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A B S T R A C T

Adapting to the impacts of future warming, and in particular the impacts of heatwaves, is an increasingly
important challenge. One proposed strategy is land-surface radiation management via crop albedo enhance-
ment. This has been argued to be an effective method of reducing daily hot temperature extremes regionally.
However, the influence of crop albedo enhancement on heatwave events, which last three or more days, is
yet to be explored and this remains an important knowledge gap. Using a fully coupled earth system model
with 10 ensemble members, we show that crop albedo enhancement by up to +0.1 reduces the frequency of
heatwave days over Europe and North America by 10 to 20 days; with a larger reduction over Europe under
a future climate driven by SSP2-4.5. The average temperature anomaly during heatwaves (the magnitude of
the event), is reduced by 0.8 ◦C to 1.2 ◦C where the albedo was enhanced, but reductions in mean heatwave
duration are limited. There was a marked reduction in the mean annual cumulative heatwave intensity across
most of Eurasia and North America, ranging from 32 ◦C to as high as 80 ◦C in parts of southern Europe.
These changes were largely driven by a reduction in net radiation, decreasing the sensible heat flux, which
reduces the maximum temperature, and therefore, heatwave frequency and intensity. These changes were
largely localised to where the albedo enhancement was applied with no significant changes in atmospheric
circulation or precipitation, which presents advantages for implementation. While our albedo perturbation of
up to +0.1 is large and represents the likely upper limit of what is possible with more reflective crops, and we
assume that more reflective crops are grown everywhere and instantly, these results provide useful guidance
to policy makers and farmers on the maximum possible benefits of using more reflective crops in limiting the
impacts of heatwaves under future climate.
1. Introduction

Several regions around the world are expected to experience higher
levels of warming relative to global warming targets, especially over
land (Seneviratne et al., 2016, 2021). Under current rates of warming,
global warming of 1.5 ◦C relative to pre-industrial levels is expected
to be reached and exceeded by 2032–2050 and many regions over
land have already experienced regional warming levels of 1.5 ◦C or
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higher (Allen et al., 2018; Seneviratne et al., 2021). Therefore mitiga-
tion and adaptation of both current and future warming remains neces-
sary. Of particular importance are heatwave events, which are increas-
ing in frequency, intensity and duration, with the increase in frequency
being the most significant in almost all regions of the globe (Perkins-
Kirkpatrick and Lewis, 2020). The impacts of these heatwave events
can be very significant, including impacts on human health (e.g.,
McMichael and Lindgren, 2011), public infrastructure (e.g., Rübbelke
and Vögele, 2011; McEvoy et al., 2012), wildfires (e.g., Westerling
et al., 2006; Jyoteeshkumar reddy et al., 2021), agriculture (e.g., van
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der Velde et al., 2010; Asseng et al., 2015; Herold et al., 2018), ecosys-
tem services (e.g., Ruthrof et al., 2018), human health (e.g., Chambers,
2020), infrastructure and energy supply (e.g., Klimenko et al., 2020),
and many other sectors.

Several strategies have been proposed to mitigate the risk of heat-
waves, including the deliberate geoengineering of the earth’s climate
system to reduce warming. Geoengineering can be classified into two
broad categories: carbon dioxide removal from the atmosphere, and
changes in the earth’s energy balance (Keith, 2000). Methods to al-
ter the earth’s energy balance are generally based on reductions in
incoming shortwave radiation, e.g., sulphate aerosols injection in the
stratosphere, desert albedo modification, marine cloud brightening.
These large-scale solar radiation management (SRM) methods aim to
reduce warming globally (Keith, 2000; Kravitz et al., 2021) although
they have also been criticised (e.g., Lawrence et al., 2018).

On the other hand, land-surface radiation management, which in-
volves the use of alternative and more reflective crop varieties and/or
no-till farming and irrigation methods, aims to induce regional cooling
rather than a reduction in global warming (Davin et al., 2014; Wilhelm
et al., 2015; Thiery et al., 2017; Hirsch et al., 2017; Seneviratne et al.,
2018; Hirsch et al., 2018; Thiery et al., 2020; Kala and Hirsch, 2020).
There are several advantages of land based SRM techniques relative to
large-scale SRM. For example, large areas of land are already under
direct human management for cropping and if those crops could be
brightened, this might lead to local cooling at little cost, without
endangering crop yield, or even potentially increasing yields (Genesio
et al., 2021). Further, if specific regions are vulnerable to heat extremes
these can be directly targeted by land-based SRM. A further advantage
is that the implementation of land-based SRM is a matter of national
rather than international policy given the impacts are largely local.
Finally, in contrast to large-scale SRM techniques, the science of land
SRM is relatively well known and can be considered low risk.

