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PUBLIC SUMMARY

= We quantified the impact of historical land use and land cover change (LULCC) on extreme temperature.

LULCC has enhanced cold extremes and alleviated hot extremes over the mid-latitudes of northern hemisphere.

The strongest changes are observed in the central and eastern North America and Europe.

These changes are largely the results of climate feedback due to LULCC.
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The impact of historical land use and land cover change (LULCC) on the
mean climate has been extensively studied, but its impact on temperature
extremes is not well understood. This study investigates the biophysical
effect of LULCC on temperature extremes using two sets of model simula-
tions — one with land use fixed at 1850 level and the other with historical
LULCC from 1850 to 2014. We find that the historical LULCC has two
asymmetric effects: (i) it decreases the temperature of coldest day (—0.56 +
0.23 K; mean = std. error) more than that of the hottest day (=0.21 + 0.07 K)
at the mid-latitudes of northern hemisphere; and (ii) it has a stronger
impact in the mid-latitudes of northern hemisphere relative to the tropical
region. These changes result largely from an indirect effect of LULCC via
changes in clouds, circulations, and the downward longwave radiation. We
stress that the indirect effects from climate feedback of LULCC should be
considered when implementing reforestation policy.

INTRODUCTION

Human and natural systems are vulnerable to extreme weather and
climatic events. Over the past several decades, cold extremes have been
decreasing and hot extremes have been increasing in frequency and inten-
sity.” The 5" assessment report of Inter-governmental Panel on Climate
Change (IPCC) concludes that human activities have modified the intensity
and frequency of daily temperature extremes since the mid-20" century.” One
such activity is the land use and land cover change (LULCC), manifested
primarily as the loss of primary and secondary land (psl) and concomitant
expansion of cropland, pasture and rangeland, providing food, energy and
timber to human society. Specifically, psl decreased by ~21.3% of the global
land (31.7 Mkm?) in 2014 relative to 1850, including roughly 7.1 Mkm? forest
loss. In the same period, cropland, pasture and rangeland expanded exten-
sively, with a fractional change of +6.4% (crop), +3.5% (pastureland) and
+10.7% (rangeland; Figure 1).

LULCC influences the climate system biogeochemically by changing
atmospheric greenhouse gas concentrations and biophysically by changing
surface properties. When forests are replaced with cropland and pastureland,
the surface albedo will increase, leading to cooling of the surface. On the
other hand, deforestation reduces surface evapotranspiration (ET), which
causes warming. The balance of these two competing biophysical effects is
latitudinal dependent.*®

There is a large body of literature on the climate impact of LULCC. In
observational studies, the climate impact of deforestation is quantified by
comparing temperature observed at a forest with that at a nearby open land,
assuming the same background climate at both locations.*’ By equating the
difference from observations made at the same time to changes of land use
over time, these studies imply a space-for-time substitution. The space-for-
time strategy has two drawbacks. The first is that a 100% deforestation is
assumed in such comparison (forest vs. open land), which is usually not the
case in reality; The second is that the observational results reveal direct
effects of surface changes but miss indirect effects of LULCC. The direct
effect is associated with changes of surface albedo, roughness and ET effi-
ciency and arises directly from land cover changes, with the atmospheric
conditions unchanged.” The indirect effect is caused by the feedback from
changes in the background climate, such as changes of clouds, circulation,
and downward radiation, which is cancelled out in the space-for-time strat-

egy.

Factorial experiment method using fully-coupled simulations with and
without LULCC can be used to derive the surface climate changes including
both direct and indirect effects of LULCC. In idealized model simulations,
deforestation is usually applied uniformly at a high rate (e.g., 50%) to gener-
ate a strong signal.'”'" Such idealized simulations provide mechanistic
understanding of the LULCC impact, but they are not a realistic representa-
tion of historical LULCC which occurred gradually over time. Besides, the
climatic impacts of slow and prolonged deforestation (e.g., 1% decrease
annually) are different from those of sudden deforestation.'”'* Moreover, the
temperature response may be greater in the regions where LULCC is more
intense as the historical LULCC is highly heterogeneous rather than uniform
(Figure 1; Lawrence & Vandecar, 2015'°). Thus, a realistic assessment of
LULCC impacts is still lacking and imperative.

