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Abstract Understanding variability and trends in the near-surface diurnal air temperature range (DTR)
remains unclear due to its complex interactions with antecedent radiative and hydrologic conditions. Here, we
use a thermodynamic systems approach, and show that DTR primarily reflects changes in lower atmospheric
heat storage, governed by diurnally constrained non-latent energy input from the surface into the atmospheric
boundary layer. This approach predicts DTR across a range of climates, reproduces its day-to-day variations,
and explains its decline with rising greenhouse gas (GHG) concentrations. We show that in addition to strong
controls exerted by radiation and cloud cover, DTR carries imprints of surface water stress during the water-
limited evaporative regime. Our expression yields a mean reduction of 0.23°C in DTR per 1°C rise in
temperatures, in response to changes in GHG forcings. Our findings imply that the first-order decline in DTR
with global warming can be explained by increased GHG forcings alone.

Plain Language Summary The diurnal air temperature range (DTR, the difference between daily
maximum and minimum air temperatures) impacts human health, ecosystems and food production. Long-term
(multi-decadal) observations typically show that DTR declines with global warming. The physical reasoning
behind this trend remains unclear as a result of the intricate dependence of DTR on multiple atmospheric and
land-surface processes within the Earth system. Here, we present a physical theory for DTR that explains its
day-to-day variations as well as its long-term decline with rising GHG concentrations. We derive an expression
for DTR hypothesizing that it primarily reflects changes in energy stored in the lower atmosphere. Our approach
then explains both short (daily) and long-term (multi-decadal) response of DTR to changes in clouds, surface-
water availability and greenhouse gas radiative forcings. Our findings imply that the first-order observed decline
in DTR can be reproduced by changes in GHG concentrations alone without accounting for other changes. Our
expression can also be used to diagnose changes in DTR in response to aerosols, vegetation and other aspects of
global change as well.

1. Introduction

The diurnal air-temperature range (DTR), defined as the difference between daily maximum and minimum air
temperature, is one of the most important and well-observed climatological variables. It exerts a direct control on
vegetation productivity, crop yield and human health (Lei et al., 2020; Lobell, 2007; J. Wang and Liu, 2023; Yang
et al., 2013). Empirical analysis of observations has revealed an asymmetric warming between maximum and
minimum air temperatures, leading to a decline in DTR since 1950 at the rate around —0.05°C decade ~'
(Easterling et al., 1997; Karl et al., 1991; Sun et al., 2018). This decline abated in some areas after the 1980s,
coincident with solar brightening, while DTR continued to decline in other regions (Huang et al., 2023;
Wild, 2005; Zhou et al., 2004). The precise reasons behind these changes remain unclear.

Changes in DTR over land are intricately linked to both atmospheric and land-surface processes through the
surface energy balance. Atmospheric controls encompass changes in clouds, aerosols, circulation patterns and
heat storage which modulates radiative heating at the surface and have been shown to partially control DTR (Betts
et al., 2013; Bristow & Campbell, 1984; Dai et al., 1999; Doan et al., 2022; Huang et al., 2006; Makowski
et al., 2009). Land surface controls include variations in soil moisture, albedo, and vegetation types. They
modulate variations in DTR by affecting the vertical turbulent exchange of sensible and latent heat through
changes in surface roughness, root water uptake and plant hydraulics (Mearns et al., 1995; Panwar et al., 2019;
Panwar & Kleidon, 2022; Zhou et al., 2007). The coupling between land and atmosphere further buffer these
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variations through changes in boundary layer dynamics (Doan et al., 2022). State-of-the-art climate models
struggle to simulate these changes due to associated uncertainties in the representation of cloud cover and land-
surface processes (Lewis & Karoly, 2013; Stone & Weaver, 2003; K. Wang & Clow, 2020). Different generations
of climate models have consistently underestimated the decline in DTR relative to observations. This has been
attributed to their limitations in capturing day-to-day dynamics and the stronger simulated increase in maximum
temperatures (Braganza et al., 2004; Lewis & Karoly, 2013; K. Wang & Clow, 2020). Consequently, the un-
derlying causal factors responsible for trends in DTR remain largely model dependent and it has been identified as
a substantial knowledge gap in a recent IPCC report (IPCC, 2021; Stone & Weaver, 2003). While many processes
contribute to DTR variability, it is unclear which processes are essential to explaining most of that variability. We
require a hierarchy of models of varying complexity to truly understand DTR variability, just as we do for other
aspects of climate (Held, 2005).

