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Abstract The globally averaged diurnal temperature range (DTR) has shrunk since the mid-20th century,
and climate models project further shrinking. Observations indicate a slowdown or reversal of this trend in
recent decades. Here, we show that DTR has a minimum for average temperatures close to 0°C. Observed DTR
shrinks strongly at colder temperature, where warming shifts the average temperature toward the DTR
minimum, and expands at warmer temperature, where warming shifts the average temperature away from the
DTR minimum. Most, but not all climate models reproduce the minimum DTR close to average temperatures of
0°C and a stronger DTR shrinking at colder temperature. In models that reproduce the DTR minimum, DTR
shrinking slows down significantly in recent decades. Models project that the global-mean DTR will shrink over
the 21st century, and models with a DTR minimum close to 0°C project slower shrinking than other models.

Plain Language Summary The diurnal temperature range, that is, the difference between daily
maximum and minimum temperatures, affects both human health and plant development. Global data sets have
shown a shrinking diurnal temperature range since the 1950s, but a recent study found that the diurnal
temperature range had expanded again. In this study, we investigate how the diurnal temperature range behaves
at different mean temperatures. We find that the diurnal temperature range is particularly small for temperatures
close to the melting point of water (0°C), and larger for both colder and warmer temperatures. Due to the latent
heat of freezing/melting, more energy is required to warm the soil from —1 to +1°C than from —3 to —1°C or
from 1 to 3°C. The diurnal temperature range shrinks in regions and seasons with negative average temperature,
where global warming pushes the average closer to 0°C and expands for warmer temperature. Most, but not all
climate models also show a narrow diurnal temperature range near 0°C, shrinking of the temperature range at
colder temperature and a slower reduction in the diurnal temperature range in recent decades. Models suggest
that the currently observed expansion of the diurnal temperature range is a transient phenomenon.

1. Introduction

The diurnal temperature range (DTR), or difference between daily minimum and maximum temperature, is an
important climate indicator (Braganza et al., 2004) with substantial effects on human health (Cheng et al., 2014)
and crop yields (Lobell, 2007). The global-mean DTR over land areas has decreased over the second half of the
20th century, in particular between 1960 and 1980 (Gulev et al., 2021). Some areas, mostly in the midlatitudes,
have experienced positive DTR trends. Huang et al. (2023) recently reported that the global trend had reversed,
and DTR over global land areas had increased between 1980 and 2021.

Changes in the DTR have been attributed to changes in cloud cover (Dai et al., 1997, 1999; Doan et al., 2022;
Zhong et al., 2023), with increases in cloud cover dampening both daytime warming from incoming solar ra-
diation and nighttime longwave radiative cooling. Observed decreases (“‘solar dimming” until about 1980) and
increases (“solar brightening” since about 1980 over Europe and 2005 over China) of incoming solar radiation at
the surface (Schwarz et al., 2020) particularly affect daily maximum temperature and thus DTR. These changes in
incoming solar radiation at the surface are partly attributed to air pollution. Land-surface feedbacks such as
increased heating of dry soils during droughts and heatwaves further affect maximum temperatures and the DTR
(Daramola et al., 2024; Zhou et al., 2009), whereas temperature feedbacks in the stable boundary layer partic-
ularly affect nighttime temperatures (Walters et al., 2007).

Lindvall and Svensson (2015) found that climate models of the 5th coupled model intercomparison project
(CMIP5) mostly underestimated the DTR compared to observations. Most models agreed on an overall decrease
in DTR over the historical period and in future projections with continued increases in greenhouse gas
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concentrations. CMIP6 models also tend to underestimate DTR and project further decreases for the 21st century,
except under the low-emission scenario SSP1-2.6 (Wang et al., 2024).

Many studies have addressed DTR trends in individual regions, or compared regional trends across the globe.
Mid-latitude DTR has a minimum for mean temperatures close to 0°C in climate model output analyzed by Stone
and Weaver (2003), and whether such a melting-point effect can be seen in observations and affects DTR trends
has yet to be understood. In this paper, we test the hypotheses that (a) the DTR is small (has a relative minimum)
close to the freezing/melting point of water, where the latent heat release or uptake during the phase transition
dampens temperature fluctuations, and (b) this relative minimum in DTR affects DTR trends, which are more
negative below than above 0°C.