In addition to mean temperature, LULCC also influences temperature
extremes. Results of modeling studies, however, depend on whether indirect
effects are included. For example, Lejeune et al. (2018)'" reported an
enhancement of hot extremes due to LULCC in the northern mid-latitudes
while Chen and Dirmeyer (2019)'® found the opposite. The former study used
a linear regression technique, which includes direct effect only while the latter
used coupled model simulation, including both direct and indirect effects.
Almost all published modeling studies investigating total effects are based on
single model simulations,'®* which may be subject to model biases and
structural uncertainties.”

In this study, we investigate the impact of historical LULCC on daily and
monthly temperature extremes with seven climate models. Two sets of fully-
coupled simulations -- one with land use held at the 1850 level and the other
forced with gradual LULCC over the historical period -- are compared.
Results are presented as multi-model mean (MMM) values for both hot
extremes and cold extremes and in intensity and frequency. The methodol-
ogy deployed in this study offers several advantages: (i) inclusion of indirect
effects arising from atmospheric feedback rather than just direct effects as in
space-for-time studies; (i) a more realistic assessment of historical LULCC
impact than idealized modeling studies; (iii) reduced model bias and easier
determination of whether regional changes are greater than structural uncer-
tainties of climate models.”* Our results show that historical LULCC lowers
both cold and hot temperature indices over the mid-latitudes of northern
hemisphere (mid-NH), with a larger decrease from the former. In addition, we
also show how LULCC changes extreme temperatures by modifying the
surface energy budget and circulations.

MATERIALS AND METHODS
CMIP6 model data

Two simulations per model were employed to quantify the LULCC impact.
The first simulation is the standard historical simulation including all anthro-
pogenic (e.g., greenhouse gases, aerosols and LULCC) and natural forcing
(e.g., solar and volcanic activities), in which LULCC is prescribed by the Land-
Use Harmonization dataset.” The second is the hist-noLu simulation from the
Land Use Model Intercomparison Project,” in which the forcing is identical to
the historical experiment, but with land use fixed at the 1850 level. The
LULCC data in all CMIP6 models is provided by Hurtt et al..” In this product,
GLM2 model (the model underlying the dataset) computes subgrid-scale
land use states and corresponding transition rates in each gridcell as a func-
tion of the land surface at the previous time step and a transition matrix. As a
result, each land cover type is assigned with a fraction in each gridcell, which

2 The Innovation Geoscience 2(3): 100079, September 17, 2024

www.the-innovation.org/geoscience


mailto:tangtao@mail.iap.ac.cn
mailto:tangtao@mail.iap.ac.cn
mailto:tangtao@mail.iap.ac.cn
mailto:tangtao@mail.iap.ac.cn
https://doi.org/10.59717/j.xinn-geo.2024.100079
https://doi.org/10.59717/j.xinn-geo.2024.100079
https://doi.org/10.59717/j.xinn-geo.2024.100079
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.the-innovation.org/geoscience
https://www.the-innovation.org/geoscience
https://www.the-innovation.org/geoscience

o Primary and second land (psl)

REPORT

e Crop + pasture + rangeland

o — 7z
>80 (%)