The use of more reflective (higher albedo) crops to induce regional
cooling is supported by observations. For example, Genesio et al. (2021)
investigated the energy balance of lower chlorophyll soybean crops
(lighter colour and higher albedo) as compared to a higher chlorophyll
soybean variety (darker colour and lower albedo), and showed that
differences in mean daily temperature and sensible heat flux measured
over the two different crops were as high as −6 ◦C and −80 W

−2, respectively. When averaged over the growing season crop cycle
May-September), Genesio et al. (2021) estimate that the reduction in
hortwave radiative forcing by using soybean crops with higher albedo
s 4.1 ± 0.6 W m−2. They therefore argue that enhanced crop albedo
hould be considered as an effective policy option in mitigating against
egional warming, while maintaining, or even potentially increasing
rop yield.

Recent work using earth system models to investigate the effec-
iveness of land based SRM techniques have shown that crop albedo
nhancement could be very effective in mitigating against regional
arming (Hirsch et al., 2017, 2018; Kala and Hirsch, 2020). However,

he focus of this work has mostly been on changes in the hottest day
f the year and/or changes in maximum temperature averaged over
ummer. Some of the most significant impacts are not just related to
he warmest day of the year, but rather to heatwave events, which are
enerally defined as a minimum of three consecutive days during which
locally-based extreme temperature threshold is exceeded (Perkins and
lexander, 2013). Reductions in the intensity, duration and frequency
f heatwaves in regions associated with crops could have substantial
enefits. We also note that most of the work examining the effectiveness
f crop albedo enhancement globally have been carried predominantly
sing only one earth system model, the Community Earth System model
CESM) (Hirsch et al., 2017, 2018). Consequently there is value in
xamining the robustness of crop albedo enhancement using different
arth system models, with specific focus on heatwaves.
2

In this paper we investigate the effectiveness of crop albedo en-
hancement in reducing the intensity, duration, and frequency of heat-
waves using an ensemble of simulations from the Australian Com-
munity Climate and Earth Systems Simulator (ACCESS) Earth System
Model version 1.5 (ACCESS-ESM1.5), an earth system model contribut-
ing to the Coupled Model Intercomparison Project Phase 6 (CMIP6).
We first assess model skill in simulating different heatwave metrics for
historical climate against gridded observational estimates. Simulations
are carried out with enhanced crop albedo under future climate driven
by SSP2-4.5 and we analyse changes in the heatwave metrics and their
drivers.

2. Methods

2.1. Model description

ACCESS-ESM1.5 (Ziehn et al., 2020) is comprised of several com-
ponent models. The atmospheric model is the UK Met Office Unified
Model at version 7.3 (Martin et al., 2010, 2011) with the original
land surface model, the joint UK Land Environment Simulator, replaced
with the Community Atmosphere Biosphere Land Exchange (CABLE)
model version 2.4 (Kowalczyk et al., 2013). The model uses a horizontal
resolution of 1.875◦ × 1.25◦ at the surface and 38 vertical levels in
the atmosphere. The ocean component is the NOAA/GFDL Modular
Ocean Model at version 5 (Griffies, 2014) with the same configuration
as the ocean model component of ACCESS1.0 and ACCESS1.3 (Bi et al.,
2013) using a 1◦ resolution (but finer between 10S-10N and in the
Southern Ocean) and 50 vertical levels. Sea ice is simulated using
the LANL CICE4.1 model (Hunke and Lipscomb, 2010). Coupling of
the ocean and sea-ice to the atmosphere is through the OASIS-MCT
coupler (Valcke, 2013) with a coupling frequency of three hours. The
physical climate model configuration used here is very similar to the
version (ACCESS1.3) that contributed to the Coupled Model Intercom-
parison Project Phase 5 (CMIP5) (Bi et al., 2013). The carbon cycle
is included in ACCESS through the CABLE land surface model and its
biogeochemistry module, CASA-CNP (Wang et al., 2010), and through
the World Ocean Model of Biogeochemistry and Trophic-dynamics (Oke
et al., 2013).

The Australian community model CABLE simulates the fluxes of
momentum, heat, water and carbon at the surface. The biogeochemistry
module CASA-CNP simulates the flow of carbon and the nutrients ni-
trogen and phosphorus between three plant biomass pools (leaf, wood,
root), three litter pools (metabolic, structural, coarse woody debris),
three organic soil pools (microbial, slow, passive), one inorganic soil
mineral nitrogen pool and three phosphorus soil pools (Wang et al.,
2010). In the CABLE configuration applied here, we use 10 vegetated
types (i.e., plant functional types) and three non-vegetated types. CA-
BLE calculates gross primary production (GPP) and leaf respiration at
every time step using a two-leaf canopy scheme (Wang and Leuning,
1998) as a function of the leaf area index (LAI). Our set-up uses a
simulated (prognostic) LAI based on the size of the leaf carbon pool and
the specific leaf area. Daily mean GPP and leaf respiration values are
then passed onto CASA-CNP to calculate daily respiration fluxes and the
flow of carbon and nutrients between the pools. Similar to the previous
version, ACCESS-ESM1 (Ziehn et al., 2017; Law et al., 2017), we ran
simulations with both nitrogen and phosphorus limitation enabled.

