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[11 A climate model, coupled to a sophisticated land surface scheme, is used to explore the
impact of land use induced land cover change (LULCC) on climate extremes indices
recommended by the Expert Team on Climate Change Detection and Indices (ETCCDI).
The impact from LULCC is contrasted with the impact of doubling atmospheric carbon
dioxide (CO,). Many of the extremes indices related to temperature are affected by LULCC
and the resulting changes are locally and field significant. Some indices are systematically
affected by LULCC in the same direction as increasing CO, while for others LULCC
opposes the impact of increasing CO,. We suggest that assumptions that anthropogenically
induced changes in temperature extremes can be approximated just by increasing
greenhouse gases are flawed, as LULCC may regionally mask or amplify the impact of
increasing CO, on climate extremes. In some regions, the scale of the LULCC forcing

is of a magnitude similar to the impact of CO, alone. We conclude that our results
complicate detection and attribution studies, but also offer a way forward to a clearer
and an even more robust attribution of the impact of increasing CO, at regional scales.
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1. Introduction

[2] Among the human activities that can impact the cli-
mate system, land use induced land cover change (LULCC)
is one of the more controversial. There are multiple types of
LULCC including deforestation, afforestation, irrigation and
urbanization. These have different impacts on net radiation
at the land surface [Forster et al., 2007] and its partitioning
into sensible and latent heat fluxes [Bala et al., 2007, Pitman
et al., 2009]. While afforestation will serve as a carbon sink
[e.g., House et al., 2002; Canadell and Raupach, 2008],
at least on decadal time scales, some studies suggest that
such conversion can increase regional-scale surface warming
by reducing the snow-albedo feedback [Betts, 2000]. Unlike
greenhouse gases that affect the global climate by warming
[Solomon et al., 2007], the directional impact of LULCC on
temperature varies between regions and between seasons [de
Noblet-Ducoudré et al., 2012]. LULCC typically warms the
tropics and cools the midlatitudes [Lawrence and Chase,
2010]. This difference in the sign of the impact of regional
LULCC results in negligible changes in key climate vari-
ables such as temperature and rainfall when averaged glob-
ally [Feddema et al., 2005; Pielke et al., 2011]. At regional
scales, however, in regions subjected to significant LULCC,
the impact of landscape change on temperature and some
hydrometeorological variables can be similar in magnitude
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to a doubling of atmospheric CO, [Zhao and Pitman, 2002]
or other large-scale changes in forcing such as the El Niflo-
Southern Oscillation [Findell et al., 2009]. A detailed
examination of the observational and model-based evidence
linking LULCC to local, regional and global scale climate
has recently been provided by Pielke et al. [2011].

[3] LULCC can affect the regional-scale climate by
changing the terrestrial energy and water balance [de Noblet-
Ducoudré et al., 2012]. Historic LULCC, largely character-
ized by deforestation, tends to increase the surface albedo
resulting in cooling. However, forest removal also decreases
evapotranspiration efficiency and surface aerodynamic rough-
ness, which tends to cause warming by suppressing turbulent
energy fluxes [Pielke et al., 2011]. The albedo effect tends to
dominate over the midlatitudes, commonly because of increa-
ses in snow covered surfaces, while the role of evapotranspi-
ration and aerodynamic roughness length tends to dominate
over the tropics [Davin and de Noblet-Ducoudré, 2010].

[4] Previous modeling studies on the impact of LULCC
on the climate system have mainly focused on changes in the
mean climate. Indeed, there is a significant body of literature
demonstrating that LULCC affects the Earth’s climate over
regions where it occurs [e.g., Bonan, 2008; Findell et al.,
2007; Pitman et al., 2009; Pielke et al., 2011] and perhaps
even remotely via teleconnections [Hasler et al., 2009;
Snyder, 2010; Medvigy et al., 2011]. However, while study-
ing changes in the climatological mean is important, changes
in extreme events are likely to have a bigger direct impact on
society than changes in the mean [Easterling et al., 2000;
Luber and McGeehin, 2008]. This has obvious importance in
a stationary climate but becomes even more pressing under
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climate change due to potentially enhanced changes in
extremes compared to the mean [Katz and Brown, 1992;
Schaeffer et al., 2005].

[5] Temperature extremes are known to be changing
globally. Since the middle of the 20th century there has been
a positive (warming) shift in the distribution of daily mini-
mum temperature throughout the globe [Caesar et al.,
2006], manifested by a significant increase in the number
of warm nights globally [Alexander et al., 2006]. A positive
shift in the distribution of daily maximum temperature
has also been observed, although somewhat smaller than
the increase in daily minimum temperature, resulting in a
reduction in the diurnal temperature range [Vose et al.,
2005]. Recent detection and attribution studies for a range
of temperature extremes indicate that human-induced chan-
ges in greenhouse gases are factors in these globally
observed changes [e.g., Kiktev et al., 2003, 2007; Christidis
et al., 2005, 2011]. Global climate projections also indicate
that the magnitude of these changes will likely scale with the
strength of the emissions scenario [Tebaldi et al., 2006]
leading to, for example, more intense, more frequent and
longer lasting heat waves in a future warmer climate [Meehl
and Tebaldi, 2004].

