 7) to solve for

Cinpaty and Cocnam in the right-hand side of Egs. (13) and (14),

respectively. If the linearity assumption holds, we should be able to arrive at

the standard ACC by adding the ACC from individual model components:

sum = Climyy; + Apy + Ainp + Aoen + Cinparv T Coonatm
(15)

Figure 4 shows us that this assumption is valid.

In addition to ACC, we have calculated the Ranked Probability Skill
Score (RPSS) for all the simulations presented here. The changes in RPSS
between various simulation reflect the sane key findings of our study based
on the ACC calculations, and are not shown.

Data availability

GPCP data and the ERA5 Reanalysis are available freely from the NCAR/
UCAR Research Archive at https://rda.ucar.edu/datasets/. All CESM2
reforecast sets are available on the NCAR Climate Data Gateway at https://
doi.org/10.5065/0s63-m767.

Code availability

All CESM2 simulations were carried out with CESM tag: cesm2.1 which is
freely available from https://github.com/ESCOMP/CESM/tree/cesm2.1_
s2sfest1.0. Calculation and plotting scripts are available from https://doi.org/
10.5281/zenodo.7926660.
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