Figure 1. Spatial pattern of fractional changes of land type in each gridcell in 1995-2014 relative to 1850 (A) primary and secondary land, (B) combination of cropland, pasture

and rangeland. Data is from Hurtt et al..°

varies annually. The input land use map is based on the History of the Global
Environment database (HYDE 3.2) that provides long-term and spatially
explicit time series of population and land use reconstructions from 10000
BC to the present.”’ In HYDE 3.2, observed land use and population data were
used where observations available (e.g., satellite products and Food and Agri-
culture Organization statistics). Before the observation era, per capita land
use was estimated and then modelled back in time and also implemented in
some countries by subnational statistics, assuming that they were not
constant but followed a curved trajectory. Please refer to Klein Goldewijk et
al.”" and Hurtt et al.” for detailed information regarding the historical land use
map. It is also noted that not all models could fully implement this LULCC
data, but with different levels and complexities depending on their own
configurations (e.g., some models do not have pasture). These simulations
were run in fully-coupled mode from 1850-2014, and the period of 1995-
2014 were analyzed in this study. Seven CMIP6 models archived daily 2-m
temperature data are employed in this study (Table ST).

Methods

The temperature of the coldest day (Tcd), the coldest month (Tem), the
hottest day (Thd) and the hottest month (Thm) of each year are extracted for
each gridcell. The LULCC impact was quantified as differences in these
temperature variables. For example, the impact of LULCC on the coldest day
is defined as:

ATcd = Ted (historical), gy, 5, — Tcd(hist —noLu) )

In (1), A is the difference of Ted due to LULCC impact (historical minus hist-
nolLu) while the overbars represent the mean value of 1995-2014. The LULCC
signal increases gradually with time, reaching maximum in the last several
decades. The period of 1995-2014 can clearly demonstrate the signal
(Figure ST). All models are linearly regridded to the resolution of 0.94° (lati-
tude) x1.25° (longitude) before processing. We first computed these differ-
ences for each gridcell in each model and then averaged the results to obtain
MMM values, giving equal weight to each model. A boot-strap technique was
utilized to determine if the MMM values are different from zero with statisti-
cal significance at the gridcell level. The seven model values were sampled
seven times randomly with replacement to obtain a mean value. The process
was repeated for 500 times to construct a 95% confidence interval. The
MMM changes are considered significant if zero falls outside the confidence
interval.

To examine the change in the frequency of temperature extremes, we first
obtained the temperature value colder than a preset percentile (e.g, colder
than 90% of daily temperature) over 1995-2014 in the hist-noLu simulation
(To) and the number of days colder than T in this simulation. We then calcu-
lated the number of days colder than T, in the historical simulation with
LULCC forcing. The difference in the number of days colder than T, is

1995-2014

considered to be caused by the LULCC activity. The same process was also
repeated for hot days. A similar bootstrap was used to determine whether the
changes in extreme frequencies are statistically significant.

The concentrations of greenhouse gases in the hist-noLu experiment are
identical to those in the historical experiment. In other words, the historical
LULCC does not modify the carbon cycle in this simulation. The temperature
difference between the two experiments is caused solely by biophysical
changes.

The biophysical changes have direct and indirect effects on the surface air
temperature. To separate the direct and indirect effects of LULCC, we
employed a multi-linear regression model to estimate the direct effects.'’
Specifically, for each grid cell j, we selected a 5x5 window centered on this
grid cell and then regressed the temperature change against four spatial
predictors: the fraction change of psl (Apsl), latitude (lat), longitude (lon), and
elevation (elev), obtaining:

ATed =By + B, x Apsl+ B, x lat+ B, x lon+ B, x elev 2)

where ATcdis the total effect obtained from the Equation (1). ATed, Apsl, lat,
lon and elev are vectors containing up to 25 values centered on grid cell j, and
the B coefficients are specific to the grid cell i. The direct effect of psl change
on ATcd at the grid cell jis then estimated by scaling the coefficients with
the psl fraction change at the grid cell i

ATedye (i) = B, x Apsl (i) @)
The indirect effect at the grid cell /is then estimated as:
ATCd e (1) = ATed (1) — ATC e (1) (4)

In Equation (4), ATcd(i)is from the Equation (1), representing the total
effect at the grid cell /. We applied this method to all land grid cells with the
5x5 window containing at least 13 valid values and repeat this process to all
the temperature indices. The inclusion of the other three predictors on top of
the psl change aims to minimize the signals from natural climatic gradients
within the 5x5 box. This method assumes that the indirect effects from the
large-scale circulation changes have a similar impact on the 5x5 box.'"* It is
also acknowledged that some small-scale indirect effects within this 5x5 box
cannot be fully excluded. Therefore, the direct effects calculated with this
approach may be slightly overestimated.

