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Abstract

Day-to-day temperature variability (DTDT) quantifies short-term temperature fluctuations and
indicates weather-scale variability. Using idealized carbon dioxide removal (CDR) experiments, we
assess the response asymmetry of DTDT over Northern Hemisphere mid-to-high latitudes under
symmetric CO2 ramp-up (RU) and ramp-down (RD) pathways. DTDT decreases with increasing CO2 and
remains strongly suppressed for about two decades after the CO. peak. Comparing CO- RU and RD
periods with identical CO2 concentrations, DTDT is systematically weaker during RD than during RU,
indicating a pronounced response asymmetry to CO- forcing. This asymmetry is strongest in boreal winter
and weaker in boreal summer. Using a decomposition of the thermodynamic energy equation, we find
that the response asymmetry is primarily associated with weakened near-surface horizontal temperature
advection, with additional contribution from changes in the variability of net surface radiative forcing.
These results highlight the necessity of considering asymmetric and delayed recovery of short-term

temperature variability in climate mitigation.



Introduction

Day-to-day temperature variability (DTDT) represents rapid weather-scale fluctuations that exert
substantial impacts on public health, ecosystem stability, and socioeconomic activities'. Increased
DTDT has been linked to more frequent temperature-related extremes®®, elevated risks of heat- or cold-
related morbidity and mortality*®’, reduced crop yields®, and suppressed economic growth in low-latitude
regions®. Recent evidence suggests that extreme day-to-day temperature changes represent a distinct
category of weather extremes and, in many regions, impose stronger human-health impacts than diurnal
temperature range®.

In recent years, abrupt DTDT transitions have occurred frequently worldwide, causing substantial
socioeconomic and ecological impacts®>'3, For example, in September 2020, temperatures across the
Rocky Mountains in North America plummeted by over 20 °C within 24 hours, leading to widespread
power outages and property losses'4. In March 2025, southern China experienced an abrupt temperature
fluctuation of nearly 30 °C within two days, with daily maxima first rising and then dropping sharply.
Such extreme variability can severely damage crops that bloom prematurely during false spring
conditions!®!8, Observational evidence shows widespread declines in DTDT over the 20th century across
regions such as North America, northern Europe, and China'’1®, though the magnitude and sign of
changes vary seasonally and regionally. Multi-model simulations further suggest a continued decline in
DTDT over the Northern Hemisphere mid-high latitudes under both warming*’*° and low-emission
pathways?°. These changes have been closely linked to Arctic amplification?! and storm-track activity??.

Since the Industrial Revolution, anthropogenic emissions of greenhouse gases, particularly carbon
dioxide (COz), have driven sustained global warming and profoundly altered the Earth’s climate system?
27 To mitigate climate risks, the Paris Agreement aims to limit global warming to below 2°C and pursue
efforts toward 1.5°C above preindustrial levels?®2°. Achieving this target requires not only deep carbon
emission cuts but also the deployment of carbon dioxide removal (CDR) technologies to reduce
atmospheric CO: concentrations®*2, Owing to the ocean’s large heat capacity, substantial heat is
absorbed during the CO. ramp-up (RU) phase; during the ramp-down (RD) phase, this stored heat is
gradually released through slow oceanic adjustment processes®®, exerting influences on global climate
and potentially delaying climate recovery in some regions®**°. Idealized CDR experiments have been

widely used to assess the response asymmetry and hysteresis of the climate system®-4!, Results show that



even after CO: concentrations return to their initial levels, many components of the climate system,
including global temperature and precipitation*2-%, sea level*’, the Antarctic ice sheet*®*°, the Arctic sea-
ice®3, the position of the intertropical convergence zone®, and the Atlantic Meridional Overturning
Circulation® all exhibit different level of hysteresis in their recovery. Regionally, hysteresis features have
also been identified in tropical Pacific SST%, East and South Asian precipitation®”°8, and ENSO-related
circulation responses®®-53,

Despite these advances, the behavior of DTDT under CDR scenarios remains poorly understood. In
particular, it is unclear whether DTDT exhibits asymmetric responses between the RU and RD phases
under equal CO- concentrations, and what are the mechanisms governing these changes. Here, we utilize
daily outputs from six models participating in Phase 6 of the Coupled Model Intercomparison Project
(CMIP6)®* under idealized CO: ramp-up and ramp-down experiments to examine the asymmetric
response of DTDT over the Northern Hemisphere mid-high latitudes. These experiments include the
1pctCO: simulation from CMIP6, in which atmospheric CO: concentrations increase at 1% per year from
pre-industrial levels, and the corresponding 1pctCO--cdr simulation from the Carbon Dioxide Removal
Model Intercomparison Project (CDRMIP)®, in which CO. concentrations are subsequently reduced at
the same rate. We further explore the mechanisms underlying the asymmetric DTDT response using

diagnostics based on the near-surface thermodynamic energy equation.