[6] LULCC can also affect extremes. Irrigation, for
example, provides a supply of moisture that enables evapo-
rative cooling to suppress high temperature extremes and
may affect low temperature extremes [Pielke et al., 2011,
and references therein]. Most recently, Teuling et al. [2010]
highlighted how forest and grassland regions of Europe
responded differently in terms of heat waves, identifying
resilience in deeply rooted forests compared to grasslands.
Once linked with the impact of LULCC on land-atmosphere
coupling [Seneviratne et al., 2006, 2010] and the recognition
that the surface energy balance is strongly affected by the
nature of the land cover [Pitman, 2003; Bonan, 2008; Levis,
2010] it is implausible to think that LULCC would not
affect temperature extremes provided it is of a sufficient
scale and intensity.

[7] However, little is known about the relative magnitude
of impacts of LULCC on temperature extremes globally
compared to changes due to increases in greenhouse gases.
Therefore this paper focuses on a model-based global-scale
assessment of how LULCC affects temperature extremes in
comparison to the changes caused by increased greenhouse
gas concentrations. We explore how some temperature-
related extremes are affected by LULCC using a climate
model that is coupled to a state of the art land surface scheme
that couples the exchange of energy, water and carbon
within the canopy. We contrast the impact of LULCC on the
temperature extremes indices with that of doubling CO,,
noting that our 2 x CO, simulations are only approximate
estimates given they are equilibrium (not transitory) simula-
tions. Our aim is a first order estimate of those extremes
indices that are likely affected by LULCC at a scale that is
worthy of consideration in future climate change assessments.

2. Methodology

2.1. Climate and Land Surface Model

[8] To simulate the effects of LULCC and changes in
atmospheric CO, concentrations on the climate, we use
CSIRO MK3L, a global circulation model [Phipps et al.,
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2011], coupled with the Community Atmosphere Bio-
sphere Land Exchange model (CABLE) [Wang et al., 2011].

[9] Most of the extremes explored in this paper are inti-
mately associated with how the land surface is parameter-
ized. We therefore use CABLE as it is a relatively
sophisticated land surface model. It uses a two-leaf canopy
(i.e., differentiates between shaded and sunlit leaves), posi-
tions the canopy above the ground and calculates within-
canopy turbulence, temperature and humidity. It also
implements coupled stomatal conductance-photosynthesis
partitioning of net available energy and calculates carbon
assimilation as the balance of photosynthesis and plant
and soil respiratory loss. It uses a 6-layer soil and 3-layer
snow model. Vegetation and soil parameters are inferred
by specifying soil and vegetation types at each grid point
from global maps, while surface albedo is calculated at
each time step. As LULCC is imposed, associated para-
meters that describe the vegetation are changed according to
Tables la and 1b. CABLE has been extensively evaluated
[Abramowitz et al., 2008; Wang et al., 2011] and an earlier
version was used in the Land Use Change Identification
of robust impacts (LUCID) project [Pitman et al., 2009;
de Noblet-Ducoudré et al., 2012]. Further, Mao et al. [2011]
documents the performance of CSIRO Mk3L coupled to
CABLE with a focus on terrestrial quantities. This analysis
provides strong evidence that the coupled model produces
a reasonable large-scale climatology.

[10] The CSIRO MK3L climate system model is a rela-
tively low-resolution but computationally efficient ocean-
atmosphere general circulation model developed for studies
of climate on centennial to millennial time scales [Phipps
et al., 2011]. The atmospheric component has a horizontal
resolution of 5.6° by 3.2° and 18 vertical levels, while the
oceanic component has a horizontal resolution of 2.8° by
1.6° and 21 vertical levels. CO, concentrations at pre-
industrial (280 ppmv) and doubled pre-industrial levels
(560 ppmv) were applied in the experiments. For this study
the atmospheric model is not coupled to the ocean. Instead,
seasonally varying sea surface temperature (SST) fields
corresponding to 1 x CO, and 2 x CO, levels were pre-
scribed from climatological means derived from the last
1000 years of 7000-yearlong equilibrium simulations with
the CSIRO Mk3L model.

2.2. Experimental Design

[11] To simulate the impact of LULCC and increased CO,
we undertook two sets of experiments (Table 2). The first set
of experiments were run at 1 x CO, (280 ppmv) and had
either natural (FOREST1x) or perturbed (CROP1x) vegeta-
tion cover. The natural vegetation cover map represents
the potential vegetation cover when there is no anthropo-
genic influence [Ramankutty and Foley, 1999]. The per-
turbed vegetation cover map, representing deforestation, was
developed by modifying the natural vegetation cover based
on the crop and pasture cover in year 2000 of the Land Use
Harmonization data set [Hurtt et al., 2006]. This modifica-
tion starts with a high-resolution (0.5° x 0.5°) global dis-
tribution of crops and pasture. Where the crop plus pasture
fraction exceeds 10% of the 0.5° x 0.5° pixel, the whole
area of the 0.5° x 0.5° pixel is assumed to be crops and
pasture. These 0.5° x 0.5° pixels are then aggregated to the
MK3L-CABLE grid. The four most dominant vegetation
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Table 1a. Parameter Values Used to Describe the Principal
Vegetation Types Changed by LULCC?