To address this gap, we follow a minimalist approach and use basic physical principles to derive an expression for
DTR that explains its day-to-day variation as well as its long-term observed decline with global warming. We
hypothesize that variations in DTR are primarily shaped by diurnally constrained energy input from the surface
into the atmospheric boundary layer. This energy input essentially refers to the part of solar radiation that is not
partitioned into evaporating water (Panwar et al., 2019). This includes sensible heating and heating of the lower
atmosphere by net longwave radiation. Consequently, this suggests that, in addition to radiation and clouds, the
availability of water at the surface will influence DTR by altering the Bowen ratio.

To show this, we use an energetically constrained box-model for the lower atmosphere and force it with observed
radiative and evaporative conditions to estimate heat storage variations, which we then link to air temperature
variations. In addition to the surface energy balance, we explicitly constrain the vertical turbulent exchange
between the surface and the lower atmosphere using the thermodynamic limit of maximum power (Kleidon &
Renner, 2013). This constraint arises in the form of the maximum work which can be performed to maintain
vertical turbulent mixing in the atmosphere for a given radiative heating of the surface. This thermodynamic
framework has already been tested against observations and has shown a remarkable ability to reproduce the
observed diurnal and seasonal evolution of turbulent fluxes over land (Conte et al., 2019; Ghausi et al., 2023;
Kleidon & Renner, 2013, 2018). This approach then enables us to derive an expression for DTR that solely relies
on physical principles, observed incoming radiative fluxes and surface evaporative conditions.

The objectives of this study are threefold: firstly, we evaluate the performance of this approach against daily DTR
observations from FLUXNET sites and the ERAS reanalysis; secondly, we assess how changes in radiative
forcing, cloud cover and surface-water availability modulate DTR via their impacts on energy storage in the lower
atmosphere. Thirdly and finally, we estimate the first-order response of DTR to increases in greenhouse-gas
radiative forcing and compare our theoretical prediction with multi-decadal trends in observations and
climate-model simulations. These objectives provide the structural sub-headings used for the Results and Dis-
cussion section.

2. Model Conceptualization

We used a three-layered energy-budget framework that accounts for surface energy balance, changes in energy
storage within the atmospheric boundary layer and thermodynamic constraint on vertical turbulent flux exchange.
This is demonstrated in Figure 1a and further described in Supporting Information S1 (Text S1 and S2).

The net absorbed solar radiation and downwelling longwave radiation heats the surface, which then cools by
emitting longwave radiation and exchanging turbulent fluxes of sensible and latent heat. In this model, all energy
emitted from the surface eventually is emitted to space through outgoing longwave radiation (R, ). This,
however, does not happen immediately and results in heat storage changes (dU/dt) within the lower atmosphere.
We can then write the energy balance of the lower atmosphere as:

du

ar = My — Moyt 1
Here, H,, is the addition of energy into the lower atmosphere and is primarily determined by the part of absorbed
solar radiation (R,) which does not contribute to evaporating water (LE) at the surface (H;, = R, — LE). H,
represents the energy lost from the top of the atmosphere to space as outgoing longwave radiation and is described
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Figure 1. (a) Schematic diagram of the conceptualized surface-atmosphere system as a heat engine described by incoming solar radiation (R,), net longwave radiation
(R ney)> changes in the lower atmosphere heat storage (dU/dr) and turbulent flux exchange (J = H + LE) of sensible (H) and latent heat (LE). Comparison of the daily
values of estimated diurnal temperature range with (b) FLUXNET observations and (c) ERAS reanalysis at the FLUXNET sites. The mid-horizontal line in the boxplots
represents the median. The shaded box shows the interquartile range (IQR), spanning from the 25th percentile (Q1) to the 75th percentile (Q3). The whiskers are drawn
to the smallest/largest non-outlier. Outliers are defined as either Q1 — 1.5 IQR or Q3 + 1.5 IQR. The solid black line corresponds to the regression fit line while dotted
black line represent the 1:1 correspondance. The blue shaded regions denote the IQR for the frequency density of points (%/bin) (d) root mean squared error between
estimated diurnal temperature and FLUXNET observations for each site. (e) same as (d) but between estimated and ERAS data at each site.

