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Supplementary Materials:

1 Defining land cover and land management

In our study, we compared the effects on surface climate from changes in land surface properties that
arise from land cover changes (LCC) to those that arise from land management change (LMC) that
does not involve a change in land cover (Table 1). Land cover is defined as “the attributes of the Earth’s
land surface and immediate subsurface, including biota, soil, topography, surface and groundwater, and
human (mainly built-up) structures.” Where applicable we adopted the following definitions '71: Land-
cover changes — also called land cover conversion — constitute the replacement of one cover type by
another and are measured by a shift from one land-cover category, such as a specific vegetation type, to
another. Land cover change thus occurs, e.g., due to expansion of croplands, deforestation, or a change
in urban extent ' . Land cover changes can occur naturally, as happened throughout Earth's history
when the vegetation cover adjusted to changing orbital parameters, or it can be an indirect cause of
anthropogenic disturbances such as human-induced climate change. In our study, however, we adopt
the term “land cover change” only for direct anthropogenic land cover changes which are driven by
changes in land use, where land use is the “purpose for which humans exploit the land cover”. In this

study land cover changes includes changes between forest, grassland and croplands.

In contrast to land cover change, land management refers to the “ways in which humans treat
vegetation, soil, and water” for a specific purpose. Examples are the use of fertilizers and pesticides,
irrigation for mechanized cultivation in drylands, the use of an introduced grass species for pasture, the
tree species used in reforestation and the sequence of moving livestock in a ranching system ' (1. Thus,
although we restricted the spatial extent of our definition of land management to the area affected by
human activities but having not experienced land cover change, changes in land management can occur

on land that either has or has not been subject to land cover change.

While land cover change usually leads to a change in land surface properties, e.g., “‘changes in biotic
diversity, actual and potential primary productivity, soil quality, runoff and sedimentation rates, and
other such attributes of the terrestrial surface of the Earth”, land management does not necessarily
induce large changes in land surface properties (e.g. fertilization). The data analyzed in our study

shows, however, that the climatic consequences of the change in land surface properties from land

© 2014 Macmillan Publishers Limited. All rights reserved.



management are often on the same order of magnitude as those from land cover change.

In our study, we count neither the conversion of an unmanaged, natural grassland to a managed, grazed
grassland (pasture) nor the conversion of natural forest to tree plantation as land cover change.
Although these conversions are clearly driven by a change in land use and frequently subsumed under
land cover change in climate modeling studies, in most cases it does not represent an actual change in

vegetation type.
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2 Materials and methods

2.1 Regional effects of land cover and land management change

Cross-border areas provide interesting natural experiments to isolate the effect of land management on
land surface properties in cases where political borders dissect environmentally homogeneous regions
217, We selected eleven such cross-border regions, consisting of three regions where countries differed
in terms of land cover changes (e.g., forest on one side of the border and deforestation on the other
side), and five regions where land cover was similar but land management differed (e.g., high grazing
pressure on one side of the border and low grazing pressure on the other). For testing our approach, we
applied the same method to three additional regions where land cover and land management were

assumed to be homogeneous (Table 4).

2.1.1 Data

We acquired time series of MODIS land surface temperature, black sky albedo, and the enhanced
vegetation index from the NASA Land Processes Distributed Active Archive Centre (LP DAAC,
https://Ipdaac.usgs.gov). Regarding surface temperature, we used the product MOD11A2 (collection 5),

acquired by the Terra satellite (both morning and evening passes) at a spatial resolution of 1 km. Land
surface temperature is derived using a generalized split-window algorithm °C1 and MOD11A2
represents the average values of clear-sky land surface temperatures during an 8-day period. For a
detailed algorithm description of this product, we refer to the ‘Collection-5 MODIS Land Surface
Temperature Products’ and the ‘MODIS Land-Surface Temperature Algorithm Theoretical Basis
Document (LST ATBD) Version 3.3’ available from the product page of LP DAAC

(https://Ipdaac.usgs.gov/products/modis_products_table/mod11a2).

Regarding black sky albedo, we used the combined product of the Aqua (overpass time: 1:30 pm) and
Terra satellites (MCD43B3, collection 5), at a spatial resolution of 1 km. Black sky albedo refers to the
directional hemispherical reflectance at local solar noon and is estimated using the RossThick-
LiSparseReciprocal Bidirectional reflectance distribution function (BRDF) model that describes the
anisotropy of reflectance of each pixel 7*[1. The black sky albedo is calculated for the three broad
bands visible (VIS), near-infrared (NIR), and shortwave (SW) using a spectral-to-broadband

conversion based on the three visible, four near-infrared, or all of these bands, respectively. Since the
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MCD43B3 product uses data from both MODIS satellites, a higher data quality is achieved than using
a single sensor alone. The MCD43B3 represents the average of all clear-sky observation over a 16-day
period. For a detailed algorithm description of this product, we refer to the ‘Collection-5 MODIS
BRDF/Albedo Product (MOD43B) User's Guide’ and the ‘MODIS BRDF/Albedo Product: Algorithm
Theoretical Basis Document Version 5.0” available from the product page of LP DAAC

(https://Ipdaac.usgs.gov/products/modis_products_table/mcd43b3)

We used the Enhanced Vegetation Index (EVI) in the MOD13A2 product from the Terra product at a
spatial resolution of 1 km (collection 5) as a proxy for leaf cover. The Enhanced Vegetation Index
(EVI) is an improved version of the Normalized Difference Vegetation index and integrates the red,
near-infrared, and blue band of the MODIS sensor to minimizes canopy background variations and
maintains sensitivity over dense vegetation conditions ° 1. For a detailed algorithm description of this
product, we refer to the “‘MODIS Vegetation Index User’s Guide (MOD13 Series)’ and the ‘MODIS
Vegetation Index (MOD 13) Algorithm Theoretical Basis Document Version 3’ available from the
product page of LP DAAC (https://Ipdaac.usgs.gov/products/modis_products_table/mod13a2).

We also used the MODIS Land Water Mask (MOD44W, spatial resolution of 250m), which is based on
integrating Shuttle Radar Topography Mission (SRTM) data and MODIS land surface reflectance data.
For a detailed algorithm description of this product, we refer to the University of Maryland (UMD)
Global 250 m Land Water Mask User Guide
(https://Ipdaac.usgs.gov/products/modis_products_table/mod44w).