Height of Vemax Leaf Area Index

Vegetation Type ~ Canopy (m) (mol m >s~!) (Seasonally Varying)

Evergreen needleleaf 17.00 6.5 x 1073 0.42 — 3.51
forests

Evergreen broadleaf 35.00 6.5 % 1077 3.61 — 4.68
forests

Deciduous broadleaf 20.00 85 x 1077 1.08 — 5.33
forests

Mixed forests 19.25 8.0 x 107° 0.49 — 4.32

Cropland 0.55 8.0 x 1073 0.59 — 2.11

Changes from these four types of forest to croplands represent more
than 90% of all imposed changes. The height of the canopy is used to derive
roughness length. Vemax is a parameter used in calculating photosynthesis.

types among the high-resolution pixels within a MK3L grid
are assigned to the 4 vegetation patches used by CABLE for
each grid point. A map of the fraction of vegetation cover
changed to cropland is shown in Figure 1. Note that the scale
of croplands is geographically quite extensive but the
intensity of croplands only exceeds 50% over large areas
in eastern United States, Western Europe and parts of
South East Asia. A second set of experiments at 2 x CO,
(560 ppmv) with natural (FOREST2x) and perturbed
(CROP2x) vegetation cover were also run. All simulations
were run for 400 years and the daily output from the last
50 years of simulations were used in the analysis (50 years
of data was used because it was sufficient for robust statis-
tical testing). The change in the climate extremes indices
due to LULCC was determined by comparing the 50-year
mean of the extremes indices of CROPIx with that of
FORESTI1x, while the change due to increased CO, was
determined by comparing FOREST2x with FOREST1x.

[12] We note that the perturbation imposed to represent
LULCC, a change from potential vegetation to (near) current
vegetation, is a relatively extreme case. However, the
method by which we imposed crops and pasture cover is
not as extreme as has previously been used [e.g., Davin
and de Noblet-Ducoudré, 2010] since we retain natural for-
est cover within a grid square as a patch coincident with
patches representing crops and pasture. However, had we
used pre-industrial (i.e., ~1850) vegetation and contrasted
this with current vegetation, the impacts would likely have
been smaller.

Table 1b. Parameter Values for Reflectance and Transmittance
Used to Describe the Principal Vegetation Types Changed by
LULCC*

Leaf Reflectance Leaf Transmittance
Albedo Parameters  Visible NIR Thermal Visible NIR Thermal

Evergreen needleleaf  0.08 0.35  0.01 0.05 025 0.01
forests

Evergreen broadleaf  0.20  0.45 0.01 0.05 0.25 0.01
forests

Deciduous broadleaf  0.06  0.45 0.01 0.05 0.25 0.01
forests

Mixed forests 0.13 040 0.01 0.05 0.25 0.01

Cropland 0.17  0.58 0.01 0.10 0.25 0.01

The leaf reflectance and transmittances are used to derive albedo at
visible, near infrared (NIR) and thermal wavelengths.
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Table 2. List of Experiments Performed

Experiment Vegetation Cover CO, Concentration (ppmv)
FORESTI1x Natural vegetation cover 280
CROP1x Forests converted to cropland 280
FOREST2x Natural vegetation cover 560
CROP2x Forests converted to cropland 560

2.3. Climate Extremes Indices

[13] We use an approach for assessing extremes by
deriving indices from daily temperature as recommended by
the CCI/CLIVAR/JCOMM Expert Team on Climate Change
Detection and Indices (ETCCDI) [Alexander et al., 2006].
Twelve out of the 27 climate indices recommended by the
ETCCDI are used in this study (Table 3). These indices are
calculated from daily maximum and minimum temperature
and have been developed to assess changes in intensity,
duration and frequency of extreme climate events. While the
ETCCDI indices do not always represent the most extreme
extremes, they do provide globally coherent measures of
more moderate extremes, which can be useful for global
climate change impact assessments [Klein Tank et al., 2009;
Zhang et al., 2011]. It is important to note that ETCCDI
extremes are not necessarily comparable to those estimated
using extreme value theory [e.g., Kharin et al., 2007]. Other
indices from the ETCCDI list, which imposed regionally
dependent thresholds for temperature, were not included in
this global-scale analysis. We do not include changes in
precipitation indices in this paper because the relatively
coarse resolution of the climate model may make estimates
of changes in precipitation extremes unreliable.

2.4. Assessing Local Significance

[14] Since the distribution of the indices is not necessarily
Gaussian, a parametric test such as Student’s t-test may be
inappropriate for testing the null hypothesis that there is no
statistically significant difference between the 50-year mean
time series for a given index. We therefore use the two-tailed
Kolmogorov-Smirnov (KS) test, a non-parametric test that
makes no assumptions about the distribution of the data.
This method was used by Deo et al. [2009] in a regional
study of climate extreme indices. Grid points with statisti-
cally significant differences are shown in color (red, blue) in
the bubble maps while non-significant grid points are shown
as gray boxes to facilitate visualization of continental sur-
faces. For each of the regions of interest (globe, tropics,
northern hemisphere, southern hemisphere, northern mid-
latitudes and southern midlatitudes) the percentage of sig-
nificant grid points (s,) were calculated.