Result
Asymmetric response of daily temperature variability in the Northern Hemisphere mid—high
latitudes

Daily temperature variability is quantified using the day-to-day temperature change index, defined as
the mean absolute difference in near-surface daily mean 2-m temperature between consecutive days over
a given period (see “Methods” section). To assess whether DTDT in the Northern Hemisphere (NH) mid—
high latitudes exhibits an asymmetric response under CDR scenarios, we define the CO2 RD period as
years 250-279 and select the RU period as years 1-30, when the atmospheric CO: concentrations are
equivalent to those during the RD period.

Figure 1 shows the annual-mean DTDT anomalies relative to the preindustrial (PI) baseline during

the RU and RD periods. Multimodel ensemble results indicate a marked weakening of DTDT across NH



mid-high latitudes during the RU period (Fig. 1a), consistent with patterns under global-warming
scenarios'®. In contrast, the reduction in DTDT becomes more pronounced during the RD period relative
to PI (Fig. 1b). For example, during the ramp-down (RD) period, the annual-mean DTDT decreases by
approximately 0.30 °C over Eurasia and 0.22 °C over North America, corresponding to reductions of
about 11% and 8% relative to their respective pre-industrial (P1) climatological means (2.69 °C and
2.68 °C; Figs. S1 and S2a). In contrast, during the ramp-up (RU) period, the corresponding decreases are
much smaller, amounting to only 0.09 °C (3% relative to PI) over Eurasia and 0.06 °C (2% relative to PI)
over North America, respectively. Thus, despite identical CO2 concentrations, the reduction in DTDT
during RD is evidently stronger than that during RU (Fig. 1c). Extending the comparison window to 50
years yields consistent results (Fig. S3), confirming the robustness of this asymmetric response under
CDR conditions. Individual-model results (Fig. S4) also demonstrate that all six models simulate stronger
DTDT reductions during RD than during RU.

To further test the robustness of this asymmetric behavior, we analyze the temporal evolution of the
regional-mean DTDT over the Northern Hemisphere mid—high latitudes (50°-75°N, 0°-360°E) alongside
the corresponding CO: concentrations throughout the entire ramp-up and ramp-down phases. Figure 1d
presents the regional-mean DTDT response to changing CO: concentrations. The ensemble-mean DTDT
differs systematically between ramp-up and ramp-down at equal CO: concentrations. DTDT decreases
with increasing CO: and remains its maximum reduction for approximately two decades after CO:
concentrations peak. The magnitude of DTDT reduction is consistently larger during RD than during RU.
When expressed as percentage changes relative to the PI climatological mean, DTDT is reduced by nearly
20% around the time of peak CO: and then relaxes gradually, remaining suppressed by ~6—10% during
the RD phase (Fig. S5a). Although internal variability introduces some inter-model differences, all six
models reproduce the ensemble-mean features of both delayed and asymmetric responses (Fig. S6). Under
equivalent CO: concentrations, DTDT generally decreases more during the CO2 RD phase than during
the CO2 RU phase, confirming that day-to-day temperature variability exhibits asymmetry under CO-
removal.

Beyond annual means, seasonal analyses of the asymmetric DTDT response reveal clear seasonal

contrasts, with a much weaker response in summer compared to other seasons (Fig. 2; Figs. S7 and S8).



In absolute terms, the reduction during the RD phase relative to the RU phase is largest in winter (—0.24 °C;
Fig. 2d), followed by autumn (—0.20 °C; Fig. 2c) and spring (—0.19 °C; Fig. 2a), with a much weaker
response in summer (—0.05 °C; Fig. 2b). Notably, localized DTDT increases occur along northern
Eurasian high latitudes regions in boreal summer (Fig. 2b).