A surface energy budget analysis is also employed in this study. The
incoming radiation at the surface (Rin) is calculated as:

Rin= netSW+ | LW (5)

In Equation (5), netSW is the net shortwave (SW) radiation at the surface
and |LW is the downward longwave (LW) radiation at the surface. Both SW
and LW radiation can be separated into cloud radiative effects and clear-sky
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Figure 2. Spatial pattern of MMM changes of extreme temperature indices (A) changes of the coldest day (ATcd), (B) changes of the coldest month (ATcm), (C) changes of the
hottest day (AThd) and (D) changes of the hottest month (AThm). (E) shows the MMM domain-averaged changes of extreme temperatures and mean temperature (Tmean) for
the central and eastern North America (CENA), Europe (EUR), mid-latitudes of Northern Hemisphere (mid-NH), South America (SAM), Tropics and whole global land (without
Antarctica). Green boxes in (A) define the regions of CENA, EUR, and SAM, respectively. The gray dots in (A)-(D) denote significant changes at p = 0.05 level. Dots are shown every
5 columns and rows for clarity. The error bars in (E) represent one standard error of MMM and * in (E) denotes the corresponding domain-averaged changes are significant at p =

0.05 level.
conditions.” Rin can be rearranged as:
Rin = netSWoeasy+ 4 LW, *CRE (6)

In Equation (6), netSWclearsky is the net SW radiation under clear-sky
conditions, |LWqearsiy IS |LW radiation under clear-sky conditions, and CRE is
the cloud radiative effects. Rin is balanced by outgoing LW radiation, sensible
heat flux (H), latent heat flux (LE) and ground heat flux.

RESULTS

Figure 2 shows the spatial patterns of the four temperature change vari-
ables, along with the domain-averaged changes for the selected regions, over
the period of 1995 to 2014. The historical LULCC activity lowers both cold
and hot temperature extremes in the Northern Hemisphere (NH) with a larger
decrease for cold extremes, especially in the central and eastern North Amer-
ica (CENA, 105°W-51°W, 25°N-49°N) and the Europe (EUR, 9°W-59°E, 46°N-
72°N). The domain-averaged Tcd is reduced significantly by 0.56 + 0.23 K
(MMM t s.e.) in the NH mid-latitudes (mid-NH, 30°N-60°N). In the CENA and
EUR, the Tcd decreases are 0.94 + 0.56 K and 1.06 + 0.48 K, respectively, both
of which are statistically significant. Averaged over global land grids (without

Antarctica), the Ted is reduced by 0.24 + 0.12 K. In South America (SAM,
60°W-42°W, 2°S-35°S), a region with intense LULCC (Figure 1) and the whole
tropical regions (20°S-20°N), however, ATcd is almost zero, at —0.04 + 0.06 K
and 0.03  0.06 K, respectively. The coldest month (Tcm) shows comparable
changes as the Ted (Figures 2B & E), with reductions of 0.39 + 0.16 K in the
mid-NH, 0.81 + 0.42 K in the CENA and 0.86 + 0.36 K in the EUR, and insignif-
icant increases of 0.12 + 0.13 K in the SAM and 0.04 + 0.06 K in the tropics.
The global land mean ATcm is —0.14 + 0.11 K but is not significant. The
changes in these cold extremes are larger than the mean temperature
changes, most notably in the CENA and the EUR.