2.5. Assessing Field Significance

[15] The collective significance of statistical tests in a
finite number of interdependent time series needs to be much
larger than the nominal level [Livezey and Chen, 1983]. That
is, if testing at a 95% confidence level, much greater than
5% of the continental surfaces should appear statistically
significant to indicate field significance. As the threshold
over which results may be classified as field significant
differs between indices, we use bootstrapping to calculate
its estimated value. Following Kiktev et al. [2003] and
Alexander et al. [2006] we use a moving block re-sampling
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Figure 1. Fraction of vegetation cover converted from forest to cropland.

technique [Wilks, 1997] to create 1000 sets of 20-year
samples by randomly taking two consecutive years of data
at a time for each index and experiment. To maintain
spatial dependence, all grid points were re-sampled in the
same order for each experiment. For each pair of 20-year
bootstrapped samples, we follow the same method used for
the non-bootstrapped 50-year time series described in

section 2.4: the two-tailed KS test was applied to determine
the grid points with statistically significant difference and, for
each region, the percentage of significant grid points were
then calculated. This resulted in 1000 percentage values for
each index. The 5th percentile of these percentages, sg, is
defined as the field significance threshold level. The per-
centage of significant grid points of the non-bootstrapped

Table 3. A Selection of the Temperature Indices Recommended by the ETCCDI and Used in This Study®

Index Indicator Name Definition Unit
Intensity
TXn Min Tmax Coldest seasonal daily maximum temperature °C
TNn Min Tmin Coldest seasonal daily minimum temperature °C
TXx Max Tmax Warmest seasonal daily maximum temperature °C
TNx Max Tmin Warmest seasonal daily minimum temperature °C
DTR Diurnal temperature range Mean difference between daily maximum and °C
daily minimum temperature
Duration
GSL Growing season length Annual number of days between the first occurrence days per year
of 6 consecutive days with T > 5°C and first
occurrence of consecutive 6 days with T < 5°C.
For the Northern Hemisphere this is calculated
from 1 January to 31 December while for the
Southern Hemisphere it is calculated from 1 July
to 31 June.
CSDI Cold spell duration indicator Annual number of days with at least 6 consecutive days days per year
when Tmin < 10th percentile
WSDI Warm spell duration indicator Annual number of days with at least 6 consecutive days days per year
when Tmax > 90th percentile
Frequency
TX10p Cool days Number of days when Tmax < 10th percentile days per season
TN10p Cool nights Number of days when Tmin < 10th percentile days per season
TX90p Warm days Number of days when Tmax > 90th percentile days per season
TN90p Warm nights Number of days when Tmin > 90th percentile days per season

*Precise definitions can be found at http://cccma.seos.uvic.ca/ETCCDI/list_27_indices.shtml. Note that ETCCDI expresses the temperature frequency
indices (TX10p, TN10p, TX90p and TN90p) in percentages, but the scale used here is in number of days per 3-month season (DJF, MAM, JJA, SON).
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Figure 3. As in Figure 2 but for the coldest nighttime temperature, TNn (°C).

data, s, was then compared to this threshold. The indices are

field significant if sz > 5 and 54 > = s3.

3. Results

[16] We present results in the form of global bubble maps
for both the impact of LULCC and the impact of 2 x CO,.

The global bubble maps provide a visually efficient means to
communicate those indices that are or are not significantly
impacted by LULCC relative to 2 x CO,. Only changes
statistically significant at a 95% confidence level at a given
grid box are included and we mask regions with no LULCC.
Our aim here is to identify those indices strongly affected
by LULCC and those near-continental scale regions where
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Figure 4. As in Figure 2 but for the warmest day time temperature, TXx (°C).

the temperature impact of LULCC is either of the same sign [17] We do not discuss in detail the potential impacts of
as the impact of increased CO,, or alternatively acts to increased CO, on the extreme indices since this has already
mitigate the effect of increased CO,. To avoid any impres- been well reported in the literature for both historical [e.g.,
sion that temperature indices are always affected by LULCC  Kiktev et al., 2003, 2007; Christidis et al., 2011] and future
we also include maps of indices that are negligibly perturbed. [e.g., Meehl et al., 2007; Tebaldi et al., 2006; Kharin et al.,
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2007; Sillmann and Roeckner, 2008; Alexander and
Arblaster, 2009; Russo and Sterl, 2011] time periods. We
emphasize that our 2 x CO, simulations of these extremes
are indicative only and should only be used as a reference
point for the LULCC results.

3.1. TImpact of LULCC on Temperature Intensity
Extremes

[18] The impact of LULCC and CO, doubling on the
coldest daily maximum temperature (TXn) is shown in
Figure 2. While land areas most commonly show statistically
significant warming in TXn in all seasons due to doubling
CO,, and increases reach 12°C in the northern high latitudes
in DJF, the impact of LULCC is very small (although locally
statistically significant) and most commonly causes cooling
of up to 2°C. This cooling in TXn is geographically isolated.
The magnitude of changes due to LULCC is almost always
small in comparison to CO,.