using R, ,,,. For simplicity, ground heat flux is neglected as well as heating or cooling by horizontal transport. Our

analysis is restricted to days with mean temperatures greater than 0°C, so we assume no heat loss through snow

and ice-melting.
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In addition to the energy balance, we impose an additional constraint on the vertical turbulent exchange. This is
done by setting it to the value consistent with that of an atmosphere operating at the maximum power limit.
Following the approach adopted in (Conte et al., 2019; Kleidon & Renner, 2018), the expression for the optimum
turbulent flux can be described as:

1

3 du
Jopt = E(Rs + (ZT - 1) Rl,toa + E) (2)

here 7 is the longwave optical thickness of the atmosphere, and dU/dt denotes heat storage changes. 7 is calculated
from the parameterization of downwelling longwave radiation as R,y = 3/4 7 R, ,,,, (Conte et al., 2019; Kleidon &
Renner, 2017), as described by the gray atmosphere radiative equilibrium solution (Dhara, 2017; Goody &
Yung, 1989). This model is based on a gray atmosphere approximation where longwave optical thickness is
integrated over the terrestrial spectrum although gas absorption is wavelength-dependent. The coefficient 3/4
comes from Eddington's approximation (Lorenz & McKay, 2003) and accounts for how much of the outgoing
longwave radiation is re-emitted back to the Earth's surface.

We test the maximum power approach with this parameterization of downwelling longwave radiation and find
good agreement when compared with observed turbulent fluxes over FLUXNET sites (Figure S2 in Supporting
Information S1). The turbulent fluxes were slightly overestimated which is likely due to the assumption of no
ground heat storage changes and not accounting for the atmospheric window effect in longwave radiative transfer
(Conte et al., 2019; Dhara et al., 2016; Ghausi et al., 2023).

The daily evaporation averaged over 24 hr is defined as:
LE = fwféq Jopl ®3)

here J,, is the optimized turbulent flux obtained using Equation 2, f_, is the equilibrium evaporative fraction
(Priestley & Taylor, 1972; Slatyer & Mcllroy, 1961) which was estimated as the ratio of latent heat flux
(calculated using equilibrium partitioning of net radiation) to total turbulent fluxes (Text S2 in Supporting In-
formation S1) and f,, is the water-availability factor which is calculated as the ratio of actual to equilibrium
evaporation. Actual evaporation was obtained from the FLUXNET observations.

We then hypothesize that the diurnal variations in air temperature over land are dominated by the energy input
from the land surface. The total energy accumulation during the day is then described as

AU = f (‘;—ll]) dt = f (H+Rype)dt = f (Ry — fofoq Jopt) dt 4)
day

day day

This energy input leads to changes in boundary layer heat storage. We assume that the boundary layer grows to a
height of & as the air temperature increases during the day and changes in the diurnal amplitude of potential
temperature are equal to the diurnal range of air temperature (Stull, 2017). The total change in the energy stored
during the day within the boundary layer can then be expressed as (Panwar et al., 2019):

dau 1
AU = — | = zc,ph(Thax — T
U /d;y<dt> 2Cpp ( max mm) (5)

here ¢, is the specific heat capacity of air (1,005 J kg~'k™"), p is the air density (1.23 kg m™>), and & is the
maximum growth in the boundary layer height reached during day, which was approximated here as & = 1,000 m
(McColl et al., 2019). The coefficient %2 comes from the assumption that boundary layer height (%) grows linearly
with increases in air temperature (Panwar et al., 2019; Panwar and Kleidon, 2022). This stored energy is even-
tually emitted to space resulting in a steady state over the diurnal cycle. The model assumes that there is no heat
storage transfer from one day to the other and is applied to all the days when air temperatures exceed 0°C that may
or may not be continuous. The model also does not explicitly account for nocturnal ground heat release, which can
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affect minimum temperatures. Combining Equations 2, 4, and 5, yields an expression for DTR which solely relies
on observed radiative forcings and surface evaporative conditions:

7. —DTR= 2 (P Thea) el (3 ) )
Tmax Tmm =DTR = Cpp]’l ((2 +ﬁvfeq> Rs 2+fwféq\41 1 Rl,toa At (6)

here At is the length of daytime (calculated as periods when R, > 5 W/m?) and 7 is the longwave optical thickness
of the atmosphere. Equation 6 is used to estimate DTR at daily time step using observed data from 82 flux tower
sites. A worked example to implement this approach is described in Table S3 in Supporting Information S1.