The ACCESS-ESM1.5 model has been evaluated against ERA-Interim
re-analysis (Dee et al., 2011), and results show a Southern ocean warm
bias during both summer and winter, which is a longstanding issue with
the model. Substantial biases include a warm bias over India during
the northern hemisphere winter, as well as across the equatorial land
masses and North America, and cold biases over North Africa and the
Arabian Peninsula . The largest precipitation biases in ACCESS-ESM1.5
occur over the inter-tropical convergence zone, with a tendency for wet
biases over the Maritime continent, and dry bias over India during the
monsoon season (Ziehn et al., 2020).
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Fig. 1. Change in surface albedo (experiment minus control), averaged across all 10 ensemble members over summer during May to September (MJJAS) (northern hemisphere)
and November to March (NDJFM) (southern hemisphere) over the period 2021–2099. The EU and NA boxes denote Europe and North America respectively, where further time
series analysis is carried out.
2.2. Experiments with enhanced crop albedo

Five Shared Socio-economic Pathways (SSP) have been developed
for CMIP6, ranging from best case SSP1 (Sustainability: taking the
green road), to worst case SSP5 (fossil-fuelled development: taking the
highway), with three intermediate SSPs, and each of five SSPs also have
a number of enhanced radiative forcings by 2100, ranging from 1.9 to
8.5 W m−2 (Meinshausen et al., 2020). Due to computational limita-
tions, we were only able to run simulations for one future scenario,
and we deliberately choose a scenario which is in the middle, in terms
of both the SSP and the radiative forcing. This was SSP2-4.5 (O’Neill
et al., 2016), which is a ‘‘middle-of-the-road’’ scenario, combining
intermediate societal vulnerability with an intermediate forcing level
of 4.5 W m−2. We used 10 ensemble members continuing from 10
historical simulations (years 1850–2014). The historical simulations
were initialised at different times from the pre-industrial-control run
(20 years apart). This method of ensemble generation provides suffi-
cient model spread (shown later in the manuscript in the evaluation
section).

We first ran the control simulations which did not involve crop
albedo enhancement. For the experiments, crop albedo enhancement
was applied from the year 2021 onwards to 2100, assuming no prior
implementation, following the same methodology as Hirsch et al.
(2017). In the CABLE land surface model within ACCESS-ESM1.5, the
albedo of different plant functional types (PFTs) is based on the absorp-
tion of visible and near infrared radiation for sunlit and shaded leaves
separately and key input parameters for the vegetation albedo scheme
include the leaf transmittance and reflectance values (Kala et al., 2014;
Wang et al., 2011). We carry out experiments with enhanced crop
albedo by doubling the reflectance and halving the transmittance of
all C3 crops (i.e, crops which use C3 photosynthesis during which the
first carbon compound produced contains three carbon atoms). We note
that C4 crops (i.e., crops which use C4 photosynthesis during which
the first carbon compound produced contains four carbon atoms) are
not implemented in ACCESS-ESM1.5. The crop albedo enhancement
is not static in time, but follows the seasonal cycle and is highest
when crops are most active during summer and the leaf area index is
maximum. This is illustrated in Fig. 1 showing a maximum increase in
crop albedo of approximately 0.1 in summer averaged between 2021–
2099 (Fig. 1). This is the same maximum albedo perturbation as applied
by Hirsch et al. (2017) who carried out global simulations using CESM,
and Kala and Hirsch (2020) who carried out regional simulations using
3

a regional model.
A perturbation of up to +0.1 represents the upper limit of what
is currently possible with variations in major crops. This includes
observed variations in albedo of 0.01 to 0.06 across barley culti-
vars (Breuer et al., 2003; Febrero et al., 1998), 0.02 across soybean
cultivars (Breuer et al., 2003), 0.05 across sorghum cultivars (Grant
et al., 2003), 0.06 to 0.1 in wheat cultivars (Uddin and Marshall, 1988),
0.08 to 0.1 across maize, sunflower and oat cultivars (Breuer et al.,
2003; Hatfield and Carlson, 1979) and 0.14 for rye cultivars (Breuer
et al., 2003). We note that the ACCESS-ESM1.5 simulations also include
annual changes in land-cover based on the LUH2 data-set (Hurtt et al.,
2020). We examined changes in albedo at the start of the experiments
(2021) as compared to the end (2099), and changes were minor (not
shown), with a slight increase towards 2099 due to crop expansion.

For statistical significance testing of differences between the ex-
periments and the control, we use the student t-test at 95% confi-
dence interval, with Walker’s test for field significance (Wilks, 2006),
a commonly used statistical approach for field significance in land–
atmosphere studies (e.g., Lorenz et al., 2016).