[19] The results for the coldest daily minimum tempera-
ture (TNn, Figure 3) are similar to those for TXn. In DJF and
MAM, LULCC induces cooling in TNn of up to 4°C over
parts of Eurasia (Figure 3a) but elsewhere, where significant
changes occur they are almost always limited to 2°C. These
are almost always substantially smaller than the impact of
2 x CO, on TNn (Figure 3b) but tend to counter 2 x CO,
changes. An interesting increase in TNn occurs in SON over
Asia (1-2°C) that is additive to the increase due to 2 x CO,.

[20] In many regions, LULCC causes changes in the
hottest daily maximum temperature (TXx) by up to 4°C
(Figure 4a). TXx increases by 2—4°C in the tropics and sub-
tropics in most seasons and by up to 2°C in the mid- and
high-latitudes of the northern hemisphere in JJA. TXx cools
due to LULCC by up to 2°C in the midlatitudes of the
northern hemisphere in MAM. It is therefore highly geo-
graphically specific whether these changes add to, or
counter, changes due to 2 x CO, (Figure 4b). In contrast to
TXn and TNn, there are some regions where the magnitude
of the impact of LULCC on TXXx is of a similar magnitude
to warming due to 2 x CO,. However, note that the impact
of 2 x CO, on TXx is to cool the northern hemisphere
midlatitudes (MAM, JJA and SON). This is associated with
a large intensification of the hydrological cycle in the
climate model. This tends to increase rainfall, and thereby
soil moisture and transpiration [Seneviratne et al., 2010],
increasing the probability of evaporative cooling on very
hot days.

[21] The general increase in TXx due to LULCC in sea-
sons and regions with large radiation inputs is expected since
the aerodynamically smoother surface post deforestation
suppresses turbulent energy exchange which tends to warm
the surface while the replacement of deeply rooted vegeta-
tion with shallow grasses and crops tends to limit evapora-
tive cooling as moisture becomes limited [7euling et al.,
2010]. In contrast, a reduction in TXx over mid- and high
latitudes coincident with snow cover is also anticipated since
snow will mask crops more efficiently than trees leading to
winter cooling [Betts, 2000]. As LULCC affects tempera-
tures mainly in terms of albedo and the partitioning of
available energy, a large impact on the hottest daily mini-
mum temperature (TNx) would not be anticipated. Indeed,
the impact of LULCC on TNx is limited to ~1°C (Figure 5a)
and is negligible compared to 2 x CO, (Figure 5b).
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[22] The diurnal temperature range (DTR, Figure 6) is
strongly reduced (commonly by 2—4°C but up to 12°C in
JJA) by 2 x CO, over most continental areas, and is
increased in the tropics in most seasons (Figure 6b) which is
consistent with Vose et al. [2005]. LULCC provides a more
complex pattern of changes in DTR (Figure 6a). LULCC
tends to increase DTR over the northern mid- and high-
latitudes in DJF and JJA, although mainly by less than 1°C,
partially mitigating decreases due to 2 x CO,. In the tropics
and sub-tropics, LULCC tends to increase DTR in all sea-
sons (Figure 6a); this is the same direction and magnitude of
change as caused by 2 x CO, (Figure 6b). This is particu-
larly clear in all seasons over South America where increases
in DTR due to LULCC are of the same magnitude as
increases due to 2 x CO,. Our results therefore suggest that
large-scale LULCC complicates efforts to use DTR in
studies of global warming and needs to be taken into account
in regions of intense landscape modification.

3.2. Impact of LULCC on Temperature
Duration Extremes

[23] The growing season length (GSL, Figure 7a) is
weakly affected by LULCC. GSL is locally reduced mainly
by ~1-5 days per year by LULCC but is increased by a
much larger amount (10-50 days per year) by 2 x CO,.
A relatively large increase in GSL (10 days per year) over
China is shown in Figure 7a due to LULCC, amplifying the
impact of 2 x CO, in this region.

[24] LULCC tends to increase both the cold spell dura-
tions (the number of days with at least 6 consecutive days
when the minimum temperature is below the 10th percentile,
CSDI, Figure 7b) and warm spell durations (the number of
days with at least 6 consecutive days when the maximum
temperature is above the 90th percentile, WSDI, Figure 7c).
There are quite large regions where the increase in CSDI
exceeds 8 days which is similar in magnitude to 2 x CO,.
However, while 2 x CO, systematically decreases CSDI,
LULCC increases this measure thereby tending to mask the
impact of 2 x CO,. This contrasts with WSDI (Figure 7c)
where the impact of LULCC is additive, and in many
regions of similar magnitude, to the impact of 2 x CO,.
This leads to a complexity in the use of these indices
with LULCC sometimes countering the CO, induced
changes (CSDI) and sometimes adding to the CO, induced
changes (WSDI).

3.3. Impact of LULCC on Temperature
Frequency Extremes

[25] The impact of LULCC on the frequencies of
the percentile-based temperature extremes is shown in
Figures 8-11. Note that the percentiles calculated for
FOREST1x are used as the threshold values when calculating
the indices for the perturbed runs (CROP1x, FOREST2x),
to display the differences relative to a ‘natural’ reference.