When expressed relative to the PI climatology, DTDT decreases during the RD phase by —8.7 % +
1.9 % (“+” denotes the 1.0 standard deviation bootstrap uncertainty of the multi-model mean based on
10,000 resamples) for the annual mean, —9.6 % +2.1 % in MAM, —3.8 %+ 1.2 % in JJA,-10.4 % £ 2.7 %
in SON, and —9.1 % + 1.4 % in DJF (Fig. S5f). In contrast, the corresponding reductions during the RU
phase are substantially smaller, amounting to —2.5 % + 0.7 % annually and remaining below —3 % in all
seasons (Fig. S5f). As a result, the differential response between the RD and RU phases (RD—RU),
normalized by the PI climatology, reaches —6.2 % + 1.8 % for the annual mean, with the strongest
contrasts in autumn (=7.6 % + 2.4 %), spring (7.3 % =+ 2.2 %), and winter (—6.1 % =+ 1.4 %), while the
response in summer remains much weaker (—2.6 % + 1.1 %). These results show that DTDT is
systematically more strongly reduced during the ramp-down phase than during the ramp-up phase under
equal CO: concentrations, even when changes are expressed relative to the PI baseline.

Daily temperature variability in Northern Hemisphere mid-high latitudes is significantly weakened
under CO: removal, with a larger reduction during the ramp-down period than during ramp-up. We
additionally computed DTDT using daily maximum and minimum temperatures, and the results that are
consistent with those based on daily-mean temperature (Figs. S9 and S10). This asymmetric response
implies a delayed recovery of rapid weather fluctuations even when atmospheric CO: concentrations

return to preindustrial levels.

Asymmetric response of rapid temperature variation events

Given the robustness of the asymmetric DTDT response, a natural question arises: in which range of
temperature fluctuations do these changes primarily occur? To address this question, Figure 3 presents
the frequency distributions of the absolute day-to-day temperature difference (|6T|) during the CO. RU
and RD phases over NH mid-high latitudes (50°N-75°N,0°-360°E). On the annual scale (Fig. 3a), the

frequency of weak temperature fluctuations (|0T| < 1 °C) increases during the RD phase compared with



the RU phase, whereas the frequency of strong fluctuations (|J6T|> 2 °C) decreases markedly. This pattern
indicates that CO: removal shifts the distribution of temperature fluctuations toward smaller amplitudes,
reflecting a substantial reduction in the occurrence of strong rapid temperature variation events during the
ramp-down phase compared with the ramp-up phase.

At the seasonal scale, this asymmetric behavior persists across most seasons but with varying
magnitudes across temperature ranges. In boreal winter, the frequency of moderate-to-strong fluctuations
(|0T| = 2-5°C) decreases substantially during the CO. ramp-down phase, particularly within the 2-3°C
and 3-4 °C intervals (Fig. 3b). Boreal spring exhibits a similar reduction across 2-4°C range (Fig. 3c),
while in boreal autumn, the reductions are most evident for moderate fluctuations of 1-3 °C (Fig. 3e).
These consistent decreases across mid-to-high temperature ranges indicate a systematic suppression of
moderate-to-strong day-to-day variability during CO- decline. In contrast, the boreal summer response is
less pronounced, with little change in the most frequent weak-transition bin (0-1°C) and only small
differences elsewhere (Fig. 3d). This result suggests that large-amplitude rapid temperature fluctuations
weaken more strongly during the CO2 ramp-down period, leading to fewer extreme rapid warming or

cooling events.

Mechanisms underlying the asymmetric response of DTDT

The above results demonstrate that despite identical CO2 concentrations, the day-to-day temperature
variability over the NH mid-high latitudes exhibit a pronounced asymmetric change between the RU and
RD phases. This raises an important question: which physical processes control this asymmetric response?
To answer this question, we diagnose the sources of DTDT changes using a near-surface thermodynamic
energy equation (see “Methods” section). Within this framework, RD—RU differences in DTDT are
primarily associated with changes in near-surface horizontal temperature advection (ATADV) and with

changes in the day-to-day variability of near-surface net radiative forcing (ADTDNRF).

Figure 4a—e presents the spatial distribution of RD-RU differences in near-surface horizontal
temperature advection for the annual mean and four seasons. Because daily 10 m winds required to
compute TADV are available for only four models (CanESM5, CNRM-ESM2-1, MIROC-ES2L and

GFDL-ESM4), the analysis is based on their multimodel mean. Across Northern Hemisphere mid—high



latitudes, ATADYV exhibits a widespread weakening in the annual mean and in all seasons, with the largest
reductions over high-latitude North America and Eurasia. These regions closely coincide with those

exhibiting the strongest DTDT reductions.