2.1.2 Pre-processing the MODIS time series

For each cross-border region we selected a 50 x 50 km? area bisected by the administrative border. We
buffered the border by 5 km on each side of the border and excluded all MODIS pixels within this
buffer to avoid uncertainty due to spatial misalignment of the MODIS images and the political
boundary spatial layers. We masked all water pixels from the analyses and all areas with an EVI value
lower than 0.01. Furthermore, we excluded all pixels where EVI data quality was flagged as poor and
excluded all pixels with values outside the valid land surface temperature range (i.e., <7,500 or
>65,535, see User’s Guide), and excluded all pixels with values outside the valid albedo range (i.e., 0-

32,276). Further, a Savitzky—Golay filter '°[1 was applied to the land surface temperature and albedo
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time series to reduce the noise in our time series and to correct for outliers. We used the time series
software package TIMESAT ''[J for the filtering. Finally, we identified the timing of peak vegetation
for each site and averaged the land surface temperatures and the albedo values for the month containing

the vegetation peak for the three years 2009-2011 per pixel using the software TimeStats (1.

2.1.3 Calculation cross-border differences in land surface temperature and albedo

We randomly selected 1,000 pixel pairs consisting of one observation from each side of the border.
Each pixel was allowed to enter multiple pairs in this procedure. The three homogenous sites were
subdivided into two equally sized sub-regions assuming a perpendicular border. We then calculated the
absolute difference in land surface temperature and albedo per pixel pair, and the average and standard
error differences for land surface temperature and albedo for each site (standard error for albedo is not

shown).

The upper limit temperature response to LCC and LMC is similar and around 6 K at the site-level (Fig.
2A) and up to 4 K at the regional scale (Fig. 2B). Note that many individual MODIS pixel comparisons
differed by 6 K or more (Fig. 2), such that the difference in effect between the site and regional analysis

can partly be explained by the different scales of observations between the two data sets * 7.
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2.2 Biophysical effects of land cover and land management change

2.2.1 The energy budget

Energy conservation requires that at the site-level the incoming energy flux equals the sum of the
outgoing energy flux and the energy stored in the biomass. Focusing on the dominant terms of the
energy budget, and thus ignoring small fluxes at the daily time scale such as energy used in
photosynthesis and stored in biomass and the subcanopy air space, the energy balance at the site can be
written as:

Rn = AE+H+G (1)

where AE, H and G refer to respectively the latent heat flux, the sensible heat flux and the soil heat flux
all expressed in W m™. Rn is the net radiation absorbed by the land surface (W m?) and equals the sum
of the incoming shortwave Rsi (W m™) and the incoming longwave radiation Rli (W m™), minus the
loss from reflected shortwave Rso (W m™) and emitted longwave radiation Rlo (W m™). The outgoing
shortwave radiation is a function of the incoming radiation and albedo (o). The outgoing longwave
radiation is emitted by the surface and is given by the Stefan-Boltzmann law and thus depends on
radiometric surface temperature (Ts), the Stefan-Boltzmann constant constant () and emissivity (g). Rn
can then be written as:

Rn = (1-a)Rsi+Rli—eoTs* (2)

The method used in this study to decompose the surface temperature signal into its major components

was adapted from Juang et al. '*

"] but also extended to allow for comparisons of sites with different
incoming radiation. When the approach is used with site-level observations, measurement errors and
our simplifications need to be accounted for. This was done by adding a residual 'imbalance' flux
denoted by I (W m™). The residual flux thus includes: the error due to neglecting photosynthetic fluxes,
the error due to neglecting heat storage in the biomass and atmosphere, and systematic errors and
random errors from measuring radiative and energy fluxes. When accounting for these methodological
issues, equation 2 is completed as:

(1-0)Rsi+Rli—eoTs* = AE+H+G+I (3)

and eq. 3 can be rearranged to obtain the surface temperature:

eoTs* = (1-0)Rsi+RIi-AE-H-G-1 (4)
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When using an energy budget approach (eq. 4), surface temperature (Ts) is the straightforward choice
as a metric for temperature. The choice for radiative surface temperature implies that the analysis takes
an ecosystem [ rather than a climate perspective (as explored in §2.2.3 and §2.2.4) and that the

analysis can be complemented by the land surface temperature product from MODIS.

2.2.2 Energy budget decomposition

One of the strengths of the decomposition approach is that it quantifies the net effect of dynamic
responses. For example when LMC decreases LAI, soil heat flux will likely increase which results in
less available energy for latent and sensible heat fluxes following eq. 1, if all else remains constant,
although the change in LAI will alter Rn depending on the albedo and surface temperature of the
modified surface. The net effect of the decrease in LAI is captured by the decomposition approach.
However, the decomposition approach used here does not allow us to quantify the gross fluxes for the
above example: how much of the change in latent heat is due to the change in LAI '°71, how much is
due to the change in net radiation and how much is due to the change in the temperature gradient

between the canopy and the atmosphere.

The left hand side (LHS) of eq. 4 is a function of Ts and &: LHS = f;(Ts, €). The right hand side (RHS)
is a function of seven parameters: RHS = fz[I(a, Rsi, Rli, AE, H, G, I). The only constant parameter is G.
The changes in the energy budget from changes in the land surface can be formalized as the first order
derivative of the LHS of eq. 4, excluding higher order terms:

d fi = (0 fi/0g)Ae + (O f1/OTs)ATs

where 0 fi/0e = 6Ts" and 3 £i/0Ts = 4ecTs’
and the first order derivative of the RHS of eq. 4:
d fz = (0 fr/0a)Ao. + (O fr/ORs1)ARsi + (O fr/ORI1)ARIi + (0 fo/OLNE)ALE + (0 fr/OH)AH + (0 fr/0G)AG +

(0 folODAI

where 0 fy/00 = -Rsi, 8 f3/@Rsi = (1-01), 8 f/ORli = 1, 8 [/ ONE = -1, 0 f/0H = -1, 8 f3/G = -1 and &
frlol=-1.
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Since d fi, =d fx , 6Ts*Aet+4ecTs’ATs = —RsiAo+1(1—a)ARsi+ARIi—ALNE-AH-AG—AL Hence, the
expression for discrete changes of ATs (K) due to land cover change or land management change

consists of eight terms:

ATs= (4ecTs’) ' (1 {—RsiAa+](1-a)ARsi+ARli-AAE-AH-AG—AI-6Ts* A}

)
I 11 I v Vv VI VI VII

This decomposition is applied to each pair of observational sites (Table 3). The symbol A represents the
difference between the two sites for each of the variables. From equation 5, we can attribute the change
in surface temperature due to the eight factors, following land cover change or land management
change:
I.  ATs due to a change in albedo: a positive ATs for this term implies that following land
cover change the albedo decreases (the changed surface is darker) and that more incident
shortwave radiation is absorbed by the surface as a consequence;
II.  ATs due to a change in Rsi: if the new land cover receives more incoming shortwave
radiation than the initial land cover, ATs will be positive for this component;
III. ATs due to a change in Rli: a positive ATs for this component represents an increase in
incoming longwave radiation from the atmosphere;
IV. ATs due to a change in latent heat flux: a positive ATs indicates a change in cooling due
to decreases in AE, that is to say that the new land cover/management has less evaporative
cooling than the original land cover/management;
V. ATs due to a change in sensible heat flux: as IV;
VI. ATs due to a difference in soil heat flux: as I'V;
VII. ATs due to the residual flux: given that I combines unmeasured fluxes and measurement
errors of the observed fluxes, we cannot separate it to determine the error from the missing
components. Nevertheless, the magnitude of this flux was used as a threshold to interpret ATs
resulting from the other components; site pairs are only presented if the fluxes of interest are
larger than the imbalance term (see also §2.2.4).