In terms of hot extremes, both the Thd and the Thm show the same sign of
change as the cold extremes in the boreal region, but with much reduced
magnitudes (Figures 2C-E), mostly within —0.1 to —0.3 K and statistically
insignificant over most of the NH. Statistically significant changes are
observed in the CENA for the Thm (=0.36 + 0.16 K) and the mid-NH for the
Thd (=0.21 £ 0.07 K). In the SAM, the Thd and the Thm are increased by 0.14
+ 0.09 K and 0.17 + 0.09 K, respectively, with the latter being statistically
significant. The changes of hot extremes are negligible in the whole tropics.
Larger decreases in cold extremes than hot extremes also imply a faster
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Figure 3. Changes in the number of extreme cold (blue) and hot days (red) as functions of percentile for the selected regions (A) central and eastern North America (CENA),
(B) Europe (EUR), (C) mid-latitudes of Northern Hemisphere (mid-NH), (D) South America (SAM), (E) Tropics, and (F) whole global land (without Antarctica). Thick solid lines are
MMM values and shaded patches are standard error. Dots in the upper and lower x-axis indicate that changes for this percentile are significant at p = 0.05. The 90% and 95%
percentile temperatures in hist-noLu simulation are shown for reference. The world map shows the boundaries of the selected regions.

decreasing rate of cold extremes. The decreasing rates of cold extremes are
two to four times higher than hot extremes over the CENA, the EUR and the
mid-NH (Figure ST).

The above results reveal that the impact of historical LULCC is asymmet-
ric. The changes are stronger and faster for the cold extremes than for the
hot extremes. This asymmetry is also evident in the frequency of extreme
temperatures. Figure 3 shows the change in the number of cold and hot
extreme days due to historical LULCC activity.

In the CENA, the 90%, 95% and 99% cold temperature is —2.7, —=7.4 and
—-16.8 C in the hist-noLu simulation (Figure 3A). Putting it differently, there
are 36.5, 18.3 and 3.7 days per year with daily temperature lower than these
values. The number of the coldest 90% days is increased by 3.6 days in the
historical experiment than in the hist-noLu simulation (Figure 3A, blue), giving
a total of 36.5 + 3.6 days with temperature colder than —2.7 °C. The increase
in the number of 95% coldest days is 2.7 days, giving a total of 18.3 + 2.7
days with daily temperature lower than =7.4 “C. The number of 99% coldest
days is increased by roughly 1.0 day per year, giving a total of 3.7 + 1.0 days.
All these changes are statistically significant at p = 0.05 level. The EUR shows
similar increasing frequency of cold extremes as the CENA (Figure 3B). In the
mid-NH, the increase in the number of the 90% and the 95% coldest days is
halved, at about 2 days and 1.3 days per year, respectively (Figure 3C). Glob-
ally, the change in the frequency of cold days is quite limited: the number of
the 90% coldest days is increased by 0.8 days, and the change is not statisti-
cally significant (Figure 3F). The changes in cold day frequency are insignifi-
cant in the tropics and the SAM.

The change in the frequency of hot days is smaller than that of the cold
days. In the CENA, the number of the 90% hottest days is decreased by

approximately 1.8 days. Here the 90% hottest days are days with daily
temperature greater than 27.4 °C. In this region, LULCC decreases the
number of days with daily temperature greater than 27.4 °C from 36.5 days to
34.7 days per year. The numbers of the 95% to 99% hottest days are
decreased statistically significant by roughly 1 day per year (Figure 3A, red).
The number of the 90% hottest days is also decreased by roughly 1 day in
both the EUR and the mid-NH (Figure 3B-C). In contrast, the frequency of
90% hottest days is increased by roughly 1 day per year in the SAM, but the
change is not statistically significant. The frequency changes of hottest days
are mostly negligible in the tropical regions and the whole global land.