Seasonal patterns further highlight this correspondence. In spring, the most pronounced weakening
of ATADV occurs over northern Eurasia, matching the region of strongest springtime DTDT reduction
(Fig. 4b versus Fig. 2a). In autumn and winter, the largest ATADV reductions are concentrated over high-
latitude North America, coinciding with marked DTDT weakening (Fig. 4d, 4e versus Fig. 2c, 4d). By
contrast, summer ATADV weakening is substantially smaller (Fig. 4c), consistent with the relatively
modest summer DTDT changes. A localized summer enhancement of ATADV over northern Canada
aligns with a slight local increase in summer DTDT, indicating that regional advection changes can

modulate summertime variability.

A reduction in TADV reflects a weaker contribution of warm and cold air advection to near-surface
temperature fluctuations, thereby suppressing short-term temperature variability. Such a systematic
weakening is consistent with a more stable large-scale circulation and reduced synoptic activity,

conditions that are less conducive to rapid temperature fluctuations®.

We further decompose ATADYV into its zonal and meridional components (Fig. S11 and Fig. 4f-j).
Both components exhibit a widespread weakening across Northern Hemisphere mid-high latitudes.
However, the meridional component (Fig. 4f—j) shows spatial patterns and amplitudes that are more
consistent with those of total horizontal temperature advection (Fig. 4a—e) across seasons than the zonal
component (Fig. S11). In particular, during spring, autumn, and winter, ATADVy reproduces the main
regional features of ATADV, including the pronounced reductions over high-Ilatitude North America and
Eurasia. This meridional dominance is consistent with a concurrent weakening of day-to-day variability
in near-surface meridional wind (ADTDvas; Fig. S12f—j) and with a reduced meridional temperature
gradient over broad regions (Fig. S13), both of which act to suppress meridional thermal advection. These
results suggest that changes in meridional warm and cold air advection play a leading role in the diagnosed
weakening of near-surface horizontal temperature advection, thereby contributing to the suppression of

day-to-day temperature variability. Individual-model results indicate that the weakening of ATADV and



its seasonal dependence are broadly consistent across the four models, with differences mainly in regional

amplitude (Figs. S14 and S15).

In addition to dynamical processes, diabatic processes can modulate DTDT through changes in the
day-to-day variability of net surface radiative forcing (ADTDNRF). Here ADTDNRF is used as a
qualitative diagnostic of radiative modulation rather than a quantitative contribution to DTDT, because it
is expressed in radiative units. Net radiative forcing integrates surface shortwave and longwave radiation,
and its daily variability characterizes the radiative influence on weather-scale temperature fluctuations.
Figure 5 shows the spatial distribution of ADTDNRF based on the multimodel mean of three models
(CanESM5, CNRM-ESM2-1 and MIROC-ES2L), with stippling indicating agreement on the sign of
change. Model-by-model diagnostics show that the sign and large-scale structure of ADTDNRF are

generally consistent across the three models (Fig. S16).

In the annual mean and spring, ADTDNREF is weakly positive across much of Northern Hemisphere
mid to high latitudes, particularly over North America and northern Eurasia (Fig. 5a, b). These anomalies
slightly offset the DTDT reduction associated with weakened horizontal temperature advection, although
dynamical changes dominate in most regions. In summer, ADTDNRF displays positive anomalies over
high-latitude North America and northern Eurasia, while negative anomalies prevail over mid-latitude
Eurasia (Fig. 5c¢). This spatial contrast is consistent with the weak summer enhancement of DTDT over
northern Eurasia, indicating a seasonally dependent radiative modulation superimposed on the dynamical
background. In autumn (Fig. 5d), ADTDNREF exhibits weak positive anomalies over North America but
widespread negative anomalies over Eurasia, implying partial offsetting over the North America and
reinforcement of DTDT weakening in the Eurasia. In winter (Fig. 5e), negative ADTDNRF over northern
Eurasia co-occurs with strongly negative ATADV, such that both effects act in the same direction and

contribute to the pronounced wintertime DTDT reduction.