VIII. ATs due to a change in the thermal emissivity of the surface. A positive ATs due to Ag
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means that the new land cover emits more outgoing longwave radiation due to its higher

emissivity coefficient, which results in a higher Ts.

Excluding the nine pairs from formal experimental ecosystem set-ups, the remaining 33 pairs had
(slightly) different radiative regimes. Hence, a change in all of the components of the eq. 4 is to be
anticipated, including incoming shortwave and incoming longwave radiation. The extended

s 14,16
decomposition approach ™

] applied in this study differs from previous decomposition approaches in
that it accounts for differences in incoming radiation and quantifies an imbalance term containing all
measurement errors including all issues with energy balance closure. The lack of a significant
relationship between the major components of the energy budget and the observed imbalance (Fig. 3)
suggests that despite simplifications in Eq. 4 and the measurement errors and uncertainties, the main

results of this study are not driven by the imbalance term. Where ATs is reported in the manuscript this

1s calculated as the sum of ATsa, ATSAE, ATsH and ATsG .

2.2.3 Boundary layer height
Extending the analysis toward the planetary boundary layer (PBL) strengthens its climate perspective,

171817 The observed sensible and latent heat fluxes

within the limits of the simple PBL model used here
of the vegetated surface were coupled to a 1D boundary layer model [ that is expressed in virtual or
equivalent heat flux, thus coupling the latent and sensible components in a single coherent framework.
For climate impact, this is a much more realistic metric than only surface or atmospheric temperature
(1. The change in height in the boundary layer (Ah, in m) over a time step At (s) is given in this model
as:

Ah = (H, At / (pa ¢y h ) (©6)
where p, is the air density in kg m™, Cp 1s the specific heat capacity in J kg K, h is the current height
of the boundary layer in m, vy, is the virtual temperature inversion strength in K m™', and H, is the
virtual heat flux (W m™) and is calculated from the observed sensible (W m™) and latent heat fluxes (W
m™?) as follows:

H,=H + 0.07AE (7)

At the start of each day the initial height of the boundary layer (h) was set to 150 m and y, was kept

10
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constant at 0.003 K m™ as observed at Oak Ridge, TN for selected days during 1999 (personal

communication Dennis Baldocchi).

2.2.4 Equivalent temperature
The change in partial pressure of water vapour (AP,, Pa) in the boundary layer is given by

AP, = At AE / (h pa € MPy) (8)

where T, is the atmospheric temperature of the boundary layer (K), € is the mass of vapor to dry air
ratio and Py is the dry air partial pressure of the boundary layer (Pa). A is the latent heat of vaporization
(J kg™), which is estimated by the temperature function

A =3149000 — 2370 T,.

For consistency, P4 was kept constant at 101300 Pa. The specific humidity in (kg kg™'), may be
expressed as 2' [

qv = (e (Py +APy)) / (P4 + € (P, + APy)) 9)

and the equivalent temperature (Tg) of the atmosphere (K) is given by Fall et al. °[1:
Te = Ta + Mqu/cp) (10)

Irrespective of whether surface or boundary layer temperature is being investigated, quantifying the full
climate effects of LMC and LCC at the annual scale is out of reach for site-level observations. Such an
approach would require coupled surface-atmosphere models to account for boundary layer dynamics,
planetary albedo from clouds and aerosols, convective and frontal precipitation, and radiative forcing
from changes in atmospheric composition through aerosols, C and N cycling. Nevertheless, a joint
analysis of the major components of the ecosystem energy budget in PBL models contributes to

understanding the first order biophysical effects of LMC.
2.2.5 Observations used for surface temperature decomposition
Site measurements over different European and American terrestrial ecosystems were used for

attributing changes in surface temperature to the different underlying processes. The measurements

used in our study were obtained from principal site investigators and the network-based databases

11
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FLUXNET, IMECC *[7 and AMERIFLUX. Although this collection of sites lacks a formal design and
harmonized site-level methodology, all sites are equipped with an eddy covariance system to
continuously monitor half-hourly land-atmosphere fluxes of CO,, water and energy. In this analysis H
and AE measurements from the eddy covariance system were used. All other measurements were
retrieved from additional sensors to monitor other meteorological variables such as the incident and

outgoing shortwave and longwave radiation fluxes and air temperature.

Despite the attention paid to quality issues, uncertainties and errors are inherent to any experimental
approach. In this study, the most important sources of uncertainty are:

(a) Random error, which is inherent to any measurement and, in the case of eddy-covariance
measurements, is associated to unpredictable fluctuations in atmospheric turbulence. This uncertainty
tends to be small (5%) when aggregated at the annual scale *[1.

(b) Systematic bias, due to for example a change in sensors, can often be identified and corrected.
Other systematic errors are expected but hard to quantify, i.e., the effect of wet sensors following rain
events.

(c) Gaps in the long-term dataset, resulting from meteorological events affecting operation of the tower
such as storms. Other causes of data-gaps are sensor breakdown, maintenance periods, dirty sensors,
etc. Even good eddy-covariance based time series may contain up to 40% gaps on an annual scale **.
(d) Energy balance closure is most likely the main source of uncertainty in this analysis and we

therefore elaborate on this issue in the following paragraphs (§2.2.7).

2.2.6 Site selection

Nine sites, marked with * in Table 2, are part of a formal experimental set-up in which the
environmental conditions were deliberately sought to be similar and the vegetation different. When
paired, these sites resulted in two experiments studying land cover change and seven experiments
studying land management (marked with * in Table 3). The rest of the site data comes from an ad-hoc
monitoring network that lacks formal experimental design. Consequently, the available sites were
rearranged in pseudo-experiments to mimic an experimental set-up of land cover change and land
management change. The pseudo-experiment introduced here simulates a succession of different
vegetation types, where space substitutes for time. The pseudo-experiments become more powerful if

the sites used in the experiment are similar in all respects except for the factor under study. This

12
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approach allows us to examine the effects of land cover change and land management on land-

atmosphere interactions.