3. Data Sets Used

The analysis was performed over 82 FLUXNET sites from FLUXNET-2015 data set (Pastorello et al., 2020).
Seventy-four of these sites lie in the mid-latitudes (ranging from 23°N-66°N and 23°S-66°S). Further infor-
mation on each site is summarized in Table S1 in Supporting Information S1. These sites provide half hourly
observations of net shortwave and longwave radiation, sensible, latent and ground heat fluxes, and near surface air
temperature. The daily mean fields (averaged over 24 hr) were used for the analysis. The FLUXNET data was gap
filled using the multidimensional scaling (MDS) method (Reichstein et al., 2005). Only data with a “good” quality
flag (quality flag <1) was used for the analysis, with further details described in Pastorello et al. (2020). Potential
evaporation was derived using the equilibrium partitioning of net radiation (Priestley & Taylor, 1972; Slatyer &
Mcllroy, 1961) from FLUXNET data. Outgoing longwave radiation at top of atmosphere was derived from
NASA-CERES data set (Kato et al., 2018; Loeb et al., 2018). In addition to FLUXNET sites, all the results were
also evaluated against the ERAS reanalysis data (Muifioz Sabater, 2019) interpolated over these sites. List of all the
variables, their notations and data sources is also summarized in Table S2 in Supporting Information S1.

4. Results and Discussion
4.1. Evaluation of the Modeled DTR With Observations and ERA5

We start by evaluating the accuracy of our estimates using observations from 82 FLUXNET sites over ice-free
land regions spanning a wide range of climates. Only sites with at least 2 years of continuous data for all the
variables were used for the analysis (Table S1 in Supporting Information S1). We repeated the analysis using
ERAS reanalysis data interpolated over these sites. Our comparison showed that we were able to predict the day-
to-day variations in DTR over these sites with a root mean squared error (RMSE) of 3—4°C (corresponding to a
relative error of 15%-20%) with both FLUXNET and ERAS5 (Figures 1b and Ic). These error values are only
slightly larger than the differences in DTR, estimated by comparing the FLUXNET observations with ERAS data
(Figures S3 and S4 in Supporting Information S1). The spread in the regression plots were reduced when tropical
and mid-latitude sites were separated (Figure S5 in Supporting Information S1). The global map showing RMSE
values for each site with respect to FLUXNET and ERAS data is shown in Figures 1d and 1le respectively. The
evaluation was also performed globally using alternative data sets with global coverage, which produced qual-
itatively similar results (Text S5 and Figure S7 in Supporting Information S1). Although some distinct biases
exist, our results demonstrate that our physical approach allows us to predict the daily variations in DTR as
accurately as flux tower observations. Some of these biases are also attributable to the observational errors in
latent heat flux (LE) from the FLUXNET data. This is illustrated by the difference between estimated DTRs when
using direct LE observations compared to when LE is diagnosed using energy-balance closure, yielding an RMSE
of 2°C (Figure S6 in Supporting Information S1). We also assessed the sensitivity of our modeled DTR to un-
accounted processes, such as changes in ground heat flux and boundary layer height, and found that they can
introduce differences in DTR of around 3-4°C; comparable to the RMSE between our model and observations
(Text S6 and S7 in Supporting Information S1).