Decomposing net radiation into net shortwave and net longwave components shows that
ADTDNSWR and ADTDNLWR share similar large-scale structures in most seasons (Fig. 5f—j and Fig.
5k—o0; Figs. S17 and S18). In summer, however, northern high-latitude Eurasia shows a pronounced
positive ADTDNSWR (Fig. 5h) without a comparable ADTDNLWR signal (Fig. 5m). The local positive

ADTDNREF (Fig. 5c) therefore mainly reflects enhanced shortwave variability. This co-occurs with the



weak local summer increase in DTDT, providing a physically consistent interpretation for the regional

signal.

Regional variability can be influenced by land—-atmosphere coupling via its regulation of surface
energy and moisture exchanges®®. Land-surface states therefore provide physically interpretable
constraints on the spatial pattern of diabatic variability. Large parts of Northern Hemisphere mid- to high-
latitude land are drier in RD than in RU, with negative anomalies in mean soil moisture over high-latitude
Eurasia and much of North America (Amean mrsos; Fig. S19k—0). Day-to-day variability in near-surface
relative humidity weakens and co-varies spatially with reduced cloud variability (ADTDhurs and
ADTDclt; Fig. S19a—j). Regions of negative ADTDclt co-locate with weaker variability in both downward
and upward longwave radiation (ADTDrlds and ADTDrlus; Fig. S20), and align with predominantly
negative anomalies in net longwave variability (ADTDNLWR; Fig. 5k-0). This moisture—cloud-
longwave co-variation is consistent with established land—atmosphere coupling pathways in which soil
moisture deficits alter surface flux partitioning and boundary-layer moistening, thereby modulating
radiative and thermodynamic variability on weather timescales®®°. Consistent with this context, day-to-
day turbulent flux variability reorganizes under RD, with enhanced sensible heat flux variability over
North America and parts of Eurasia and increased latent heat flux variability across much of mid- to high-
latitude land (ADTDhfss and ADTDhfls; Fig. S21). These co-variations are not treated as independent
predictors of ADTDT, but as process-consistent context for the spatial structure of the diabatic terms. The
diagnostic decomposition nevertheless indicates that the dominant contribution to the DTDT asymmetry

remains the systematic weakening of near-surface horizontal temperature advection.

Discussion

Using idealized CO2 ramp-up and ramp-down experiments from six CMIP6 models, we identify a
pronounced asymmetry in Northern Hemisphere mid-high-latitude day-to-day temperature variability
under a symmetric CO: pathway. For periods with identical atmospheric CO: concentrations, DTDT is
systematically weaker during ramp-down than during ramp-up, indicating an asymmetric response of
weather-scale temperature fluctuations under CO: removal. This asymmetry is seasonally structured, with

the strongest signal in winter and weaker, more localized responses in summer.



The diagnosed DTDT asymmetry is dominated by a weakening of near-surface horizontal
temperature advection, with the meridional component contributing most to the spatial structure. This
suggests a reduced day-to-day exchange of warm and cold air masses over northern land during ramp-
down, even at identical CO: concentrations. Superimposed on this dynamical background, diabatic
processes exhibit coherent covariation with land-surface and cloud-related changes: mid-high-Ilatitude
land tends to be drier, boundary-layer humidity and cloud variability weaken, and longwave radiative
variability is reduced over similar regions. These patterns are consistent with established land—atmosphere
coupling pathways in which soil moisture influences surface flux partitioning and boundary-layer
moistening, thereby modulating radiative and thermodynamic variability on weather timescales. In
summer, enhanced shortwave radiative variability over northern Eurasia coincides with weak local DTDT
increases, suggesting a seasonally dependent radiative modulation that does not overturn the dominant
dynamical control. Previous studies suggest that Northern Hemisphere mid—high-latitude DTDT is closely
tied to synoptic advection and large-scale temperature gradients*>’. Arctic amplification weakens the
meridional temperature gradient, which can damp synoptic variability and reduce horizontal thermal
advection, consistent with a decline in DTDT that strengthens under higher-emission scenarios.
Quantifying how these gradient and circulation adjustments translate into DTDT changes, and how they
interact with CO2-removal pathways, remains an open question.