We included all forest, grasslands, cropland and peatland sites for which all variables required for the
energy balance decomposition approach were observed. Furthermore, to rule out potential artifacts with
latitude, altitude and inter-annual variability, sites were only paired in pseudo-experiments if the
following criteria were satisfied:

(a) the pair represented a possible land cover change or land management change (i.e., sites on mineral
and organic soils were not paired)

(b) the sites within a pair were located on a similar latitude (i.e., within 5° latitude from each other)

(c) the sites within a pair were located on the same continent (i.e., European and US sites were not
paired)

(d) the sites had a small imbalance term compared to other components of the energy budget (i.e., the
contribution of H, LE or albedo had to be larger than the contribution of the imbalance term to change
in radiometric surface temperature)

(e) the sites within a pair had at least one common year of measurements. The decomposition was only
made when temporal overlap occurred. Hence, the number of years included in this study is less than

the number of available years.

Applying these criteria, 22 sites (Table 3) were selected and combined into 33 pairs (Table 4) out of the
351 possible pairs. Sites can be paired in two ways, i.e., A-B and B-A. For one pair ATs will be
positive, for the other pair ATs will be negative. For land cover changes, the order of the sites within a
pair was determined by the cover change, i.e., forest to grassland. In this case we only included data for
forest to grass land and did not include the data for grassland to forest. For land management changes,
we presented only one randomly selected combination for each pair. Where useful (i.e., Fig. 2a) we
used the modulus of ATs. Whenever the modulus resulted in a sign change of ATs, all eight terms of

decomposition were multiplied by -1.
Despite the effort made and care taken in site selection, the observed differences between sites in the

pseudo-experiments can only be partly attributed to different management as differences in

environmental conditions could not be entirely excluded. However, since this effect plays for both,

13
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pairs representing land cover changes and for land management changes, we reasoned that our key
messages were not affected by this as they rely on a comparison of land cover changes against land

management changes.

2.2.7 Data post-processing

A typical data set contained, for several years, quality checked half-hourly energy fluxes and related
meteorological data. To be used in the proposed ATs decomposition approach, the data required post-
processing to deal with additional data quality issues (a-d) and to derive additional variables (e-h):

(a) Half-hourly measurements were averaged to apply the decomposition at a daily resolution. A filter
was applied to retain only days for which both day and night observations were present in order to
obtain a representative daily mean. Twenty four hour periods with more than 66% of nighttime or 66%
of daytime measurements missing were discarded.

(b) The residual imbalance flux, I, was computed daily, since the assumptions underlying equation 3
are more likely to be valid at daily time scale. Days with unreliable measurements were removed
according to the following procedure. A regression analysis between (Rn-G) and (H+AE) was
performed to estimate values of I, which was detrended to remove the seasonal pattern. All days for
which the detrended values exceeded the 95% confidence interval of the detrended standard deviation
were removed from the analysis.

(c) A filter was applied to remove outliers irrespective of their cause. For each time series, the high and
low threshold values were defined as the first and third quartiles. Values 1.5 times above or below the
thresholds were considered as outliers and discarded from the time series

(d) Only original observations were used in this analysis. Following the application of all the above-
mentioned filters to the different variables needed for this study, the remaining time series were rather
rich in gaps. To have a fully consistent comparison between the sites pairs the gaps from one site in the
pair were introduced in the other site.

(e) Surface albedo was computed as the ratio of outgoing shortwave solar radiation to incident
shortwave solar radiation. During the day, a is not constant because it depends on the solar zenith
angle. o is a minimum near mid-day, when the solar zenith angle is the smallest. As a result, o for this
study was averaged from mid-day (10:00-13:00) solar radiation measurements, in order to avoid bias
due to a too low solar angle on the sensor. This averaged o was then used as the surface albedo value

for the entire day. The same time slot was used to calculate the ratio of latent heat over net radiation

14
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(AE/Rn), sensible heat over net radiation (H/Rn) and the Bowen ratio (H/AE).

(f) Since there was no direct measurement of the emissivity coefficient of the vegetation, an empirical
relationship between a and &, reported by Juang et al.'*[1, was used to compute € values for each day: ¢
=-0.16 o+ 0.99, R? = 0.94. This relationship was computed from literature reporting o and €
measurements for crops and forests in temperate regions.

(g) To have measured ATs to compare with our calculated ATs (Equation 5), the radiometric
temperature Ts was calculated at a half-hourly time scale from outgoing longwave radiation
measurements, following the Stefan-Boltzmann law (see eq. 2). It should be noted that the requirement
of outgoing longwave radiation measurements to compute the radiative temperature of the vegetation
cover largely limited the number of available sites for our study.

(h) Finally, site observations were compared and decomposed at the daily time-step, and the mean of
the daily decomposition values was used in this study. The measured ATs was used as a quality
criteria: the calculated ATs should have the same sign and be of the same magnitude as the measured

ATs for the decomposed budget to be accepted.
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2.3 Spatial extent of global land cover changes, land management and wilderness areas in 2000 (Table
I and Fig. 3)

The spatial extent of land cover changes in Fig. 4 is based on Pongratz et al. *°C. It represents all
changes in natural vegetation cover due to expansion of cropland and pasture, except for conversion of

natural grassland to pasture, which is assumed not to constitute a change in vegetation cover type.

The spatial extent of wilderness and non-productive areas (derived from Haberl et al. *°(], based on the
human footprint dataset >’ and a model run with the dynamic vegetation model LPJ) is estimated to
represent 32-37 Mkm?, or 24-28% of the 130 Mkm?® of ice-free land surface of the Earth. In the absence
of spatially explicit land management maps, the remainder (93-98 Mkm?) were considered as being
affected by human activities, either through land cover change or land management without conversion
(land modification), following the definitions above. Consequently, this number pools extensively
managed areas, e.g., hunting reserves, occasionally grazed lands or extensively used forests with
intensively managed lands, such as high-input croplands. This takes into account that annually
harvested forest areas are — by their rotation period — integrated in a much larger area subject to the

same forestry regime, and that extensive grazing systems are found across most biomes.

The global extent of the main land cover changes — towards built-up and cropland areas, and forest
being converted to pastures — for 2000 were estimated from various sources (Table 1). In total, 23-38
Mkm? were thus affected by land cover change in 2000, or 18-29% of the ice-free land surface. The
remainder of the non-wilderness and productive areas (55-75 Mkm® or 42-58% of the ice-free land

surface) was potentially affected by land management to various degrees.
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3 State of the art of biophysical effects of land management
In forests, strategies with low thinning volumes, for example, tend to result in lower albedo values in

the visible range **[1. Forests also become darker with age due to changes in canopy structure 2>°[]

23117 Although the mechanism is still being

and forest albedo partly depends on species composition
debated, leaf nitrogen concentrations correlate to the albedo of closed canopies; hence, management
strategies refraining from nitrogen fertilization have been found to have a lower surface albedo than
strategies applying fertilization **[1. Recent findings have attributed the observed relationship between

albedo and canopy N to changes in canopy structure, which still impacts the surface roughness > 1.