Next, we investigated how effectively our model captures the distinct responses of DTR to changes in radiative
and land-surface conditions. To investigate this, we used the clear-sky fraction (f,) defined as the ratio of daily
incoming solar radiation at the surface to potential solar radiation at the top of atmosphere (Renner et al., 2019).
High values of f_ (typically more than 0.6) indicate clear-sky conditions while lower values indicate cloudier
conditions. We observed a monotonic first-order increase in the DTR with increase in clear-sky fraction indi-
cating higher DTR with fewer clouds, in line with prior studies (Bristow & Campbell, 1984). These responses
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Figure 2. Variation of the diurnal air temperature range with clear-sky fraction ( f,, defined as the ratio of downward surface to potential solar radiation) for (a) estimated
values, (b) ERAS, and (c) FLUXNET respectively. (d—f) same as (a—c) but stratified based on different surface water availability conditions ( f,,, defined as the ratio of
actual to potential evaporation). Boxplot elements are as described in Figure 1.

observed in FLUXNET and ERAS data sets were very well reproduced by our approach (Figures 2a—2c). The
slopes between the estimated DTR and f, at each individual site also compared reasonably well with those ob-
tained using FLUXNET and ERAS data (Figure S9 in Supporting Information S1). The reduction in DTR with
clouds primarily occurs due to two reasons: (a) reduced solar absorption due to clouds during the day that reduces
the maximum day-time temperature; and (b) an increased longwave optical thickness of the atmosphere due to
clouds that increases the night-time minimum temperatures. Our interpretation is consistent with these effects as
maximum day-time temperature represents the point at which heat accumulation in the lower atmosphere peaks,
while daily minimum temperatures corresponds to the point where the accumulated heat has radiated back into the
atmosphere. As a result, reduced solar absorption due to clouds also reduces the accumulation of non-latent
energy into the lower atmosphere (Doan et al., 2022), resulting in a lower DTR (see Equation 6). The de-
pendency of longwave optical thickness on DTR arises by invoking the maximum power limit on vertical tur-
bulent exchange (Ghausi et al., 2023; Kleidon & Renner, 2013). The increased longwave optical thickness of the
atmosphere leads to an enhanced radiative heating of the surface which increases the energy available to evap-
orate water and results in a reduced heat accumulation in the lower atmosphere. These results highlight the strong
control of radiation on DTR.

To further examine the variability around the mean in Figures 2a and 2c, we decompose the response of DTR to
clear-sky fraction by stratifying the data according to different surface water availability conditions. The data
were then stratified into three cases of water availability: f,, < 0.2, f,, = (0.2-0.8) and f,, > 0.8. f,, is calculated as
the ratio of actual to potential evaporation. These cases were chosen to roughly correspond to the three evapo-
rative regimes: water-limited, transitional/equitant and energy-limited, respectively (Koster et al., 2009; McVicar
et al., 2012; Seneviratne et al., 2010).

We found a clear distinction in the decomposed responses with dry conditions responding more strongly to
changes in clear-sky fraction than wet conditions. Variability in the response of DTR to changes in cloud cover
was largely explained by changes in surface water availability. Similar results were obtained when the analysis
was repeated at a single site (Figure S8 in Supporting Information S1). The predicted stronger response of DTR to
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Figure 3. (a) Variation of estimated diurnal air temperature range (DTR) over the phase space defined by different surface water availability ( f,,) along the x-axis and
clear-sky fraction (f,) along the y-axis. (b—c) same as (a), but for ERA5 and FLUXNET observations respectively. (d) Isolating the difference in DTR with clear-sky
fraction alone Af. (blue) and surface water availability alone Af. (red), (e—f) same as (d) but for ERAS data and FLUXNET observations respectively. Boxplot elements

are as described in Figure 1.

clouds during drier conditions is supported by both FLUXNET and ERAS data sets (Figures 2d-2f) and is in line
with findings reported previously (Dai et al., 1999). Our approach provides a physical explanation for this
response, as the increase in evaporation during wet conditions decreases the non-latent energy input in the
boundary layer, thereby dampening the direct response of DTR on solar radiation.

4.2. Daily DTR Responses to Cloud Cover and Surface Water Availability

To quantify the effect of clouds and surface water availability on DTR, we created a two-dimensional “phase
space” characterized by the different cloud-cover conditions using clear-sky fraction (f,) and different surface
water conditions using the water-availability factor (f,,) respectively. Each day was then positioned within this
two-dimensional space with its DTR based on the daily values of f, and f,,. Figures 3a—3c show these plots for the
estimated DTR values, ERAS reanalysis and FLUXNET observations, respectively. We find a clear and
consistent pattern such that both, increases in cloudiness and surface water-availability reduce DTR (McVicar &
Jupp, 1999). The highest DTR values were observed on predominantly dry and clear-sky days. This is consistent
with the reported potential risk of extremes in DTR with compound dry and hot extremes induced by precipitation
deficits (He et al., 2015). On the other hand, the lowest DTR values were observed on the cloudiest and wettest
days (McVicar & Jupp, 1999). Similar phase-space patterns in DTR were obtained when the analysis was
repeated at individual sites (Figure S10 in Supporting Information S1).