A weakening of subseasonal and synoptic temperature variability over Northern Hemisphere high
latitudes in association with Arctic amplification has been widely discussed'’-?1:"°, Our work adds to this
line of research by highlighting an additional dimension related to CO2 removal pathways. A reduction in
high-latitude day-to-day temperature variability may also carry broad implications. When superimposed
on the background warming trend, weaker short-term variability may be associated with longer-lived
warm anomalies and longer heatwave-like episodes. Meanwhile, milder winters can enhance the
overwinter survival of pests and pathogens (for example, forest insects and disease agents), with potential
consequences for agricultural production and forest health. Reduced short-term variability may further
increase ecosystem adaptation risks, for instance by altering phenological synchrony and affecting
biodiversity. Because the day-to-day temperature variability response is asymmetric, it should be

explicitly considered in future impact assessments and adaptation strategies, including targeted



adjustments in agricultural management, energy planning, and public health preparedness to help reduce
potential adverse impacts.

Our analysis is based on a limited set of CMIP6 models rather than a single-model large ensemble,
which may constrain our ability to robustly disentangle forced changes from internal variability in the
diagnosed DTDT asymmetry. Recent studies have addressed CO- removal pathways using CO2 ramp-up
and ramp-down experiments with the 28-member CESM large ensemble to examine hysteresis and

irreversibility, for example, responses in surface temperature and precipitation®® and ENSO-related

characteristics®®%23, Extending the present analysis to a large-ensemble framework would help constrain

uncertainty and test the robustness of DTDT responses against internal variability. In addition, recent
studies suggest that under continued warming, extreme day-to-day temperature transitions may intensify
across many mid- to low-latitude regions® where the historical evolution and dominant controls of day-
to-day variability differ from those in Northern Hemisphere mid—high latitudes®!’. Whether comparable
RU-RD asymmetry emerges in these regions under equal CO: conditions, and which processes govern

such a response, warrants targeted investigation.

Methods

CMIP6 experiments and data processing

We used daily outputs from the 1pctCO-, 1pctCO2-cdr and piControl experiments of the CMIP6%. In
the 1pctCO- experiment, atmospheric CO: concentrations increase by approximately 1 % yr™' from the
pre-industrial level (= 285 ppm) and reach four times that level by year 140. Starting from this state, the
IpctCO2-cdr experiment applies a symmetric decrease in CO: at the same rate over the subsequent 140

years, after which concentrations remain fixed at the pre-industrial level for at least 60 years. The



piControl experiment, with CO2 concentrations held constant at 284.7 ppm, represents a near-equilibrium

pre-industrial climate state.

We merge years 1-139 of the 1pctCO: experiment with years 1-140 of the 1pctCO.-cdr experiment
to construct a complete RU-RD CO: pathway (Fig. 1d). The climatology of the final 100 years of
piControl is used as the pre-industrial reference (Pl). Six CMIP6 models are used in this analysis:
ACCESS-ESM1-5, CanESM5, CNRM-ESM2-1, GFDL-ESM4, MIROC-ES2L and UKESM1-0-LL.
Daily near-surface daily-mean temperature at 2m is used to calculate day-to-day (DTD) temperature
variability. Model outputs are bilinearly interpolated onto a 1° x 1° grid, and averaged to form the multi-
model ensemble mean (MME). The primary DTDT analysis based on daily-mean temperature at 2m is
performed for all six models. Mechanistic diagnostics use reduced model subsets due to data availability:
horizontal temperature advection (ATADV) is computed for the four models with daily 10-m winds
(CanESM5, CNRM-ESM2-1, GFDL-ESM4, MIROC-ES2L), and radiative-variability diagnostics
(ADTDNREF and its shortwave/longwave components) are computed for the three models with complete

daily surface radiative flux components (CanESM5, CNRM-ESM2-1, MIROC-ES2L).

Definition of rapid temperature variability

In this study, we quantify rapid temperature fluctuations on the weather timescale using a simplified
metric of DTDT. At each grid point, DTDT is defined as the absolute difference in near-surface daily-
mean air temperature at 2 m between two consecutive days, following previous studies!® 273,

n-1

1
DTDT = mZmH — T (1)
1=

where T; is the daily-mean 2-m air temperature on day i, and n is the total number of days within the

analyzed period.