The effects of cropland and grassland management on their surface biophysics are manifold (Table 5).
Among the more intrusive changes is the conversion from cropland or grassland into greenhouses,
which doubles the albedo on average **[1. Irrigation enhances actual evapotranspiration and thus latent
heat flux until potential evapotranspiration has been reached **[]. Furthermore, evapotranspiration
depends on soil water holding capacity, which in turn is affected by tillage **[] and crop residue
management >’ [1. More productive cultivars and earlier planting dates affect energy partitioning; due to
the shorter growing season, dark soil is exposed sooner resulting in a lower end-of-season albedo **[1.
Whether the end-of-season albedo increases or decreases depends on the ratio between the soil and
vegetation albedo. In many regions of the world soil albedo is lower than plant albedo, but this is not
the case for, e.g., some (semi-)arid regions where soils may have a similar or even higher albedo than
the vegetation. Furthermore, fertilization is expected to increase plant albedo **[] and simultaneously
decrease the canopy albedo because of enhanced canopy cover. Frequent grazing and mowing have
been reported to lower surface albedo at less intensively grazed sites during rainy seasons due to higher
vegetation cover > . However, the effect of grazing and mowing on albedo is likely to depend on soil

albedo as well, since very intensive grazing and mowing is likely to expose more soil.

Peatlands contribute little to satisfy the human demand for food, fiber, and fuel until drained for peat
mining and/or to enhance plant productivity **[1. This lowering of the water table is a key driver for the
biophysical changes associated with land cover change on peatlands (Table 5). The magnitude and
direction of the changes in albedo, evapotranspiration, sensible heat, and surface roughness depends on
the nutrient status of the undrained mire or fen *, the new level of the lowered groundwater table **~

7 and whether the new land cover consists of crops or trees, the two primary uses of drained
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peatlands.
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Figure captions

Figure 1. Site location and site pairs. Land cover change (LCC) pairs are shown in blue and land

management (LMC) pairs are shown in red. The background shows the ecoregions.

Figure 2. Cumulative probability density function of the absolute difference in surface
temperature between site observations (n=33; black) and individual MODIS pixels (n=11,000;

gray). The two data sources have a similar probability density function.

Figure 3. Relationship between the total energy budget imbalance (I) and the major components
of the energy budget. The lack of a significant relationship between the major components of the
energy budget and the observed imbalance suggests that despite the simplifications, measurement
errors and uncertainties, the main results of the analysis are not driven by the imbalance term. a,
Relationship between measured change in radiative surface temperature and the change in the energy
imbalance (p > 0.14). b, Relationship between the change in surface temperature due to a change in
albedo and the change in temperature due to a change in energy imbalance (p > 0.38). ¢, Relationship
between the change in surface temperature due to a change in latent heat flux and the change in energy
imbalance (p > 0.77). d, Relationship between the change in surface temperature due to a change in

sensible heat flux and the change in energy imbalance (p > 0.31).

Figure 4. Relationship between canopy structure and albedo, sensible, and latent heat fluxes.
Green markers represent forest, yellow markers grassland and blue markers cropland. Sites from formal
experiments are marked with a diamond and all other sites are marked with a square. Cho et al. ¥’
established a convincing relationship between roughness length and the logarithm of the ratio of height
over LAI Given that roughness length is available for only half of the sites, the aforementioned proxy
was used in the analysis. a, Relationship between the proxy for roughness and albedo (p <0.01),
suggesting that both surface characteristics are at least partly controlled by canopy composition,
structure and density. Changes in canopy structure due to land cover change or land management
change will affect both the albedo and roughness length. b, The proxy for roughness relates to the ratio
of the net radiation to sensible heat (H/Rn) (slope = 0.08, p < 0.01). ¢, However, a change in roughness

is not related to a change in AE/Rn (slope = -0.04, p = 0.16). Subplots b and c suggest that H is more
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sensitive to changes in roughness than AE.
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Table 1. Global land use and land management in 2000. Absolute (Mkm?) and relative (% of ice-free land surface) land surface area of different

types of land cover changes and land management.

Land cover type

Total ice-free land

Urban / built-up

Cropland, total

on forest

on natural grassland and savannah

on shrub and tundra

Pasture, total

on forest

Surface area (Mkm?)

Low

130.4

0.7

15.1

7.9

53

1.9

28.0

3.1

High

130.4

3.5

18.8

10.8

59

2.1

34.1

8.3

Surface area(%)

Low

100.0

0.5

11.6

6.1

4.1

1.5

21.5

24

High

100.0

2.7

14.4

8.2

4.5

1.6

26.2

6.4

Comments

Low and high esitimates are based on refs. *°[] and

SID

Low estimates are based on ref. >[, proportions of
original land cover from ref. *°1, high estimates

based based on ref, *>[121].

Low **11, proportions of original land cover from

2501,53

refs. [J, proportions of original land cover

based on ref, 2°[].



on natural grassland and savannah
on shrub and tundra
Forests under use, total
Planted forests
semi-natural planted forests
industrial plantations

Human-modified natural forests

affected by logging / used for forestry

affected by other uses

Wilderness and non-productive land, total

non-productive, including snow

productive wilderness, forested

18.3

43

26.5

2.2

0.9

1.3

24.4

19.1

52

32.0

16.2

6.2

20.5

7.5

29.4

2.2

0.9

1.3

273

19.1

8.1

37.2

16.2

11.4

14.0

3.3

20.3

1.6

0.7

1.0

18.7

14.7

4.0

24.5

12.4

4.7

15.7

5.8

22.6

1.6

0.7

1.0

20.9

14.7

6.2

28.5

12.4

8.7

Sum of the sub-categories

Based on ref. 3]

Low based on ref. *[, total forest area, minus
planted forests from ref. *7J and forested

wilderness from ref. 2°(1; Highbased on ref. *[0.

FAO 2010, production plus multiple uses (which

includes forestry) forests.
Difference between the two above.

Low estimated based on ref. *°7]. High based on

ref. 2°C] with primary forest from ref. **[J
Based on ref. *°

Low estimate based on ref. *°[]. High based on

ref. [



productive wilderness, unforested
Other land affected by management / human

activities (unforested, productive land)

Total land cover change

Total land management without land

cover change

Total wilderness

9.6

7.4

23.2

55.1

32.0

9.6

28.1

38.1

75.2

37.2

7.4

5.7

17.8

42.3

24.5

7.4

21.6

29.2

57.7

28.5

Based on ref. (.