Next, we calculated the temperature gradients in this phase space for each site, thus isolating the changes in DTR
caused solely by changes in clear-sky fraction (Afc) and water availability (Afw) . These are depicted as box plots
in Figures 3d-3f. We find that the reduction in DTR by cloudiness was nearly twice as pronounced as the
reduction attributable to changes in surface water availability. These patterns estimated by our approach were
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consistent with FLUXNET and ERAS data sets (Figure 3). However, our approach tends to overestimate the mean
reduction in DTR to changes in surface water availability (Figure 3d). This can be attributed to two primary
assumptions in our approach. First, we assume a constant boundary layer height during both wet and dry con-
ditions, while observations show an increased height with drier conditions (Denissen et al., 2021). The increased
growth of the boundary layer during dry conditions increases the heat storage capacity and can partly compensate
for the increase in DTR (Doan et al., 2022; Panwar et al., 2019). The sensitivity analysis of modeled DTR showed
that increasing the boundary layer height from 1,000 m to 2,000 m can reduce DTR by approximately 2-3°C
(Figure S17 in Supporting Information S1). Not accounting for this change overestimates the DTR response to
surface water-stress by roughly the same magnitude (Figures 3d-3f). Secondly, we assume that the heat storage is
zero across the whole diurnal cycle and there is no memory of prior conditions. The violation of this assumption
can make DTR overly sensitive to changes in antecedent radiative and surface water availability conditions.
While these assumptions may cause some discrepancies in terms of magnitude of changes, our approach still
provides a strong physical foundation to explain the direction of these changes. Both of these assumptions could
be dynamically modeled in future research.

It is important to note that changes in DTR with surface water availability do not imply that decreases in
evaporation always reduce DTR. This happens only in the “water-limited” evaporative regime where surface
water availability directly affects evaporation rates and land-atmosphere coupling is strongest (Seneviratne
et al., 2010). Over wet periods in which evaporation is limited by energy, the DTR increases with evaporation
because of increases in solar radiation and radiative heating at the surface (Figure S11 in Supporting
Information S1).

Our findings reveal that day-to-day variations in DTR are shaped by radiative effects mainly by the heating of
solar radiation but also modulated by surface water availability over land that control evaporation. The strong
dependence of DTR on solar radiation has already been widely reported by previous studies. Owing to this, the
DTR has also been used as a proxy for atmospheric transmittance (Bristow & Campbell, 1984) and surface solar
radiation (Makowski et al., 2009). Our approach provides a parsimonious physical mechanism that explains this
relation, and further explains the reported weak sensitivity of DTR to radiation during wet conditions (Dai
et al., 1999).

Our approach shows that DTR contains imprints of surface evaporative conditions as the water availability at the
surface directly affects the energy input into the lower atmosphere. This implies that information on surface water
limitation is included in observations of the diurnal temperature range. It may be possible to exploit this relation to
infer water limitation and evaporation rates directly from widely observable temperature observations without
accounting for additional parameterization to represent surface water limitation. This interpretation is consistent
with recent approaches that only use near-surface meteorological observations to estimate evaporation rates
(McColl et al., 2019; McColl & Rigden, 2020).

4.3. DTR Responses to Changes in Greenhouse Gas Forcing

We then apply our approach to estimate multi-decadal changes in DTR in response to changes in radiative forcing
driven by increasing greenhouse gas concentrations that enhance downward longwave radiation, while assuming
no changes in solar radiation and evaporative fraction. We use the longwave optical thickness of the atmosphere
(7) as a proxy to represent these changes. The sensitivity of DTR to changes in daily mean temperature (7)) were
then calculated by using the sensitivity of DTR to changes in 7 and the sensitivity of temperature to changes in 7 as
described by:

dT dr dr ™

d(DTR) _ d(DTR) <dT)_1
The first term d(DTR)/dr was estimated by differentiating Equation 6 and then comparing it with observed re-
sponses from FLUXNET and ERAS (Figure 4a). We find that DTR reduces as the longwave optical thickness of
the atmosphere increases. This is also expected as an optically thicker atmosphere will increase minimum
temperatures by reducing longwave radiative cooling at night and thereby reduce DTR (A. Betts, 2006). The
second term, d7/dz, was taken from Kleidon and Renner (2017), who show that an increase in optical depth
At = 0.18 yields a global surface warming of 5.0 K and a downwelling longwave increase of 33 W m™2,
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Figure 4. (a) Variation of the diurnal air temperature range (DTR) with the longwave optical thickness of the atmosphere for
estimated values (red), ERAS data (green), and FLUXNET observations (blue). (b) Changes in DTR with an increase in
mean temperature. Black (dots and line) denote the sensitivity estimated by our approach. Colored dots are the estimates
derived from other studies as indicated in the legend. Boxplot elements are as described in Figure 1.

consistent with CMIPS 4 x CO, simulations (warming 2.9-6.0 K; downwelling longwave radiation increase 20—
42 W m™2; their Figure S1 in Supporting Information S1).

Equation 7 then yields a reduction in DTR by 0.23°C for every 1°C increase in mean temperature. This is shown
as a black solid line in Figure 4b. This estimate closely aligns with the colored dots presented in Figure 4b, which
represent estimates derived from different studies using climate model simulations and observation-based data
sets (Doan et al., 2022; Lu et al., 2022; K. Wang & Clow, 2020). While this response does not need to be linear,
the close agreement of our estimate with observations shows that changes in greenhouse gas forcing alone can, to
a first order, explain the observed decline in DTR.

Our estimate is based on an increase in longwave optical thickness as a result of increased greenhouse gas forcing
alone. While this change includes the water-vapor feedback, we purposely neglect any changes to hydrologic
cycling. As a result, changes in cloud-cover and surface water availability were assumed to be unaffected by the
warming. The dependence of equilibrium evaporative fraction (f,4) on temperature is also neglected. While all of
these effects can also be diagnosed using Equation 6, the agreement of our estimate in Figure 4b implies that
changes in greenhouse gas forcing alone is sufficient to explain the observed decline in DTR without explicitly
accounting for changes in hydrologic cycling. It can be seen from Equation 6 that both the increase in f,, and
cloud-cover will reduce DTR. This implies that if the hydrologic cycle intensifies with warming (Held &
Soden, 2006; Kleidon & Renner, 2013), this could further reduce DTR. On the other hand, decadal variations in
solar-radiation, decreases in aerosol concentration and/or reductions in cloud-cover can increase the DTR. While
such an increase has already been reported by recent studies (Huang et al., 2023; Zhong et al., 2023), it can also be
tested and diagnosed using our approach.

We also note that increasing the optical thickness of a gray atmosphere can result in a much greater temperature
increase compared with increasing CO, in a spectrally-resolved atmosphere. This is due to the effect of atmo-
spheric windows that allow radiation to escape to space (Costa & Shine, 2012). This can be improved by including
a more detailed representation of radiative transfer. Despite these assumptions, we demonstrate that our approach
parsimoniously diagnoses changes in DTR in response to increasing greenhouse gas concentrations.

The goal of our approach is to contribute to a hierarchy of models with varying complexity, aiming to identify the
key physical drivers behind day-to-day variations in DTR rather than achieving higher prediction accuracy. There
are residuals in our approach that are partly attributable to neglected factors like changes in ground heat flux (G)
(Figures S12 and S16 in Supporting Information S1), advection effects and the assumption of a fixed boundary
layer height (Figure S17 in Supporting Information S1). The effect of moisture advection and heat transport has
not been directly accounted for here, but these are partly reflected in the observations of local radiative forcings

GHAUSI ET AL.