Figure 4 shows the direct and indirect effects of LULCC on the four
extreme temperature indices (see Methods). In the CENA, the direct effects of
LULCC are mostly cooling due to albedo effect in all four indices and this
cooling effect is further reinforced by the indirect effects, with the latter being
two to four times larger than the former. In the EUR, the direct effects are
negligible, indicating that the total effect is dominated by the indirect effects.
This is also the case for the whole mid-NH. In the SAM, however, the warm-
ing induced by direct effects are either counteracted or enhanced by indirect
effects, and the total effects are shaped by both direct and indirect effects,
with varying contributions in different indices.

During the boreal winter (DJF), the change of all incoming energy terms
and ALE are highly correlated with ATcm in the CENA (Figure 5A). The cool-
ing over the CENA is mainly caused by albedo effect and then further rein-
forced by reduced |LW,qeqrsr, due to cooler atmosphere, despite some offset
by ACRE and ALE (Figures 5 & S2). In the EUR, A|LW,eqrsiy has the highest
correlation coefficient with ATcm (r = 0.79), highlighting the crucial role of
indirect effects. Previous studies reported a strong control of circulation

92USI0S095 UolPAOUU| 8Y |

[I J—

The Innovation Geoscience 2(3): 100079, September 17, 2024 5




www.the-innovation.org/geoscience

REPORT
O ATcd

Direct effect

Indirect effect

T LS o N
POUENEEPN PN

(K) L K

0.4
0.0 — o + -

CENA EUR mid-NH SAM Tropics _ Global land
PR — * o * AL , AL L
\ ‘ ' 4
CENA EUR mid-NH SAM Tropics  Global land
* P | ‘ | ,
™ W -
CENA EUR mid-NH SAM Tropics  Global land
c . : ol N
O | s 1 —+ e o
CENA EUR mid-NH _ SAM ___ Tropics _ Global land

Direct effect Indirect effect Total effect

Figure 4. Direct (left column) and indirect (middle column) effects of LULCC on the four temperature indices (A) changes of the coldest day (ATcd), (B) changes of the coldest
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represent standard error and the * denotes significant changes of domain-averaged values at the p = 0.05 level. Note the different color scales between the left and the middle

column.

patterns on the extreme temperature over these regions.”’* Our analyses
suggest a negative Arctic Oscillation-like circulation pattern over North
Atlantic due to LULCC, in which more cold air from high latitudes penetrates
into the EUR and the CENA, thereby contributing to enhanced cold extremes
(Figure 5C). It is worth noting that circulations and |LWqearsky @re not exclu-
sive, as more cold air advection can decrease |LWqiearsiy- The results are simi-
lar to the CENA and the EUR when averaged over the whole mid-latitudes
(Figure 5A). During the boreal summer (JJA), the cooling in the CENA is
mainly contributed by enhanced LE and further amplified by AL W,ezrsy, @nd
ACRE. In the EUR, the indirect effects dominate again, with AL Wqersiy @nd
ACRE have the highest correlation coefficients (Figure 5B). The circulation
changes, however, are much smaller compared with winter months. In the
lower latitudes, there is no obvious seasonality. It is therefore more appropri-
ate to examine the energy changes on annual scale. In the SAM, reduced LE
caused initial warming in AThm (Figure 4D), and this warming effect is further
modified by AJLWqearsiy @and ACRE (Figure S2), with A|LW s, and ALE have
the highest correlation coefficients (Figure 5B).

Our analyses show that the magnitudes of direct effects of LULCC are
similar in the mid-NH and the tropics (Figure 4) and the varying latitudinal
pattern of extreme temperature response is mainly shaped by indirect effects,
with the strongest control from A|LWeeas, and to a lesser extent, from
clouds (ACRE). The latitudinal pattern is further evidenced by the higher r

values in the mid-NH regions compared with lower r values in the tropical
regions (Figure 5). On top of the latitudinal pattern, the asymmetrical
response of cold and hot extremes is also due to the different indirect effects,
as indirect effects are 2-4 times larger in cold extremes than in hot extremes
(Figure 4). The crucial role of indirect effects stress that the climate feedback
of LULCC should be considered when planning reforestation policy.*