2.3. Heatwave metrics

The definition of a heatwave depends on the sector, however,
two definitions are most widely adopted within the earth sciences,
both based on percentiles. The first definition is based on maximum
temperature alone, and a heatwave event is defined as three or more
consecutive days when the daily maximum temperature exceeds the
90th percentile of maximum temperature at a particular location, with
the percentiles computed for each day of the year with a 15-day win-
dow, over a reference period of at least 30 years, as described in Perkins
and Alexander (2013). This definition of heatwaves has been used in
previous work focusing on heatwaves using the ACCESS model (Kala
et al., 2016) as well as recent observational studies (Perkins-Kirkpatrick
and Lewis, 2020). The second definition is based on the Excess Heat
Factor (EHF), which is computed using both maximum and minimum
temperature and takes into consideration acclimatisation and was prin-
cipally formulated for human health outcomes of heatwaves (Nairn and
Fawcett, 2015). Similarly, using the EHF, a heatwave event is defined as
3 or more consecutive days with positive EHF (Perkins and Alexander,
2013).

Since this study does not explicitly focus on health implications
of heatwaves, we chose the first definition based on maximum tem-
perature alone rather than the EHF, as our focus is on the broad

implications of heatwaves. Additionally, for this study, we only focus
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Fig. 2. Observed heatwave metrics from the Berkeley dataset (OBS; left column) and ACCESS-ESM1.5 ensemble mean (ENS MEAN; right column), averaged over the period
1950–2014 during summer (MJJAS northern hemisphere and NDJFM southern hemisphere). (a) HWF is number of heatwave days; (b) HWDM is mean heatwave duration; (c)
HWM is the heatwave magnitude, i.e., average temperature of heatwave events; (d) HWC is the cumulative heat, i.e., the sum of the anomalies between the heatwave temperature
and the 90th percentile of maximum temperature.
on heatwaves which occur during an extended summer period covering
5 months (November to March for the southern hemisphere and May to
September for the northern hemisphere) and do not analyse heatwaves
during other seasons as we are focusing on the maximum potential
benefits of crop albedo enhancement during the hottest part of the year
when impacts of heatwaves are most significant.

We consider 4 heatwave properties: the heatwave frequency (HWF),
which is the total number of heatwave days per year during summer,
the mean heatwave duration (HWDM; we note here that the most prior
studies refer to maximum heatwave duration, termed HWD, hence we
use HWDM here to avoid confusion) defined as the mean duration of
heatwaves, the heatwave magnitude (HWM) defined as the average
temperature of all heatwaves events, and the heatwave cumulative
heat (HWC), which is the sum of the temperature anomalies (the
difference between the maximum temperature during a heatwave day
and the 90th percentile of maximum temperature on that day) of
all events during a season. More details about HWC can be found
in Perkins-Kirkpatrick and Lewis (2020).
4

2.4. Observational temperature data-set

To evaluate the skill of ACCESS-ESM1.5 in simulating heatwaves
during the historical period, we use the Berkeley Earth gridded tem-
perature data-set (Rohde et al., 2013), a gridded observational data-set
of daily maximum and minimum temperature which has been used
in recent observational studies of heatwaves (Perkins-Kirkpatrick and
Lewis, 2020). The Berkeley Earth dataset was used in this study as
it is a more complete data-set of daily temperature extremes and
comparable to the more widely used data-sets (Perkins-Kirkpatrick and
Lewis, 2020).

The resolution of the Berkeley data is 1.0◦ x1.0◦ resolution which
is a finer resolution than ACCESS-ESM1.5 which has a resolution of
1.875◦ × 1.25◦, and hence, the Berkeley data-set was interpolated to
the coarser resolution. For model evaluation, we computed the yearly
summer heatwave metrics over the period 1950–2014, using a base
period of 65 years also between 1950–2014 to compute the 90th
percentiles of maximum temperature (TMAX) for every calendar day
of the year. While previous studies typically use a 30 year reference
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Fig. 3. Bias in (a) HWF; (b) HWDM; (c) HWM; (d) HWC, (e) maximum temperature (TMAX) between ACCESS-ESM1.5 and the Berkeley dataset (model minus observations),
averaged over the period 1950–2014 during summer (MJJAS northern hemisphere and NDJFM southern hemisphere). Stippling denotes grid cells where 9 or more of the 10
ensembles have the same sign in the bias.
period to compute the percentiles (e.g., Kala et al., 2016), a 65 year
period was chosen to better account for decadal variability. We note
that the Berkeley data has missing data, especially in the early part of
the record (Perkins-Kirkpatrick and Lewis, 2020) and ACCESS-ESM1.5
data were masked to ensure consistency.