[26] The impact of LULCC on the number of days when
the maximum daily temperature is below the 10th percentile
(cool days, TX10p) shows a complex pattern of decreases
(more than 10 days per season) principally in the tropics and
sub-tropics particularly in DJF, JJA and SON (Figure 8a)
but increases (mainly up to 50 days per season) in Asia
(DJF), over large areas of the northern hemisphere (MAM)
and over smaller areas of the northern hemisphere (JJA). The

8 of 19



D04108

60

40

20

60

40

20

60

40

20

60

40

20

[TNx] Max Tmin (°C)

AVILA ET AL.: CHANGES IN CLIMATE EXTREMES DUE TO LULCC

D04108

(a) (b)
DJF i DJF
°0.2 o * E °0.2
02 . 02
04 1| o4 o®
012 012
MAM R MAM
002 L o’ E °0.2
02 H . 02
o4 1 o4 °®
012 012
JUA . . JUA
.o °%%e %% e 1 ®
- e e 00’ .° e * . [l .s..-
. | $8
S S 3ot
©0.2 . '5-: : i 002 i! d.
i 3 H
02 02 i: o
04 ° {1 o4 ] o®
[ 1]
012 012 H
SON SON
. : 1 m.'..'... .o
i ; HG O
:- L] T [ ] oo l-
I 0000320 o
. ° T | $:88883
Y ®%esee N i o o
oo o . X e o0 o
s . . H ° H H s
o %0 e ° )
©°0.2 %e? i 002 e Lo eee
. ° L[] ; L ]
02 02 s 3 LR 3 :
04 1] o4 3 T e®
012 012
. . . . . . . . . .
-120 -60 0 60 120 180 -120 -60 0 60 120 180

Figure 5. As in Figure 2 but for the warmest nighttime temperature, TNx (°C).

decreases in TX10p over tropical South America are par-
ticularly consistent in all seasons. The impact from 2 x CO,
(Figure 8b) show increases in JJA over the northern hemi-
sphere midlatitudes (mainly 10-50 days per season) but
the dominant impacts are decreases over most continental
surfaces in all seasons.

[27] Figure 9 shows the number of days when the mini-
mum daily temperature is below the 10th percentile (cool
nights, TN10p). The results for TN10p (Figure 9a) differ
from TX10p (Figure 8a), including the important dif-
ference that TN10p does not change consistently over South
America. In general, LULCC has a regionally statistically

9 of 19



D04108

o3 B N Bt
® o m...m” ...- m. ““'-m” 3 R
e .. .
E L nam ,N o
% w“ Y % r 1

180

120

60

AVILA ET AL.: CHANGES IN CLIMATE EXTREMES DUE TO LULCC

D04108

[DTR] Diurnal Temperature Range (’C)

(a)

(b)

DJF

JJA
+

.m“nmw.m. HHTY

012

SON

©0.2

012

02
o4

o12

02
o4

o12

02
04

o12

=2
o
n

02
o4

012

-20F 0.2

—40}

-20F °0.2

—40}

-20fF °0.2

60
40

—40}

-20F °0.2

60f
40f

—40}

-60

-120

120 180

60

-60

-120

Figure 6. As in Figure 2 but for the diurnal temperature range, DTR (°C).

TN10p are variable but are similar in magnitude to 2 x CO,

in some major regions.

significant impact on TN10p, and this impact is mostly

increasing this measure of extremes. This is particularly
apparent in the mid- and high-latitudes of Eurasia in DJF and

MAM where LULCC counters the impacts of 2 x CO,.

[28] LULCC affects the number of days when the maxi-
mum temperature exceeds the 90th percentile (warm days,

TX90p) mostly by more than 10 days per season (Figure 10a).

Elsewhere, relative to the impact of 2 x CO,, the impacts on
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Figure 7. As in Figure 2 but for (a) growing season length, GSL; (b) cold spell duration, CSDI; and
(c) warm spell duration, WSDI (all in days per year). Note that blue represents an increase in CSDI and

a decrease in WSDI.

The largest and most coherent changes in TX90p occur over
the tropics and sub tropics where in all seasons TX90p
increases by up to 50 days per season. This is smaller than the
impact of 2 x CO, (Figure 10b) but is likely additive to the
increases from 2 x CO,. In the mid- and high-latitudes of
the northern hemisphere, LULCC tends to decrease TX90p,
particularly in DJF (over Eurasia) and MAM (Eurasia and
eastern U.S.) by at least 10 days per season. These decreases
are of an opposite sign and of a smaller magnitude to the
impacts of 2 x CO,.

[29] The results for the number of days when minimum
temperatures exceed the 90th percentile (warm nights
TN90p, Figure 11) are smaller in terms of geographic area
than shown for TX90p. While TN90p tends to increase
through the tropics due to LULCC (Figure 11a) and cool in
the mid- and high-latitudes of the northern hemisphere
(particularly in DJF, MAM and JJA) the magnitude of

these changes is consistently small compared to the impacts
of 2 x COs.

4. Discussion

[30] There is a strong consensus that LULCC affects the
mean climate of regions that have been transformed by
human modification of the landscape. The evidence is strong
for mean temperature [Pitman et al., 2009; Pielke et al.,
2011]. This paper examines how LULCC affects the global
pattern of temperature extremes using the ETCCDI extreme
climate indices derived from a set of simulations sourced
from a single climate model.