2. Data
2.1. Station Observations

We use station observations of surface air temperature measured 2 m above the ground from the Neumayer
research station (Wesche et al., 2016) in Antarctica (1983-2022) and the AWIPEV research base in Ny Alesund,
Svalbard (1994-2022). The Neumayer station is situated on the Ekstrom Ice shelf at 70.7°S, 8.3°W, and the
AWIPEV research base in the Kongsfjord at 78.9°N, 11.9°E. Both stations are close to the ocean, which is
covered with sea ice during most of the year close to Neumayer. Kongsfjorden close to Ny Alesund has usually
remained ice-free throughout the winter in the last decade. We derive the DTR and daily average temperature
from the original data provided with a frequency of 10 min.

2.2. Gridded Temperature Data

We use average temperature and the DTR from the CRU land temperature data set CRU TS v4 (Harris
et al., 2020), a quality-controlled homogenized data set of monthly gridded data based on global station obser-
vations (Harris et al., 2014) of surface air temperature. We restrict our evaluation to grid points that include at
least one station for interpolation throughout the entire timeframe considered.

2.3. CMIP6 Model Output

We use monthly means of daily maximum, daily minimum and average temperature (tasmax, tasmin, tas) for
1950-2014 from the historical runs of the 6th coupled model intercomparison project (CMIP6, Eyring
et al., 2016). Each model's land-sea mask (sftlf) is used to select grid points with at least 90% land coverage. We
analyzed all models for which the required data was available at the DKRZ ESGF node (see Table S1 in Sup-
porting Information S1).

3. Results and Discussion
3.1. Temperature-Dependance and Seasonal Cycle of DTR

Binning the DTR observed at AWIPEV and the Neumayer station according to the daily average temperature
(Figure 1a) shows that the DTR decreases with increasing average temperature between about —10 and 0°C. This
effect it surprisingly consistent between the two stations. Especially the smallest DTR are lower at Neumayer than
at AWIPEV, likely due to the much more homogeneous terrain and full year-round snowcover at Neumayer.
Correlations between the DTR and relative humidity, sunshine duration, surface pressure and near-surface wind
speeds in Ny Alesund observations are substantially lower than those between DTR and average temperature both
on daily (not shown) and monthly time scales (Figure S1 in Supporting Information S1). While we find no
relevant correlation between sunshine duration and DTR on monthly timescales for an Arctic station, Zhong
et al. (2023) show strong correlations between cloud cover and DTR on interannual timescales, particularly in
mid-latitude regions.

The dependence of DTR on mean temperature can also be understood through the relationship between minimum
and maximum temperature: For minimum temperatures colder than —10°C, maximum and minimum tempera-
tures increase at a similar pace (Figure 1b). For minimum temperatures between —10 and around 0°C, maximum
temperatures increase only about half as much as minimum temperatures. For minimum temperatures between
0 and 10°C, maximum temperatures increase by nearly 2°C for every °C increase in minimum temperatures.
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Figure 1. (a) DTR observed at AWIPEV (1994-2022) and Neumayer (1983-2022), binned according to average

temperatures. (b) Mean daily minimum versus mean daily maximum temperatures for each average temperature bin, same
database as in (a). The slopes of the regression lines are 0.94 for 7, ;, < —10°C, 0.66 for —10°C < T,,;, < 0°C and 1.7 for
0°C < T,;, < 10°C. Shading in (b) indicates a 70% confidence interval. Confidence intervals for figure (a) are given in Figure

S1 of the Supporting Information S1.

Plotting each month's DTR against its mean temperature for the high-latitude land areas represented in the CRU
data set (Figure 2) further supports the existence of a DTR minimum close to 0°C. The high-latitude DTR has a
seasonal cycle that goes beyond the temperature-dependence, with spring showing a higher DTR than autumn for
a similar average temperature. From September through February, mean temperature decreases and the DTR
expands accordingly, but from February to April, the DTR continues to expand to its highest values while the
average temperature also increases. The DTR then shrinks again with further increasing temperature until the
mean temperature reaches 0°C in June, and DTR expands with mean temperature warming beyond 0°C in July
and August.