3. Results

3.1. Evaluation of ACCESS-esmv1.5 skill in simulating heatwave metrics

Fig. 2 shows the observed heatwave metrics (OBS; left column),
the ensemble mean simulated heatwave metrics (ENS MEAN; right
column) averaged over the period 1950–2014 during summer (MJJAS
northern hemisphere and NDJFM southern hemisphere), and the bias
(model minus observations) is shown in Fig. 3. The spatial pattern of
all heatwave metrics is generally well simulated by ACCESS-ESM1.5
(Fig. 2), with the model capturing regions which experience the most
frequent, intense and longest heatwave events. There is notable positive
bias in the number of heatwave days (HWF) in northern North America
of 3 to 4 days (Fig. 3(a)), and similar large biases can be found in
equatorial South America and Western Central Africa. However, it
should be noted that heatwave metrics near the equator should be
treated with caution due to the splitting of the hemispheres to combine
the summer season globally, and also the generally small seasonal
variation in the 90th percentile of TMAX close to the equator.

The bias in the mean heatwave duration (HWDM; Fig. 3(b)) ranges
between −0.5 to 0.5 days, except for some regions close to the equator.
Biases in the heatwave magnitude (HWM; Fig. 3(c)) and cumulative
heat (HWC; Fig. 3(d)) are more substantial. HWM is under-estimated
by 2 to 6 ◦C in northern Europe north of 60◦N; under-estimated by
4 to 8 ◦C over the Himalayas; over-estimated by 2 to 6 ◦C in parts of

estern Europe and North America between 30◦N and 60◦N; and over-
stimated by 4 to 8 ◦C over India and south America near the equator.
ince the heatwave indices are based on TMAX, we examined biases in
he latter as shown in Fig. 3(f), and not surprisingly, the biases in HWM
5

(Fig. 3(c)) are essentially a reflection of the biases in TMAX (Fig. 3(f)).
Biases in HWC (Fig. 3(d)) were most prominent in South America near
the equator, parts of North America and central Europe and along the
east coast of Eurasia. Overall, for all heatwave metrics and TMAX, the
biases had consistent signs across the 10 ensemble members as shown
by the stippling, showing these are systematic in ACCESS-ESM1.5.

To further investigate the model skill in simulating trends in the
heatwave metrics, we examined the time series of the yearly heatwave
metrics over Europe (EU) and North America (NA) (refer to boxes in
Fig. 1), as illustrated in Fig. 4. We chose these two regions as these
showed the largest response to increasing crop albedo (discussed in
the next section) and they are also major cropping regions which are
particularly susceptible to the impacts of heatwaves (Fischer and Schär,
2010; Russo et al., 2015). Fig. 4 shows both the model ensemble mean
(red line) and spread (light red shading) as well as the observations
(solid black line), and illustrates that except for 2 to 3 years, the model
ensemble spread captures the observed trends reasonably well for both
regions for all 4 heatwave metrics, and importantly, the increasing
trend in HWF from the 1990s onwards, especially in Europe, is very
well captured by ACCESS-ESM1.5.

The large bias in TMAX (Fig. 3(e)) over India is a known issue
of ACCESS-ESM1.5 and is related to a significant under-estimation of
precipitation associated with the monsoon leading to an overestimation
of maximum temperature (Lorenz et al., 2014; Ziehn et al., 2020).
The recent intergovernmental panel on climate change 6th assessment
report chapter on extremes (Seneviratne et al., 2021) does not explicitly
examine heatwave events, but does include an evaluation of the annual
hottest temperature by CMIP6 models, and shows a large cold bias over
the Himalayas, and as well an under-estimation in northern Europe
north of 60N. Although not directly comparable, these are similar to
the biases in HWM and TMAX we present here, showing the biases in
ACCESS-ESM1.5 are present in most ESMs in CMIP6.

Hirsch et al. (2021) evaluated the skill of CMIP5 and CMIP6 ESMs,
including ACCESS-ESM1.5, in simulating the same heatwave metrics
against the Berkeley Earth data-set as used in this study. We note
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Fig. 4. Yearly time-series (1950–2014) of observed and simulated heatwave metrics for Europe (EU) and North America (NA) (refer boxes in Fig. 1). The solid black line denotes
the observations (OBS), the solid red line denotes the ensemble mean (ENS MEAN), and ensemble spread is shown by the light red shading (ENS SPREAD). Panel (a) is HWF; (b)
is HWDM; (c) is HWM; and (d) is HWC. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
that they adopted a different definition of heatwaves based on the
excess heat factor, which takes into consideration both maximum and
minimum temperature, rather than only maximum temperature as
used in this study. However, studies have shown that the heatwave
events detected and overall trends are likely similar between these
two heatwave definitions (Perkins and Alexander, 2013), and hence
comparisons are still useful. Hirsch et al. (2021) showed that both
CMIP5 and CMIP6 models tend to overestimate HWC, a result we
also found with ACCESS-ESM1.5 (Fig. 3(d)). They also report that
both CMIP5 and CMIP6 models tend to underestimate HWF across the
globe, however, here we show regions of both underestimations and
overestimations in ACCESS-ESM1.5 (Fig. 3(a)).