[31] LULCC affects the ETCCDI temperature indices in
complex ways. With regard to temperature extremes,
LULCC changes the efficiency of surface exchange of water
with the atmosphere [de Noblet-Ducoudré et al., 2012].
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Figure 8. As in Figure 2 but for cool days, TX10p (days per season).

LULCC commonly changes a forested landscape to crops or
pasture. A deeply rooted forest has a capacity to exchange
moisture for longer into a dry period than a grassland which
minimizes the likelihood of very high temperatures because
the moisture flux cools the surface and increases atmo-
spheric moisture and the likelihood of cloud cover [Betts

et al., 1996]. In contrast, crops and pasture limit moisture
exchange earlier in a season, generally suppressing the latent
heat flux and increasing the sensible heat flux. This warms
the atmosphere, reduces effective moisture and reduces
cloud cover, which in turn increases incident solar radiation
at the surface. These mechanisms would tend to act more
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Figure 9. As in Figure 2 but for cool nights, TN10p (days per season).

directly on day-time temperatures where net radiation is
strongly associated with incident solar radiation and be less
significant at night where sensible and latent heat fluxes are
minimal. It is not surprising therefore that the impact of
LULCC is relatively large for TXx but weaker for TNx.

[32] The mean temperature impact of LULCC in our
model is to warm the tropics and to cool the midlatitudes, in
common with most other models [Lawrence and Chase,
2010]. If such a shift also affects the extremes, LULCC
should increase the likelihood of tropical warm days (TX90p),
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Figure 10. As in Figure 2 but for warm days, TX90p (days per season).
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of midlatitude warm days and midlatitude warm nights and noteworthy however that increases in TX10p and TN10p and

(TN10p). Similarly, LULCC should decrease the likelihood mean temperature changes reported in the literature. It is
increase the likelihood of midlatitude cool days and nights.

and tropical warm nights (TN90p) and reduce the likelihood Our results broadly confirm such behavior; the impact of

of tropics cool days (TX10p) and tropical cool nights
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Figure 11. As in Figure 2 but for warm nights, TN90p (days per season).

the opposite sign to the impact on these indices of 2 x COs,.
In major regions therefore, LULCC acts to hide observable
signals in these indices reducing the likelihood of detecting
a change due to 2 x CO,, if both forcings are considered.
A similar result is found for CSDI (Figure 7b). However,

the impact of LULCC on WSDI is of the same sign and of a
similar magnitude in some regions to 2 x CO, (Figure 7¢)
which both suggests a stronger observable signal, a stronger
likelihood of a detection of a change, but a risk of misattri-
bution of this trend to (just) elevated CO,. We note here that
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we have also analyzed the results from simulations with per-
turbed vegetation cover at 2 x CO, conditions (CROP2x).
The changes caused by LULCC under 2 x CO, conditions
(CROP2x - FOREST2x) are, for most indices, generally
similar in pattern and magnitude to the changes caused by
LULCC under 1 x CO, conditions (CROP1x - FOREST1x).
There are some larger differences in the LULCC signals for
TN10p, TN9O0p (all seasons) and TNn (northern hemisphere
DJF, tropics JJA) suggesting that there are nonlinearities
when considering the combination of both LULCC and CO,
forcing. However, further investigation of these effects
requires a detailed regional analysis and is beyond the scope
of this study.

[33] The extent of the LULCC impact on the ETCCDI
temperature indices at large spatial scales, relative to the
impact of 2 x CO,, and the field significance of these
changes is presented in Figure 12. For almost all temperature
indices, 2 x CO, affects 70-100% of land grid points in
all six regions in all seasons and these changes are field
significant for all regions. In contrast, the LULCC impacts
on the temperature indices demonstrate much more com-
plexity. First, it is noteworthy that the impacts of LULCC
are very commonly field significant for most indices for
most regions and for most seasons. While the percentage of
significant grid points undergoing change due to LULCC is
typically half that of 2 x CO,, it is only in the southern
midlatitudes that changes do not appear field significant.
Thus, on the broad scale, while LULCC may not trigger
as large a response as 2 x CO,, the response shown in
Figure 12 is widespread and statistically significant. This
highlights a significant challenge for those focused on the
impacts of LULCC. Since the impacts of LULCC can be via
an albedo feedback and/or via the change in the partitioning
of available energy between sensible and latent heat, dif-
ferent indices are affected in different ways in different
regions and in different seasons. TXx, for example, is always
affected significantly in the tropics irrespective of season in a
consistent way (DJF, 71%, MAM, 73%, JJA, 74%, SON
75%) while, there is a strong seasonality (DJF, 18%, MAM,
43%, JJIA, 52%, SON 24%) over the northern hemisphere
midlatitudes. A similar result is apparent for TX90p. In both
cases, this is associated with seasonal changes in net radia-
tion in the midlatitudes and changes in the mechanisms that
link LULCC to temperature extremes.