Residual. This includes savannah, woodlands, and
other vegetation, some being used for extensive

and seasonal grazing.

Sum of urban and built-up, cropland, and pastures

sourced from forests, shrubs and tundra.

Sum of pastures sourced from natural grasslands
and savannah, forests under use, and other land

affected by land management.

Low estimate based on ref. *°(1; High based on

ref. °[) with primary forest from ref. B0,



Table 2. Site characteristics of the observational sites used in this study. M: mineral soil; O: organic soil; Bh: boreal humid; Bsa: boreal semi-
arid; Th: temperate humid; Tsd: temperate summer dry; B: broadleaved; N: needle-leaved; D: deciduous; E: evergreen; LAI: projected leaf area
index. Budyko index as a proxy for water availability. Height: maximum canopy height during the growing season; z0: roughness length of the
canopy; a: shortwave albedo; H/AE: Bowen ratio calculated as the ratio of H over AE; AE/Rn: energy efficiency for latent heat calculated as the
ratio of AE over net radiation (Rn); H/Rn: energy efficiency for sensible heat calculated as the ratio of H over net Rn. * indicates that the sites are
part of an experimental set-up, T intra-annual variability, I inter-annual variability and | spatial variability within a site. Leaf area index, canopy

height and roughness length are based on literature and personal communication with the principal investigators of the sites.

Site Cover Description Species LAI Budyko Height z0 o H/AE AE/Rn H/Rn Ref.
t
name ype ©) ©) m @m @ & O 6
BE-Bra  Forest M/TWN, E  Pinus sylvestris L. 1.3 1.1 18 1.0  0.08 1.80 020 038 0
DE-Hai  Forest M/TWB,D  Fagus sylvatica L., 6.0 1.0 33 32 010 122 030 036 %0
Fraxinus excelsior
L.
DE-Meh  Grassland M/Th Trisetum flavescens — 0.8- 0.9 0.5 003 017 1.82 0.17 028 %0
P. Beauv. 2.4%
DE-Tha  Forest M/TWN, E  Picea abies L. 7.5 1.3 27 23 0.07 177 024 041 0
DE-Wet  Forest M/Th/N, E  Picea abies L. 7.0 1.1 22 0.05 246 0.17 037 0

DK-Sor  Forest M/TW/B,D  Fagus sylvaticalL. 4.9 0.9 25 184 014 100 033 023 %0



FI-Alk

FI-Jok

*FR-Aur

*FR-Lam

FR-LBr

FR-Pue

NL-Cal

NL-Hor

Forest on

peat

Cropland O/Bh

on peat

Cropland M/Th

Cropland M/Th

Forest
Forest
Grassland M/Th

QGrassland O/Th

O/Bh, N, E

M/Th, N, E

M/Tsd, B, E

Pinus sylvestris L.

Hordeum vulgare

L.

Brassica napus L.
Triticum aestivum
L., Helianthus
annuus L. and
Triticum aestivum

L.

Triticosecale, Zea
mays L. and
Triticum aestivum

L.

Pinus pinaster Ait.

Quercus ilex L.
Lolium perenne L.

Phragmites

3.6

59

0.7-
1.7%

0.9-
2.5%

4.7
2.8

3.0

1.3

1.5

1.3

1.5

1.0

1.0

12

0.7

0.7-4%

0.7-3%

21

0.3

0.2-2]

1.4

0.04

1.6

0.5

0.04

0.18

0.40

0.16

0.16

0.11

0.12

0.23

0.17

1.07

0.86

0.81

0.90

1.25

2.79

0.25

0.36

0.44

0.29

0.34

0.37

0.30

0.17

0.50

0.52

0.49

0.26

0.28

0.27

0.37

0.44

0.13

0.24

70U

71D

SSD

SSD

56D
57D
SSU

59D



NL-Loo

*US-Dkl

*US-Dk2

*US-Dk3

*US-Fuf

*US-Fmf

Forest

Grassland

Forest

Forest

Forest

Forest

M/Th, N, E

M/Th

M/Th/B, D

M/Th/N, E

M/Tsd, N, E

M/Tsd, N, E

australis (Cav.)
Trin. ex Steud.,
Holcus lanatus L.,

Agrostis stolonifera

L.
Pinus sylvestris L.

Festuca

arundinacea Shreb.

Quercus sp., Carya
sp., Liqguidambar
styraciflua L.,
Liriodendron

tulipifera L.
Pinus taeda L.

Pinus ponderosa

Douglas ex Laws

Pinus ponderosa

Douglas ex Laws

33

2.0

7.0

53

23

1.1

1.3

1.0

1.0

1.0

2.0

1.9

16

0.8

25

18

18

18

2.5

0.09

0.20

0.13

0.11

0.10

0.11

0.93

1.03

1.49

0.90

3.43

3.06

0.35

0.35

0.36

0.41

0.20

0.19

0.27

0.31

0.33

0.34

0.50

0.46

60D

61u

16D

16D

63D

63D



*US-Fwf

*US-Nel

*US-Ne2

*US-Ne3

Grassland

Cropland

Cropland

Cropland

M/Tsd, N, E  Pinus ponderosa

M/Th

M/Th

M/Th

Douglas ex Laws,
Bromus tectorum
L., Elymus repens

(L.) Gould
Zea mays L.

Zea mays L. or
Glycine max (L.)
Merr.

Zea mays L. or
Glycine max (L.)
Merr.

0.6

5.2

5.8 or
5.5

4.2 or

1.2

1.4

1.4

1.3

0.5

2.9

34o0rl

2.4 or
0.8

0.18

0.17

0.18

0.17

2.99

1.53

1.77

1.89

0.19

0.35

0.34

0.33

0.39

0.29

0.33

0.34

63U

641

64u

641



Table 3. Site pairs used in this study. * indicates site pairs which are part of an experimental set-up.