We attribute this seasonal cycle to the presence of snow and a higher solar zenith angle during spring than autumn
for comparable mean temperatures (Cerveny & Balling Jr, 1992). Snow has a low heat capacity and conductivity,
which leads to a low effective heat capacity at the surface and thus a strong response of the surface temperature to
imbalances in the surface energy budget, which contribute to a larger DTR. Higher maxima of solar radiation
contribute to a larger diurnal cycle in the surface energy budget and thereby to a larger DTR.
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Figure 2. DTR for CRU data, binned according to average temperatures. Each point represents data from an individual month
in the period 1970-2022 averaged over the land area between 70°N and 90°N.

3.2. The Melting-Point Effect

We attribute the effect of the freezing/melting point on DTR to the increased latency of surface temperature close
to the phase change of water: When the surface is frozen and warms, it cannot easily warm beyond 0°C without
first melting the frozen ground moisture or snowpack. When the surface temperature of bare soil is above the
melting point and the surface cools, ground moisture needs to freeze, releasing latent heat, before the ground can
cool below 0°C. In quantitative terms, when the melting point is not affected, the DTR for the surface temperature
is a function of the diurnal cycle of the surface energy budget and the effective heat capacity of the surface.

DTRyy = g, (1)

Coff

where Q is the surface energy flux integrated from minimum to maximum temperatures (or vice versa) and ¢ the
effective heat capacity of the surface, governed by the surface material composition and the penetration depth of
the diurnal cycle. When the temperature of the warming surface reaches 0°C, the latent heat of fusion for any
existing snowpack and frozen moisture is taken up at the surface without further temperature changes. Only if all
snow and soil moisture melt within a day, the soil continues to warm beyond 0°C,

Q - Qmelt

DTR,y =~ "
;

@

but the energy that was required to melt the snow/ice is no longer available to increase the surface temperature. An
analogous argument can be made for a surface cooling to and below 0°C in the presence of soil moisture. The
DTR of 2 m air temperature is not equal to the range or surface temperature, but closely coupled to the latter.

These constraints are usually effective on days with an average temperature between —10 and 10°C, as the typical
range of diurnal temperature variability for such days encompasses 0°C. Across all months, about 30% of the land
area covered by the CRU data set is in this temperature bracket. Virtually all extratropical land masses are in this
temperature bracket from —10 to 10°C for at least part of the year (see Figure S2 in Supporting Information S1).
We therefore expect the melting-point effect to be relevant for global mean DTR and its trend.

3.3. Seasonality and Temperature-Dependence of DTR Trends

If the relationship between DTR and average temperature shown in Figure 1 was the only mechanism causing
DTR changes in a warming climate, we would expect DTR to shrink for average temperatures between —10 and
0°C, where warming shifts the average temperature toward the DTR minimum, and to expand for average
temperatures between 0 and 10°C, where warming shifts the average temperature away from the DTR minimum.
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Figure 3. (a) DTR trends in the CRU data set (global land areas covered, 1970-2022) as a function of calendar month and mean temperature, (b) DTR trends binned as a

function of monthly mean temperature.

Indeed, observed DTR over global land areas is mostly shrinking in months and places with an average tem-
perature below 0°C, and expanding at warmer average temperature (Figure 3). This holds across seasons with
some variance in the temperature threshold for positive/negative trends (Figure 3a). Binning trends according to
average temperature (Figure 3b) shows the strongest DTR shrinking for negative average temperatures and DTR
expansion for positive average temperatures.

The relationship between DTR and average temperature explains the observed relationship between DTR trends
and the average temperature, but not the total observed DTR trends. It is not the major driver for shrinking DTR in
response to global warming (Jackson & Forster, 2013), but it may have an important effect on regional, seasonal
and (multi-)decadal differences in DTR trends.

In addition to the melting point effect on DTR, the maximum temperature during dry, hot summers increases more
strongly than the average and minimum temperature because dry soils are no longer cooled by evaporation. This
additional increase in maximum temperatures leads to an increase in DTR in areas affected by droughts (Dar-
amola et al., 2024).