[34] Our results have interesting implications for those
analyzing the impact of anthropogenic climate change on
these indices from climate model simulations that did not
include LULCC. In the case of some indices, where LULCC
triggers local changes of similar scale to 2 x CO,, inter-
pretation of climate model results should be undertaken very
cautiously. In some regions, LULCC would suppress the
impact of elevated CO,; in other regions it would magnify it.
This is complicated by the changes in the impact of LULCC
with season. In some seasons, a given extreme index would
be dominated by the change in CO, but in others LULCC
would dominate (e.g., TNx over the northern hemisphere
midlatitudes where only 13% of grid points are field sig-
nificant in DJF while 21% of grid points are field significant
in JJA). Assumptions that changes in many of the ETCCDI
indices can be approximated by using just CO, changes are
flawed, particularly for TXx, CSDI, WSDI, TX10p, TX90p,
TNO90p. However, for some regions, some indices can likely
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be captured without accounting for LULCC since we pro-
vide no evidence that the inclusion of LULCC would have
made a significant difference in terms of any conclusions
reached at large spatial scales.

[35] Our results also have an interesting implication for
detection and attribution studies. Where LULCC has a neg-
ligible impact, the detection of changes in these indices can
be more safely attributed to other forcings such as CO,.
However, where LULCC adds to other forcings, a stronger
signal might be expected leading to a clearer detection of a
trend, but this might also lead to a potential misattribution
of that trend to non-LULCC forcing if LULCC is omitted.
Similarly, where LULCC counters other forcings, a weaker
net signal would tend to lead to a failure to recognize a
signal because it has been masked by LULCC. This com-
plicating feature of LULCC is seasonally and regionally
dependent. While this might complicate detection and attri-
bution studies, it also offers a way forward to refine existing
methodologies. By including LULCC in future studies, a
clearer and an even more robust attribution of the impact
of increasing CO, at regional scales might be possible.

[36] We reiterate that we have been examining the impact
of LULCC on the ETCCDI temperature indices at large
spatial scales. LULCC has a strong and statistically signifi-
cant impact at the climate model grid-scale on many of the
ETCCDI temperature indices at these scales. And even where
the impact of LULCC seems small compared to increas-
ing CO,, in some regions it adds to the impact of elevated
CO; and in some regions it counters this impact. There are
also regions that appear to show quite large impacts due to
LULCC despite the perturbation in LULCC being locally
small. For example, decreases in DTR (Figure 6a), TX10p
(Figure 8a) and CSDI (Figure 7b) suggest an impact from
remote LULCC. There are also regional-scale impacts from
LULCC coincident with intense LULCC that require further
analysis and are beyond the scope of this paper due to the
coarse resolution of the model used. We intend to explore the
detail of the regional responses in a subsequent paper. We
also intend to utilize the results from the Land Use Change
Identification of robust impacts (LUCID) project [Pitman
et al., 2009; de Noblet-Ducoudré et al., 2012]. This will
enable us to determine whether results described herein are
strongly limited by the climate model or the parameterization
of the terrestrial surface we used. We also note that we have
focused on the impacts of one major type of LULCC and
omitted urbanization, irrigation and other types of land use
change that could strongly affect regional climate [Pielke
etal, 2011].

5. Conclusions

[37] The impact of LULCC on regional-scale climate
averages has been thoroughly studied and there is little doubt
that strong impact on the mean temperature should be
anticipated over regions of intense LULCC [Pielke et al.,
2011]. However, the impact of LULCC on extremes has
been less well studied. In this paper we used indices
recommended by the CCI/CLIVAR/JCOMM Expert Team
on Climate Change Detection and Indices (ETCCDI) based
on daily maximum and minimum temperature. We investi-
gated the impact of LULCC on these indices, contrasting
the large-scale impact from LULCC with a doubling of
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Figure 12. Seasonal field significance of the temperature extreme indices for the Globe, Tropics,
Northern Hemisphere, Southern Hemisphere, Northern midlatitudes and Southern midlatitudes. Indices
that are field significant are colored and shown with the percentages of statistically significant grid
points in each region (s,). Indices which are not field significant are represented by a dash.
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atmospheric CO,. Our LULCC perturbation focused on
changes in vegetation from forests to crops and pasture and
therefore ignores other major types of land use change such
as urbanization and irrigation that could also strongly affect
regional climate [Pielke et al., 2011].

[38] Our results demonstrate that the impact on the
ETCCDI indices of doubling CO, is almost always much
more geographically extensive and mostly of a larger mag-
nitude than the impact of LULCC. However, many of the
temperature indices show locally strong and statistically
significant responses to LULCC, such that commonly 30—
50% of the continental surfaces of the tropics and northern
and southern hemispheres are changed by LULCC. The
scale of the impact is large enough to be field significant on
seasonal timescales.

[39] We conclude that in terms of using the ETCCDI
indices for climate impacts studies at large spatial scales,
LULCC needs to be incorporated. In some cases, LULCC
affects the ETCCDI indices in the same direction as 2 X
CO,, in other cases LULCC generates an opposing forcing.
This complicates the use of climate models in regional
detection and attribution studies where LULCC is omitted.
However, it also provides a useful future path for detection
and attribution studies since if LULCC is explicitly included,
a stronger signal is likely, providing an improved capacity to
attribute observed and modeled trends to known forcings.
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