Land management (LMC)

Site Pair Year
BE-Bra — DE-Hai 2007
BE-Bra — DK-Sor 2007 - 2009
BE-Bra— NL-Loo 2007 - 2009
DE-Hai — NL-Loo 2004 - 2006
DE-Meh - NL-Cal 2004 - 2006
DE-Meh — NL-Hor 2004
DE-Wet — DK-Sor 2006
DE-Wet — NL-Loo 2003 - 2006
DK-Sor — NL-Loo 2006
*FR-Aur — FR-Lam 2006 - 2010
NL-Cal — NL-Hor 2004
*US-Dk2 —US-Dk3 2004 - 2005
*US-Fuf — US-Fmf 2005 - 2008
*US-Nel —US-Ne2 2001 - 2010

Cover

Forest — Forest

Forest — Forest

Forest — Forest

Forest — Forest
Grassland — Grassland
Grassland — Grassland
Forest — Forest

Forest — Forest

Forest — Forest
Cropland — Cropland
Grassland — Grassland
Forest - Forest

Forest — Forest

Cropland — Cropland

Land cover change (LCC)

Site Pair Year
BE-Bra— NL-Cal 2007 - 2008
BE-Bra— NL-Hor 2007 - 2009
DE-Hai — NL-Cal 2004 - 2006
DE-Hai — NL-Hor 2004
DE-Meh - NL-Loo 2004 - 2006
DE-Tha — DE-Meh 2004 - 2006
DE-Tha — NL-Cal 2004 - 2006
DE-Tha — NL-Hor 2004
DE-Wet — NL-Cal 2004 - 2006
FI-Alk — FI-Jok 2003-2004
FR-Aur — FR-Pue 2006
FR-Lam — FR-Pue 2006
FR-Lam — FR-LBr 2005 - 2006
NL-Cal —NL-Loo 2004 - 2006

Cover

Forest — Grassland
Forest — Grassland
Forest — Grassland
Forest — Grassland
Grassland — Forest
Forest — Grassland
Forest — Grassland
Forest — Grassland
Forest — Grassland
Forest — Cropland

Cropland — Forest

Cropland — Forest

Cropland — Forest

Grassland — Forest



*US-Nel — US-Ne3

2001 -2010

Cropland — Cropland

*US-Dk1 — US-Dk2 2004 - 2005
*US-Dk1 — US-Dk3 2004 - 2005
*US-Fmf — US-Fwf 2005 - 2008

*US-Fuf — US-Fwf 2005 - 2008

Grassland — Forest
Grassland — Forest

Forest — Grassland

Forest — Grassland



Table 4. List of selected MODIS sites and their characteristics. The coordinates give the center of each 2,500 km? area. LST is the change in
MODIS-derived land surface temperature (K), VIS is the change in albedo for the visual wavelengths, NIR is the change in albedo in the near
infrared wavelengths and SW is the change in albedo for the shortwave radiation and was calculated as the mean of VIS and NIR. SH is a
measure for the spatial heterogeneity of LST that was calculated for 1000 pixel pairs; absolute values of this measure are largely dependent on
the number of pairs. Similarity of SH between the test sites and the homogeneous sites suggests that the assumption that within a site, the

heterogeneous sites only differed in land cover or land cover change, was acceptable.

Latitude Longitude Country A(LST) A(VIS) A(NIR) A(SW) SH Description

Land cover change

17.81°N  90.90°W  Mexico - 1.2 0.00 0.01 0.00 1.5 Cropland-dominated Mexico vs.
Guatemala forest-dominated Guatemala

25.77°S  54.62°W  Argentina - 4.1 0.03 0.03 0.03 1.6 Forest-dominated Argentina vs.
Brazil - cropland-dominated Brazil and
Paraguay Paraguay

30.00°S  57.41°W  Argentina - 0.7 0.01 0.02 0.01 3.7 Afforested area in Argentina vs.
Brazil natural grasslands in Brazil

32.42°S  119.39°E  Australia -0.9 -0.04 -0.08 -0.06 0.7 Forest dominated vs. cropland

dominated along the Rabbit Fence

Land management change



45.39° N

68.84° N

50.65° N

47.37°N

5.12°N

115.40° E

23.87°E

24.05°E

123.46° W

118.45° E

Homogeneous sites

65.20° N

4.38°S

43.15° N

107.51°E

64.39°W

92.54°W

Mongolia -
China

Finland -

Norway
Poland-
Ukraine

USA

Malaysia

Russia

Brazil

USA

-1.8

0.1

23

0.7

0.8

0.3

-0.04

-0.02

0.00

0.03

0.00

-0.01

0.00

0.00

-0.04

-0.02

0.00

0.05

0.01

-0.01

0.00

0.02

-0.04

-0.02

0.00

0.01

0.00

-0.01

0.00

0.01

2.8

0.9

2.0

1.9

0.9

1.3

1.3

1.4

Low grazing intensity in China vs.
high grazing intensity in Mongolia
Low grazing intensity in Norway vs.
high grazing intensity in Finland
Small-scale agriculture in Poland vs.

large-scale agriculture and

abandonment in Ukraine

Intensively managed forest vs.
protected natural forest at the border

of Olympic National Park

Plantation vs. protected natural forest
at the border of Tabin Wildlife

Reserve

Boreal forest (Central Siberian

Plateau)
Tropical forest (Amazon Basin)

Cropland (Cornbelt, lowa)



Table 5. Examples of biophysical effects of land management, grouped by affected variable and/or study.
Description of land management change A(variable)

All other variables being constant, albedo was 0.07, 0.10 or 0.13 for pine, beech or oak 0.06 VIS + NIR albedo

forest, respectivly.

In the US, evergreen coniferous summer albedo ranges between 0.06 to 0.10. For 0.02 to 0.12 shortwave albedo

broadleaved deciduous forest, summer albedo ranged between 0.12 and 0.18.

All other variables being constant, albedo was 0.03 and 0.07 in the visible range and 0.28 0.04 VIS albedo
and 0.20 in the near infrared range for no management and an intrusive future-tree 0.08 NIR albedo

management, respectively.

Site-observations for Pinus sylvestris L. along a gradient of increasing LAI from 0 to 11 0.00 BHR, white sky albedo

showed an almost stable BHR albedo and an increase from 0.08 to 0.16 for DHR 0.08 DHR, black sky albedo
albedo.
Albedo declined by 10% over an 150+ year age sequence of Douglas fir and western 10% shortwave albedo

hemlock in the Pacific North West.

Following fire in coniferous forest, summertime albedo increased from 0.05 to 0.12. After 0.07 albedo first 30 years

about 30 years, it decreased to 0.08 and remained stable. 0.03 albedo rest of life time

Summer-time albedo of drained peatland under forest is lower (0.12) than that of an -0.02 shortwave albedo

undrained fen (0.14).

Source

28[

31[

28D

29[

89L

30L

430



Increasing grazing intensity reduces albedo due to lower vegetation cover (i.e. bare soil). -3% shortwave albedo ¥

Through a decreased soil water holding capacity, excess tillage resulted in higher albedo  0.03 shortwave albedo %0

values than minimum tillage, 0.15 and 0.12, respectively.