9of 12

858017 SUOWWOD 3AIIR1D 8|qedt[dde au Ag peuseAob afe S3[o1e YO ‘88N JO S3INJ 0} A%eiq18UIIUO /8|1 UO (SUORIPLOD-PUR-SWIRY/LIO B | 1M ARIq 1 BU1|UO//:SdNL) SUORIPLOD PUe SWe | 38U} 88S *[9202/T0/6Z] Uo A%iqiauliuo A8 (1M ‘G6SETT 197202/620T 0T/I0p/w0d e Arigijpuluosqndnfie//sdny wouy papeojumod ‘T ‘520z ‘2008761



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL113595

Acknowledgments

We thank three anonymous reviewers and
the editor for the constructive feedback.
We thank the PIs of FLUXNET sites used
in our analysis and the Copernicus Climate
Change Service for granting access to the
ERAS reanalysis data. S.A.G., E.Z., and
A K. acknowledge financial support from
the Volkswagen Stiftung through the
ViTamins project. S.A.G and A.K
acknowledge funding from the Max
Planck Institute for Biogeochemistry,
Jena-Germany. Open Access funding
enabled and organized by Projekt DEAL.

(Ghausi et al., 2023; Tian, Ghausi, et al., 2023; Tian, Zhong, et al., 2023). Our sensitivity analyses show that
changes in daytime ground heat flux (0-100 W m™2) reduce DTR by up to 3-4°C (Figure S16 in Supporting
Information S1), while seasonal changes in daily-averaged G have smaller effects on DTR (around 1°C).
Similarly, varying boundary layer height from 1,000 to 2,000 m reduces DTR by 2-3°C (Figure S17 in Supporting
Information S1). Notably, these changes in DTR fall within the model's RMSE range of 3—4°C, accounting for
15%-20% of unexplained variability (Figure 1). These uncertainties are smaller than the model's ability to
reproduce observed DTR responses to changes in cloud cover and surface water availability (Figures 2 and 3).
This suggests that, while incorporating G or dynamic boundary layer height may improve the accuracy of our
estmates, our model effectively captures the predominant controls on DTR.

Additionally, we applied the thermodynamic constraint of maximum power on the vertical surface-atmosphere
exchange. This constraint enables us to derive the final expression of DTR that depends on observable atmo-
spheric and surface forcings alone and remove the dependence from surface temperatures. This helps in the
interpretation of results by avoiding any confounding variables and information on surface-energy partitioning
which may not be available at most meteorological stations. However, our results are not critically dependent on
the assumption of maximum power. We also show that all our results still hold if we don't explicitly account for
the thermodynamic constraint (Figures S13-S15 in Supporting Information S1). These results were then produced
by using net radiation diagnosed from the surface energy balance as a proxy for turbulent fluxes (Text S3 in
Supporting Information S1).

To summarize, we demonstrate that changes in DTR are primarily shaped by variations in non-latent energy
input to the atmospheric boundary layer, which is controlled by the partitioning of incoming solar radiation at
the surface between heating the lower atmosphere and evaporation. Our findings reveal that while radiative
heating and cloud effects dominate DTR variability, surface water limitation introduces a water-stress imprint
on DTR, which can be used as an indicator of evaporative stress. Conversely, relying solely on DTR as a
radiation proxy (Hargreaves et al., 1985), will overestimate radiative impacts under dry conditions; our model
offers a means to correct this bias by decomposing observed DTR changes into radiative and evaporative
components.

Furthermore, our theory reproduces the reduction in DTR with increasing mean temperatures by accounting for
changes in long-term greenhouse gas forcings, implying that the first-order decline in DTR with global warming
can be explained by increases in greenhouse gas forcings alone. Our approach can then be further extended to
understand changes in DTR with respect to changes in vegetation, deforestation, aerosols, and other aspects of
global change.

5. Conclusion

We present a simple, physically based model that link the DTR to variations in radiative fluxes and surface water
availability through heat storage changes in the lower atmosphere. This model correctly explains the day-to-day
variation in DTR, its response to changes in cloud-cover and surface water limitation, and its long-term (multi-
decadal) response to changes in greenhouse gas forcing. By isolating radiation and surface water limitation ef-
fects, the model permits parsimonious interpretation of past and future DTR changes.

Data Availability Statement

All the data sets used in this study are freely available. FLUXNET-2015 data set is accessible from G. Pastorello
et al., 2020. NASA-CERES data is accessible from NASA/LARC/SD/ASDC (2019). ERAS land hourly data is
accessible from J. Mufioz Sabater (2019). No new data was generated in our study.
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