In summary, ACCESS-ESM1.5 shows reasonable skill in simulating
heatwave characteristics, with biases well within the range of CMIP5
and CMIP6 models assessed by Hirsch et al. (2021), giving us confi-
dence in the use of the model to examine the influence of crop albedo
enhancement on projections of heatwaves under future climate.

3.2. Effect of crop albedo enhancement on heatwave metrics

Fig. 5 shows the changes in the heatwave metrics (experiments with
higher crop albedo minus control) during summer averaged over the
period 2021–2099 under SSP2-4.5. Increasing crop albedo results in a
reduction in HWF, especially over EU and NA by 15 to 20 days and up
to 25 days in some regions of southern Europe (Fig. 5(a)). The change
in the mean duration (HWDM; Fig. 5(b)), although considered statis-
tically significant over some regions, is generally small and although
6

changes are large over Egypt, these are not statistically significant.
There are statistically significant reductions in heatwave magnitude
(HWM; Fig. 5(c)) of 0.8 to 1.2 ◦C over parts of EU and NA. Reductions
in the cumulative heat (HWC; Fig. 5(d)) are more widespread across
most of Eurasia and North America, ranging from 32 ◦C to as high as
80 ◦C in parts of southern Europe. Generally, changes in the southern
hemisphere are small and not statistically significant except for parts
of southern South America and southeast Australia for HWF and HWC.
Overall, the majority of statistically significant changes occurred where
the surface albedo was increased, and the highest percentage of statis-
tically significant changes where crop albedo was not increased was for
HWC (12%) and lowest for HWDM (7%). This shows that the effects of
crop albedo modification are largely local.

We further investigated changes over EU and NA, where reduc-
tions in the heatwave metrics were highest and statistically significant
(Fig. 5). This is illustrated in Fig. 6 showing the yearly time series
of the heatwave metrics averaged over the EU and NA boxes (refer
to Fig. 1), with the shading representing the ensemble spread. For
HWF, HWDM, and HWC, there is a distinct shift between the control
and experiments with enhanced crop albedo in two ways: firstly the
ensemble mean for the experiments (solid blue line) is always lower
than the ensemble mean for the control (solid red line) throughout
the period 2021–2099, and secondly, the upper spread of the control
(light red shading above the solid red line), is always separate from
the upper spread of the experiment (light blue above the solid blue
line). This is however not the case for HWM for both regions, with the
ensemble spread between the control and experiment showing much
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Fig. 5. Change (experiment minus control) in summer (MJJAS northern hemisphere and NDJFM southern hemisphere) heatwave metrics averaged over the period 2021–2099
under SSP2-4.5. Panel (a) is HWF; (b) is HWDM; (c) is HWM; and (d) is HWC. Stippling denotes regions where differences are statistically significant at the 95% level with the
Walker’s test for field significance. The percentages in the titles denote the percentage of grid cells which show a statistically significant difference where the surface albedo was
increased (Fig. 1). For example, 90% means that 90% of grid cells which show a statistically significant difference are grid cells where the surface albedo was increased, and
hence, 10% of grid cells show a change where there was no increase in crop albedo.
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more overlap, and additionally, for NA, the ensemble mean for the
control and experiment tend to merge from 2080 onwards, with the
ensemble spread almost completing overlapping by 2099.

3.3. Changes in the surface energy balance

To investigate the mechanisms behind changes in the heatwave
metrics, we examined the changes in the surface energy balance, as
illustrated in Fig. 7 showing the changes in TMAX, net shortwave
radiation, sensible heat flux, latent heat flux, net longwave radiation,
and cloud fraction. There is a statistically significant reduction in TMAX
where crop albedo is increased (91% of grid cells; Fig. 7(a)). Although
there is a slight increase in maximum temperature over India and parts
of central Africa, this is not statistically significant. This reduction
in maximum temperature, and subsequent changes to the heatwave
metrics (Figs. 5 and 6) are driven by a reduction in net shortwave
radiation of 15 to 30 W m−2 (Fig. 6(b)), which results in a reduction
in sensible heat flux of 10 to 25 W m−2 (Fig. 6(c)), and changes in
latent heat flux were generally small ranging between −5 to 5 W m−2

Fig. 6(d)). There was an increase in net longwave radiation of up to
0 to 15 W m−2 (Fig. 6(e)), especially over Europe, and slight increases
ver India and central Africa. These changes in net longwave radiation
ere due to changes in cloud fraction (Fig. 7(f)) with higher cloud

raction leading to higher net longwave radiation and vice-versa. The
ost plausible explanation for this is lower temperature resulting in

ower saturation vapour pressure, increasing relative humidity, and
herefore condensation and cloud formation. Overall, the effect of
igher crop albedo in our simulations on the surface energy balance is
traight-forward: higher surface albedo results in lower net shortwave
adiation, and although some regions showed an increase in net long-
ave radiation, this was less than half of the increase in net shortwave

adiation, resulting in a reduction in net radiation (net shortwave plus
et longwave). This reduced the sensible heat flux, and with only small
hanges in the latent heat flux, this results in a decrease in maximum
emperature and subsequent changes to the heatwave metrics.