Mown compared to unmanaged grassland reduced shortwave albedo through a lower litter -0.4 shortwave albedo 404172
layer, LAI and biomass

In grassland, albedo declines with LAI as Albedo = 0.1765 LAI *'*°. Albedo = 0.1765 LAI %7 8

Ecosystem water conditions can significantly alter the surface albedo of semiarid A variation of 0.1 to 0.8 in a{n
grassland through their impact on plant growth and ecosystem conditions. shortwave albedo

For gravimetric water content increasing from 4 to 32%, albedo decreased from 0.14 to 0.08 shortwave albedo 30
0.06.

Soil fertilisation with biochar increased crop yields and thus decreased the albedo by up  -80 % shortwave albedo 0
to 80% after application. Following tillage, albedo decreased by 20-26% compared to
soils without biochar application.

Conversion of grassland into greenhouses for tomato production increased the albedo 0.21 increase in shortwave 0
from 0.19 to 0.4. albedo

Increasing fertilization improved grassland water use efficiency but increased absolute 30 mm evapotranspiration e

evapotranspiration, and thus the latent heat flux, from 280 to 310 mm



With increasing irrigation from 50 to 350 mm, evapotranspiration increased from 460 to 190 mm evapotranspiration N

650 mm but saturated at 650 mm for 150 mm of irrigation.

Species conversion from pine to hardwood forest results in a sustained decrease in -200 mm/year streamflow s
streamflow of ~200 mm/year for sites experiencing similar precipitation (i.e., the

majority of the difference reflects differences in ET)

Coppice management of a southern Appalachian hardwood forest resulted in a sustained  -75 mm/year streamflow s
decrease in streamflow of ~75 mm/year when compared to an unmanaged control.
Sites experienced similar precipitation (i.e., the majority of the difference reflects

differences in ET).

Water-level drawdown of >60 cm decreased evapotranspiration in a pristine bog; similar ~ Evapotranspiration (mm d')=- 7*[]

*
behaviour could be expected after drainage. 0.08 * WT (cm) + 6.9

In drained peat soil, ET in dry years depends on soil hydraulic properties, in wet years on n.a. 0

the evaporative demand by the atmosphere.

Drops in the ground water level below 0.3 m significantly decreased evapotranspiration in 50% decrease in summer Personal
a wet spruce forest (RU-Fyo); similar behavior is to be expected after forest drainage.  evaporation communication
Andrej Varlagin
Restoration of a peat-harvesting area back to natural peatland decreased 10% decrease in growing season L[|
evapotranspiration

evapotranspiration.



Compared to bare soil, crop residues reduced extremes of heat and mass fluxes at the soil

surface.

Earlier planting has led to an increase in the latent heat flux (7.3 mm or 7.1 Wm™) and a
decrease in the sensible heat flux (5.7 Wm™) in June, although annual changes are

small.

Logging of tropical forest decreasing canopy coverage from 96 to 88% resulted in an
increase of 1 to 2 Wm™ in sensible heat flux and decrease of 3 to 4 Wm™ in latent heat

flux.

A shorter time for crops from crops maturity to harvest has meant an increase in net

radiation in October (2.7 Wm™).

Decrease in summer season night-time temperature, particularly during clear nights, due

to the drainage of peatland
Irrigation has cooled the global surface by about 0.8 K.

Despite its surface cooling, irrigation was simulated to increased global radiative forcing

in the range of 0.03 to 0.1 Wm™.

Afforestation of dryland shrubland to open-canopy pine forest. A large sensible heat flux
over the forest effectively shifts heat from the surface to the lower atmosphere. Net

shortwave radiation increased by +24 Wm™, albedo decreased by 0.1, the canopy

>10 K difference in top of the

soil temperatures at midday

7.3 mm or 7.1 Wm latent heat
-5.7 Wm sensible heat

1 to 2 Wm™ sensible heat
-3-4 Wm™ (latent heat)

2.7 Wm™ net radiation

Up to -10 K surface temperature

-0.8 K surface temperature

0.03 to 0.1 Wm™ top of the

atmosphere radiative forcing

24 Wm’? shorwave radiation
-0.1 shortwave albedo

-5 K surface temperature

82[

82[



temperature increased 3 K, the surface temperature decreased by 5 K and the outgoing 3 K below-canopy temperature

longwave radiation decreased by 25 Wm™.

Compared with an undisturbed forest, an intensely burned forest had 30% higher albedo,
lower latent and sensible heat fluxes, greater soil heat flux, a slower soil water

depletion and warmer surface soil in summer by 3 to 7 K

Afforestation of old grass field to pine plantation caused albedo to decrease by 0.08, and

an increase in evapotranspiration of ~100 mm per year.

Afforestation of old grass field to deciduous hardwood forest caused albedo to decrease

by 0.03, and an increase in evapotranspiration of ~55 mm per year.

Changing tree density of Mediterranean-type ecosystems dominated by the evergreen
Quercus ilex from shrubland with tree cover <25% to dense forest (75%<Tree
cover<100%) yielded a decline of albedo by 12 to 15% and a decrease in surface

temperature by ca. 3.5 K, regardless of date from early May to late September

In a mulching experiment net radiation was 20% lower for crops with mulch compared to
bare soil, the sensible heat flux was 100 Wm™ for bare soil compared to 400 Wm™ for
mulch, the latent heat was 500 Wm™ for bare soil compared to 350 Wm™ for mulch

and the soil heat flux was 200 Wm™ for bare soil compared to 75 Wm™ for the

-25 Wm™ outgoing longwave

radiation

0.04 to 0.05 shortwave albedo

3 to 7 K surface temperature

-0.08 shortwave albedo

100 mm evapotranspiration

-0.03 shortwave albedo

55 mm evapotranspiration

-12 to -15% shortwave albedo

-3.5 K surface temperature

-20% net radiation

300 Wm™ sensible heat
-150 Wm latent heat
-125 Wm™ soil heat flux

83[

84

85[



mulched treatment

For two maize hybrids albedo increased by 3.9% and 13.5% from thin to normal/dense 3.9% to 13.5% shortwave albedo *°J
packing, respectively. H varied from 55 to 189.5 Wm for cultivar 1 and from 41.5to 14 to 19 Wm sensible heat
170.15 Wm™ for cultivar 2 for thin to dense packing, respectively. AE varied from 224 22 to 24 Wm” latent heat
t0 259.8 Wm™ for cultivar 1 and from 248 to 281.6 Wm™ for cultivar 2 for thin to

dense packing, respectively.

Excluding grazing by bison in the Great Plains induced cooling in Tpyax and warming in N
Tmin

Site comparison of a one-year-old harvest of aspen/poplar compared to a mature forest -13% net radiation %0
resulted in 13% decrease of the net radiation, a 45% decrease in sensible heat and a -45% sensible heat flux

54% decrease in latent heat. -54% latent heat flux
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