This diagnostic has been widely applied to assess high-frequency climate variability and its response
to external forcing#>17192074  Tq assess the robustness of the diagnosed DTDT responses, we
additionally compute day-to-day variability based on daily maximum and minimum temperatures (tasmax

and tasmin). The resulting spatial patterns are highly consistent with those obtained from daily-mean



temperature, indicating that the main conclusions are insensitive to the specific temperature metric

employed (Figs. S9 and S10).
Day-to-day variability of surface energy balance and circulation variables

To diagnose the physical processes associated with changes in DTDT, we further compute the day-
to-day variability of a suite of surface energy balance and circulation variables. For a given variable X,
its day-to-day variability IS defined analogously

as

1 -
DTDx = —— 11 Xpyy — Xl 2)

Using this definition, we compute annual and seasonal-mean variability for boreal winter (DJF),
spring (MAM), summer (JJA) and autumn (SON). The diagnostics cover key components of the surface
energy and moisture budget, including shortwave and longwave radiative fluxes, turbulent sensible and
latent heat fluxes, total cloud fraction, near-surface horizontal winds, and surface soil moisture.
Specifically, we analyze downward and upward shortwave radiation (rsds and rsus), downward and
upward longwave radiation (rlds and rlus), sensible and latent heat fluxes (hfss and hfls), total cloud

fraction (clt), 10-m zonal and meridional winds (uas and vas), and total column soil moisture (mrsos).
Diagnostic decomposition of DTDT changes based on the thermodynamic energy equation

To quantitatively identify the physical mechanisms driving changes in DTDT, we apply a diagnostic
decomposition framework based on the near-surface thermodynamic energy equation. According to the
near-surface thermodynamic energy equation”, the daily mean temperature tendency between two

consecutive days can be expressed as

oT RT T 140

M=g="V7 +<cpp ap)“’+cpat (3)

Where T denotes the daily mean near-surface air temperature at 2 m (°C), and V is the daily mean
horizontal wind vector at 10 m (m s). V represent the horizontal temperature gradient operator. R is the

gas constant for dry air (287 J-K1-kg?), cpis the specific heat capacity of dry air at constant pressure



(1004 J-Kt-kg™t), and P denotes atmospheric pressure (Pa). The variable o represents the near-surface

vertical velocity in pressure coordinates (Pa-s), and Q is the daily diabatic heating (J-kg™).

Following previous studies?°, DTDT can be related to the thermodynamic energy equation by
combining Egs. (1) and (3), such that DTDT is expressed as the time mean of the absolute daily
temperature tendency:

aT | @

1 n— n—-1
DTDTz—Z oT;| = Z
n—1 i= | | n—1

Based on Eqg. (3), DTDT can be diagnostically decomposed into contributions from horizontal

temperature advection, adiabatic processes associated with vertical motion, and diabatic heating:

1 n—1
term1 = —Z |~V - VT;| (5)
n—1 i=1

D Z" 1 RT aT ©)

ermea = n—1 cp 6Pl- @i
n-1 1 6Q
term3 = 7
“C n—144;—4 cp at ™

Accordingly, changes in DTDT between the CO2 ramp-down (RD) and ramp-up (RU) periods can be

diagnostically expressed as
ADTDT =~ Aterm1 + Aterm2 + Aterm3 (8)

where A denotes the difference between the RD period and the RU period. Here, Aterm1 represents
changes in daily mean near-surface horizontal temperature advection, Aterm2 denotes changes in
adiabatic compression or expansion associated with vertical motion, and Aterm3 accounts for changes in

diabatic heating.

At near-surface levels, Aterm2 is generally small compared to the other terms and is therefore
neglected in the analysis of long-term DTDT changes’®. To further characterize the circulation-related
contribution, Aterm1 is separated into zonal and meridional components, allowing an assessment of the

relative roles of different flow directions:

1 n-1 1 n-1 oT 1 n-1
Aterm1=A<—Z |—V-VT|)zA(—Z —u-—|)+A( Z
n—1~4uj-1 n—1~4u;=1 ax n—14~4u;=

- Z_ﬂ) ©)



This formulation is used to diagnose the relative contributions of zonal and meridional thermal
advection to asymmetric DTDT responses, rather than implying a strict mathematical decomposition of
the total advection term. The horizontal temperature gradient VT characterizes the intensity of weather-

scale thermal contrasts that interact with near-surface winds to drive temperature advection.

The diabatic term is further characterized using the day-to-day variability of surface net radiation
forcing (NRF), which provides a direct measure of radiative adjustments associated with changing

greenhouse gas concentrations under carbon dioxide removal. Accordingly, Aterm3 is approximated as

1 n-1 1 n-1
At 3=A(—Z >=A( z NRF;,1 — NRF; ) 10
erm 1l m— INRFi14 il (10)

where NRF; is defined as the sum of net surface shortwave and longwave radiative fluxes on day i.