.4. Discussion and conclusions

Heatwaves have very significant impacts on a range of sectors in
7

ociety. In this study, we investigated using crop albedo enhancement o
o reduce the impact of heatwave conditions by applying a perturbation
f up to +0.1, which represents the upper limit of possible enhancement
n crop albedo given existing crop varieties (Hatfield and Carlson, 1979;
ddin and Marshall, 1988; Febrero et al., 1998; Breuer et al., 2003;
rant et al., 2003). We examined the effects on four different properties
f heatwaves, the frequency of heatwave days (HWF), magnitude or av-
rage temperature of heatwave events (HWM), mean duration (HWDM)
nd annual cumulative intensity (HWC), using a fully coupled earth
ystem model with 10 ensemble members. We first demonstrated model
kill in representing heatwave metrics across the globe when compared
gainst gridded observations; with the model adequately capturing
he increasing trend in HWF from the 1990’s onwards, especially for
urope where the trend is marked. Results also showed that the sign
f the bias for all heatwave metrics, as well as maximum temperature
as remarkably consistent between the ensembles, which implies that

hese biases are systematic, and there is much scope for further model
evelopment for ACCESS-ESM1.5.

Our results show a statistically significant reduction in HWF, HWC
nd HWM, where crop albedo is enhanced, especially over Europe and
orth America. These results are significant in several aspects. Firstly,

he observed increasing trend in HWF over Europe since the 1990’s is
tark (Fig. 4) as discussed in recent studies (Perkins-Kirkpatrick and
ewis, 2020) and this trend continues in the future (Fig. 6), however,
ith crop albedo enhancement, HWF is reduced by approximately
0 days on average (Fig. 6(a)) in EU, driven by the reduction in
MAX (Fig. 7(a)) which means fewer days above the climatological
0th percentile and hence lower HWF. Heatwaves in Europe have
onsiderable impacts and these are expected to increase significantly
nder future climate change especially for southern Europe (Fischer
nd Schär, 2010; Russo et al., 2015). Crop albedo enhancement could
e helpful in reducing the severity of impacts of heatwaves in some
egions of Europe. Secondly, our results are largely local, only 7 to
2% of grid cells show a statistically significant change in heatwave
roperties without crop albedo enhancement at these grid cells. This
as obvious advantages with regards to implementation as compared
o large scale SRM techniques such as stratospheric aerosol injection
hich can have significant remote effects, such as changes to the global
onsoon circulation (e.g., Sun et al., 2020), large scale changes to the
cean and land carbon cycles (e.g., Tjiputra et al., 2016), changes to
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Fig. 6. Yearly time series of heatwave metrics for EU and NA boxes (refer to Fig. 1) from 2021 to 2099 under SSP2-4.5. The light blue shading represents the ensemble spread
from the experiment and light red for the control simulations. Panel (a) is HWF; (b) is HWDM; (c) is HWM; and (d) is HWC. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
ocean pH as well as sudden termination effects when implementation
is stopped and warming resumes (e.g., Brovkin et al., 2009). We did not
find significant changes in precipitation or the atmospheric circulation
in our simulations (not shown).

We compared changes in the annual maximum temperature (TXX)
from our simulations to those by Hirsch et al. (2017) who used CESM
and imposed a similar perturbation of +0.1 in crop albedo, and we
found similar maximum reductions of similar orders of magnitude over
Europe. Although Hirsch et al. (2017) ran simulations under RCP8.5,
whereas we use SSP2-4.5 and we cannot directly compare absolute
magnitudes, this consistency between two ESMs which make use of
different land surface models is encouraging and provides confidence
that the simulations are not model dependent.

Hirsch et al. (2017) reported an overall increase in mean net yearly
primary productivity (NPP; grid cell average) of 15 to 30 g C m−2

yr−1 by increasing crop albedo by 0.1, which represented a percent-
age increase of 5 to 10%. This was attributed to lower temperatures
potentially leading to more optimal conditions for plant growth. We
also found an increase in net yearly primary productivity (grid cell
average), but of larger magnitude, with an increase of up to 100 to
150 g C m−2 yr−1, especially over southern EU and NA, representing
a percentage increase of 10 to 20%. We also examined the changes
in NPP for C3 crops specifically (rather than grid-cell averages) over
summer, and found an increase in NPP of 300, to 400 g C m−2 yr−1 over
southern EU, accompanied by increase in LAI by 0.6 to 1.2. However,
we are cautious of these results especially in making inferences about
potential yield gains, given the very simple representation of crops in
8

our model, and also the fact that we assumed more reflective crops
would have exactly the same physiological parameters as the control
other than their reflectance and transmittance, and did not incorporate
irrigation or fertilisation application. To adequately evaluate the effects
on crop yield, more work is required taking into consideration different
crop types (e.g., maize, wheat, soy) and key processes, e.g., effects of
extreme cold on winter wheat growth (Lu et al., 2017), effects of heat
stress on maize (Peng et al., 2018), rather than a generic C3-Crop PFT
to represent all crops. However, we also note that the simplicity of
the representation of crops in ACCESS-ESM1.5 is common across most
ESMs (McDermid et al., 2017).