3.4. Temperature-Dependence of DTR and Its Trend in CMIP6 Models

Most CMIP6 models reproduce the observed relationship between DTR and mean temperature with a minimum
DTR near the melting point (Figure 4). For further analyses, we separate models with no or a weak melting-point
effect and thus DTR minimum near 0°C, marked by dashed lines in Figure 4. We use two criteria to assess the
representation and strength of a melting-point effect in models, the difference in DTR between the local minimum
and a local maximum at colder temperature, Amin > 1°C, and the difference between the DTR at average
temperatures of 0 versus 10°C, A(0 vs. 10) > 3°C (sketched in the inset in Figure 4). We consider models that
fulfill both criteria as models with a melting point effect and models that do not fulfill either of the criteria as
models with no or a weak melting point effect. Observations point toward a substantially larger Amin, so our
assessment of differences between these groups of models is a conservative estimate.

In most models, the difference between the DTR minimum and the DTR at lower and higher temperatures ranges
from about 1°C to about 6°C. The EC-Earth models do not show the observed DTR minimum near the freezing/
melting point despite including a parameterization of the effect of soil moisture freezing (Viterbo et al., 1999).
The effect could be related to other schemes, such as the representation of the snowpack, or it could be too weak in
the EC-Earth models due to issues in atmosphere-surface coupling or in the soil moisture freezing scheme itself.
The GISS models only fulfill the second (A(O vs. 10)) criterion and are not considered part of either subgroup of
models.

The DTR itself also has a strong inter-model spread, ranging from 4 to 10°C for an average temperature of 0°C
when excluding the outlier model AWI-CM-1-1-MR with a DTR around 20°C. While a full evaluation of the

PITHAN AND SCHATT

5of 8

85U807 SUOLULOD BA11ER1D) 3ot (dde aupy Aq psuienob ke sejoNe O !N J0 S9N Joj Al 8UlUO AB]IA UO (SUORIPUOO-PUE-SWISHWI00" A3 | Im A Re1q 1 [Bul|Uo//SANU) SUORIPUOD pue SuLB | 81 88S *[6202/80/2T] Uo Ariqiauliuo AsIm My Bunyosioseiss N “N -#elod "4 Inisu| BusBem peiyly Ad TS260T 19¥202/620T OT/I0p/L0d A8 1M Areiq putjuo'sgndnBe;/sdny woiy pepeojumoq ‘2T *#202 ‘L008YY6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL109751

— = EC-Earth3-Veg
GISS-E2-1-H
EC-Earth3-AerChem
GISS-E2-1-G

== EC-Earth3
EC-Earth3-Veg-LR
MPI-ESM1-2-HR

== MPI-ESM-1-2-HAM
MRI-ESM2-0
AWI-ESM-1-1-LR
GFDL-ESM4
MPI-ESM1-2-LR
BCC-ESM1
ACCESS-ESM1-5
CanESM5
SAMO-UNICON

—— FGOALS-g3
MIROC6

-7 = CMCC-ESM2

4- 7 —— ACCESS-CM2
| | | INM-CM4-8

—-30 -20 -10 0 10 20 30 INM-CM5-0
tas [°C] IPSL-CM6A-LR

DTR[°C]
=
o
1

8_

Figure 4. DTR as a function of monthly mean surface air temperature (tas) in CMIP6 climate models (historical run, global
land areas, 1950-2014). Models are sorted by Amin, and dashed lines show models with a particularly weak representation of
melting-point effect on DTR (Amin < 1°C). The inset sketches the definition of both criteria used to determine the existence
and strength of a melting-point effect in models, the strength of the local DTR minimum relative to the maximum DTR at
colder temperature Amin and the difference in DTR at an average temperature of 10 versus 0°, A 0 versus 10.

DTR in climate models is beyond the scope of this paper, our high-latitude observations indicate typical DTR
around 8°C for average temperatures below —10°C. This would be on the upper end of the CMIP6 inter-model
spread at similar average temperature, consistent with earlier findings that CMIP5 climate models tend to un-
derestimate DTR (Lindvall & Svensson, 2015).