CONCLUSIONS AND DISCUSSIONS

By using coupled model simulations with historical LULCC, our study
confirms that historical LULCC cools the land surface biophysically. Specifi-
cally, LULCC decreases the temperature of the coldest day by 0.56 + 0.23 K
and that of the coldest month by 0.39 + 0.16 K at the mid-latitudes of north-
ern hemisphere. At these latitudes, the number of the 90% coldest day is
increased by 2 days and the number of the 95% coldest day increased by
roughly 1 day annually. The strongest cooling is seen in the central and east-
ern North America and the Europe, two regions with intense historical LULCC.
These two regions experience a temperature reduction of over 0.8 K in both
the Tcd and the Tem, and an increase of 4 days in the number of the 90%
coldest day annually. The hot extremes also show decreasing trends, but the
trends are much weaker. The Thm decreased by 0.36 + 0.16 K in the central
and eastern North America and the Thd is decreased by 0.21 + 0.07 K over
the whole mid-latitudes of the northern hemisphere. The Amazon (SAM)
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and winds at 850 hPa (vectors) in DJF. (D) Same as (C), but for JJA.

experienced slight exacerbation in the hottest month whereas the whole
tropical regions show negligible changes for both cold and hot extremes.
These changes are dictated by the indirect effects from climate feedback,
mainly the changes of radiation due to |LWqearsy, CRE and circulations.

We repeated our analyses to the boreal spring and fall seasons. The results
are similar to Figure 2, but with reduced magnitudes (Figures S3&S4), indicat-
ing that the impact of LULCC on extreme temperature is all year round. We
also extended the length of study period to 1975-2014, and the results are
also similar (Figure S5), implying that our results are robust and not sensitive
to the chosen period.

Accompanied agricultural expansion is the diversion of river water and
groundwater for irrigation. Irrigation is known to reduce hot extremes by
enhancing surface evaporation.”*** Among the seven models used in this
study, only CESM2 model activated irrigation scheme. The asymmetrical
impact of LULCC on cold and hot extremes would be smaller than reported
above if all the models allow cropland irrigation (and hence more evaporation
in the summer).

The signal strengths reported here are different from those reported by Li
et al.” and Alkama and Cescatti.’” The main reason is that our results include
both direct and indirect effects of LULCC, while those two studies consider
only direct effects. When examining the direct effects only, our pattern is

partially similar to these studies (Figure 4, left column). The slight differences
between our result and these two observation-based studies may be caused
by (i) different temperature indices investigated; (ii) different sampling
frequency of data (monthly mean vs. 8-day or 16-day interval); (iii) different
sky conditions (all-sky vs. clear-sky); (iv) different study period; (v) different
temperature (2m air temperature vs. radiometric temperature); and (vi) differ-
ent LULCC (psl loss in this study and forest vs. open land in previous study).
The uncertainty of a modeling study comes from three sources: (i) internal
variability (natural variability from the climate system, such as El Nifio); (ii)
structural uncertainty (different choices in parameterization and representa-
tion of unsolved processes); and (iii) different forcing scenarios.® In this
study, the main uncertainties are associated with internal variability and
structural uncertainty. Both uncertainties were sampled in the multi-model
ensemble approach,” which is reported to be better than single model simu-
lations.”® For example, the MIROC model shows a 0.83 K increase in the Tcd
in the CENA region. This value is far from the MMM result (=0.56 + 0.23 K;
Figure 2) and opposite conclusions would be drawn if this model was used
alone. This analysis further highlights the importance of the multi-model
ensemble approach and lends confidence in our conclusions. However, we
acknowledge that the sample size is still limited (seven in total) and some
models have shared components (e.g. the CMCC model also employed CLM
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as the land surface model as in CESM2), which cannot be treated as inde-
pendent, implying a reduction in the effective number of sample size.** We
propose that more model simulations are required in future studies of this
kind.
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