Our study has some additional caveats that need to be acknowl-
edged. The crop albedo enhancement in the southern hemisphere was
highest in parts of South America and southeast Australia (Fig. 1), and
although reductions in HWF and HWC were statistically significant in
these regions (Fig. 5(a) and (d)), the magnitude of the change was
relatively small as compared to changes in the northern hemisphere.
Although this is consistent with other studies using ESMs (Hirsch et al.,
2017; Seneviratne et al., 2018), this result should be treated with
caution. Recent studies using regional climate models have shown that
ESMs can underestimate the influence of crop albedo enhancement on
maximum temperatures by a factor of up to 3 as compared to regional
models over Australia, as regional models better resolve agricultural
land-use, especially over southwest Western Australia (Kala and Hirsch,
2020). It is likely that effects of crop albedo enhancement on heat-
waves for key agricultural regions of the southern hemisphere, such
as Australia are higher, however, this needs to be tested using higher
resolution ESMs or regional climate models.



Weather and Climate Extremes 35 (2022) 100415J. Kala et al.

v
E
M
A

Fig. 7. Same as in Fig. 5, except showing the change in (a) maximum temperature (TMAX); (b) net shortwave radiation (Net_SW); (c) sensible heat flux (Qh); (d) latent heat
flux (Qle); (e) net longwave radiation (Net_LW); and, (d) Cloud fraction. The percentages in the titles denote the percentage of grid cells which show a statistically significant
difference where the surface albedo was increased (Fig. 1). For example, 90% means that 90% of grid cells which show a statistically significant difference are grid cells where
the surface albedo was increased, and hence, 10% of grid cells show a change where there was no increase in crop albedo.
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Due to computational and data constraints, we only examined one
future climate scenario, SSP2-4.5, which is the ‘‘middle of the road’’ sce-
nario. Additional simulations with SSP5 ‘‘fossil-fuelled development’’
would be helpful to further investigate at what point global warming
would essentially dwarf any regional cooling via crop albedo enhance-
ment. This would be especially interesting for the heatwave magnitude,
for regions such as North America, where our results show little dif-
ference between the simulations towards 2099. Finally, we examined
the maximum possible benefits by applying a change in albedo of up
to approximately 0.1, which is the upper limit of change in albedo
possible with current crop varieties. We also assume that changes
happen everywhere, instantly. This is not realistic and crop albedo
enhancement would be very difficult to implement in this manner in
the real world. However, our results highlight a significant factor that
is often not considered in the choice of what crops to grow, and that
is the albedo of the crop. The main outcome of this study for policy-
makers is that not only should we focus on factors such as drought and
heat tolerance of crops, but given two varieties of crops with similar
yield performance and tolerance to heat and drought, the crop with
lower albedo should be preferred, especially if the crop is to be grown
over large areas.
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Corrigendum to “Assessing the potential for crop albedo enhancement in 
reducing heatwave frequency, duration, and intensity under future climate 
change” [Weather Clim. Extrem. 35 (2022) 100415] 

Jatin Kala a,b,*, Annette L. Hirsch b, Tilo Ziehn c, Sarah E. Perkins-Kirkpatrick e,b, 
Martin G. De Kauwe d,b, Andy Pitman b 

a Environmental and Conservation Sciences, Centre for Climate-Impacted Terrestrial Ecosystems, Harry Butler Institute, Murdoch, University, Murdoch, WA, 6150, 
Australia 
b Australian Research Council Centre of Excellence for Climate Extremes, University of New South Wales, NSW, 2052, Australia 
c Commonwealth Scientific and Industrial Research Organisation, Aspendale, VIC, 3195, Australia 
d School of Biological Sciences, University of Bristol, Bristol, BS8 1TQ, UK 
e School of Science, University of New South Wales, Canberra, ACT, Australia 

The authors regret to inform readers of a typographical error in the 
last sentence of the conclusion. The word “lower” should instead have 
been “higher” as follows: 

The main outcome of this study for policymakers is that not only 
should we focus on factors such as drought and heat tolerance of crops, 

but given two varieties of crops with similar yield performance and 
tolerance to heat and drought, the crop with higher albedo should be 
preferred, especially if the crop is to be grown over large areas. 

The authors would like to apologise for any inconvenience caused. 
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