For surface air temperatures above the local minimum near 0°C, climate models agree on a general expansion of
DTR with increasing temperature, with a second local minimum near 25°C. This might seem at odds with a
general trend of shrinking DTR with global warming, but the effect of anthropogenic climate change on DTR
partly occurs as a rapid adjustment, that is, a direct response to the increased greenhouse gas concentration and its
radiative effects that is independent of surface temperature change (Jackson & Forster, 2013). The response of
DTR to climate change thus cannot be expected to follow the temperature-DTR relationship in a given climate
state.

Computing global DTR trends for models with no or a weak representation of the melting-point effect on DTR
separately from models with a substantial melting-point effect (Figure 5) shows that the latter display a signif-
icantly (p = 0.002 for a one-sided Welch r-test) weaker DTR shrinking after than prior to 1985. In models with a
weak or no melting-point effect, the DTR continues shrinking with no significant difference between the earlier
and later period.

Models reproduce observations of substantial shrinking of the DTR at average temperature below 0°C, and
weaker shrinking or expansion of the DTR for temperatures around 10°C (observations in Figure 3b, models in
Figure S2 of the Supporting Information S1). Models with a meting-point effect have a near-zero DTR trend for
an average temperature around 10°C between 1970 and 2014.

Models with no or a weak melting-point effect project stronger DTR shrinking throughout the 21st century than
models with a substantial melting point effect, as well as a stronger DTR change normalized by global mean
surface temperature change (not shown).

4. Conclusions

The DTR strongly depends on average temperatures in the (average) temperature range from —10 to 10°C, with a
minimum DTR near 0°C and larger DTR for both warmer and colder temperatures. We attribute this to a melting-
point effect, where latent heat release or uptake during the freezing/melting of water limits the DTR when
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Figure 5. Annual mean DTR anomaly with respect to 1950-2014 in CMIP6 climate models (historical run) over global land
areas and linear trends before and after 1985. Dots/plus signs represent individual models, and lines the mean over models
with a substantial DTR minimum near 0°C (black, dots) or a weak or no DTR minimum (gray, plus signs, corresponding to
models shown with dashed lines in Figure 4).

temperatures approach 0°C. For temperatures below —10°C and above 10°C, climate models indicate mostly
larger DTR with larger average temperatures and a second minimum for average temperatures above 25°C.

The relationship between DTR and average temperature is not the major driver for shrinking DTR in response
to global warming (Jackson & Forster, 2013), but it affects global DTR trends on decadal to multidecadal
time scales and their seasonal and geographical distribution. Observed DTR trends in recent decades are
predominantly shrinking for average temperatures below 0°C and expanding for average temperatures above
0°C, consistent with the melting-point effect on DTR. In addition to the melting-point effect, land-surface
feedbacks due to drying and reduced evaporation in summer contribute to positive trends at warmer tem-
perature (Daramola et al., 2024).

Climate models that represent the minimum DTR near average temperatures of 0°C show a weaker shrinking
of global-mean DTR between 1985 and 2014 than prior to 1985, whereas models that (largely) lack this
minimum simulate a steadily shrinking DTR. The DTR trend in models that represent the melting-point effect
on DTR is thus more consistent with observations suggesting a recent growth in DTR (Huang et al., 2023).

The lack of a DTR minimum near 0°C in some models points to issues in atmosphere-surface coupling that should
be further investigated. The substantial inter-model spread in DTR (on the order of 5°C for a given average
temperature) could also be leveraged to evaluate atmosphere-surface coupling in models. We further suggest to
investigate the mechanisms behind the second minimum in DTR above 25°C and compare this feature in models
to observations from lower latitudes.

Data Availability Statement

Temperature data and other meteorological observations from Neumayer (Schmithiisen, 2023) and Ny-/oklesund
(Maturilli, 2020) are provided by the Alfred Wegener institute and available from the PANGAEA database
(https://doi.org/10.1594/PANGAEA.962313, https://doi.org/10.1594/PANGAEA.914979). The CRU tempera-
ture data set (Harris et al., 2020) is provided by the Climatic Research Unit (University of East Anglia) and
NCAS.
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Erratum

The originally published version of this article contained an error in Figure 3a. The y-axis should read as follows:
“Average monthly 2-m air temperature.” The error has been corrected, and this may be considered the author-
itative version of record.
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