ONRF
at;

Because Aterm3 has units of W m™2, which differ from those of DTDT, it is not interpreted as a direct
quantitative contribution. Instead, changes in Aterm3 are used as a qualitative diagnostic indicator of

how variations in radiative forcing modulate day-to-day temperature variability.

Data availability
The CMIP6 model data used in this study are freely available from the website, https:/esgf-
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Fig. 1| Annual response of day-to-day temperature variability (DTDT) to CO: forcing. a—b, Annual-
mean DTDT anomalies during the RU (a) and RD (b) periods relative to the pre-industrial (PI) control. ¢,
Difference in annual-mean DTDT between the RU (years 1-30) and RD (years 250-279) periods. Shading
indicates changes in DTDT (°C). Black stippling in a—c marks regions where the multi-model mean
(MME) change is statistically significant at the 90% confidence level based on a two-tailed Student’s t-
test, and where at least five of the six models agree on the sign of the MME change. d, Time series of
atmospheric CO: concentration (blue line; ppm) and annual-mean DTDT anomalies (red line; °C) relative
to the PI level over Northern Hemisphere mid-high latitudes (50°-75° N, 0°-360° E) in the idealized
CO2-removal experiments. The pink shading shows the inter-model spread, corresponding to the 25th—
75th percentile range among the six models. The vertical dashed line denotes the CO. peak year (Year
140). Gray shading indicates the two 30-year periods with identical CO: concentrations: Years 1-30 (RU)
and 250-279 (RD). In d, the left y-axis ranges from 0 to negative values.
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Fig. 2 | Seasonal response of DTDT to CO: forcing. a-d, MME differences in DTDT between the CO-
ramp-up (RU; years 1-30) and ramp-down (RD; years 250-279) periods for (a) MAM, (b) JJA, (c) SON,
and (d) DJF. Shading indicates the change in DTDT (°C). Stippling marks regions where the MME change
is statistically significant at the 90% confidence level based on a two-tailed Student’s t-test and where at
least five of the six models agree on the sign of the MME change.
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Fig. 3 | Distributions of day-to-day temperature differences during the CO: ramp-up (RU) and
ramp-down (RD) periods. a, frequency distributions (%) of [6T| (°C) over Northern Hemisphere mid—
high-latitude (50°-75° N, 0°-360° E) for the annual conditions during the CO. ramp-up (RU; years 1-30;
red) and ramp-down (RD; years 250-279; blue) periods. b—e, Same as (a), but for individual seasons: (b)
DJF, (c) MAM, (d) JJA and (e) SON. [3T| is defined at each grid cell as the absolute difference in daily-
mean 2 m air temperature between two consecutive days and values are grouped into 1 °C bins.
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Fig. 4 | Changes in near-surface horizontal temperature advection and its key components between
the CO: ramp-up and ramp-down periods. a—e, MME differences in near-surface horizontal
temperature advection (ATADV) between the CO- ramp-up (RU; years 1-30) and ramp-down (RD; years
250-279) periods for the (a) annual mean, (b) MAM, (c) JJA, (d) SON, and (e) DJF. f—j, Same as a—e,
but for near-surface meridional temperature advection (ATADVy). Shading indicates the MME response
(°C) derived from the four-model ensemble (CanESM5, CNRM-ESM2-1, MIROC-ES2L, and GFDL-
ESM4). Stippling marks regions where all four models agree on the sign of the MME change.
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Fig. 5 | Changes in day-to-day variability of surface radiative fluxes between the CO. ramp-up and
ramp-down periods. a—e, MME differences in the day-to-day variability of surface net radiative
forcing (ADTDNRF) between the CO2 ramp-up (RU; years 1-30) and ramp-down (RD; years 250-279)
periods for the (a) annual mean, (b) MAM, (c¢) JJA, (d) SON, and (e) DJF. f—j, Same as a—e, but for the
day-to-day variability of surface net shortwave radiation (ADTDNSWR). k-0, Same as a—e, but for the
day-to-day variability of surface net longwave radiation (ADTDNLWR). Shading indicates the MME
response (W m?) derived from the three-model ensemble (CanESM5, CNRM-ESM2-1, and MIROC-
ES2L). Stippling marks regions where all three models agree on the sign of the ensemble-mean difference.



