Observational evidence of sensitivity of surface climate changes to land types and urbanization
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Abstract. Sensitivity of surface climate change to land types is
investigated for the Northern Hemisphere by subtracting the
reanalysis from the observed surface temperature (observation
minus reanalysis). The basis of this approach is that while
reanalysis represents the large-scale climate changes due to
greenhouse gases and atmospheric circulation, it is less sensitive to
regional surface processes associated with land types.

OMR trends derived from two independent reanalyses (ERA40
and NNR) and two observation data sets (CRU and GHCN) show
similar dependence upon land types, suggesting the attribution of
OMRs to different land types is robust. OMR trends reveal 1)
Warming over barren areas is larger than most other land types. 2)
Urban areas show a large warming second only to barren areas. 3)
Croplands with agricultural activity show a larger warming than
natural broadleaf forests. The overall assessment indicates surface
warming is larger for areas that are barren, anthropogenically
developed, or covered with needle-leaf forests.

1. Introduction

Greenhouse gases [/PCC, 2001] and land-uses [Pielke et al.,
2002] are known as primary human impacts on climate change.
They both contribute to surface warming and tend to reduce the
diurnal temperature range [Gallo and Owen, 1999; Kalnay and Cai,
2003, hereafter KC; Kalnay et al. 2005]. It has been suggested that
land-use impact on surface climate change is not negligible
compared to atmospheric greenhouse effect [Lofgren, 1995;
Bounoua et al., 1999; KC].

However, an assessment of the local response to the land-use
impact has not been fully addressed because there is no available
way to reliably separate the local climate change signal from the
global one. Only the urban impact has been estimated by comparing
observations in cities with those in rural areas. The estimate,
however, is limited to urban areas and provides little information
about the impact of other land-cover types on the long-term surface
temperature trend. In addition, estimates vary with the method of
classifying urban and rural areas. For instance, the warming trend
due to urbanization over the US estimated by Easterling et al.
[1996] based on population is +0.06°C/century whereas Hansen et
al. [2001] based on night-light observation obtain +0.15°C/century,
with regional urban warming and cooling.

The objective of this study is to assess the surface warming
sensitivity to land types and urbanization using the “Observation
minus Reanalysis (OMR)” approach [KC; Zhou et al., 2004;
Frauenfeld et al., 2005]. Specifically, we apply OMR to estimate
the impact of urban areas and other land types for the Northern
Hemisphere (NH) based on the comparison between trends
observed in surface stations with those estimated with the surface
temperature derived from the NCEP/NCAR reanalysis (NNR)
[Kalnay et al., 1996; Kistler et al., 2001] and ECMWF-40 (ERA40)
[Simmons et al., 2004]. The OMR method relies on the fact that
reanalyses represent the large-scale climate changes due to

greenhouse gases and atmospheric circulation, but the NNR and (to
a lesser extent) the ERA40 are insensitive to regional surface
processes associated with different land types [NRC, 2005]. Thus,
the surface observations after removing the reanalysis enable us to
isolate local near-surface warming patterns from the global-scale
warming signal. We will attempt to attribute the local OMR surface
warming patterns to land types using land type classifications made
with satellite observations.

2. Data

The NH surface temperature data in this study consist of two
gridded (2.5°%2.5°) reanalyses (ERA40 (2-meter temperature from
http://data.ecmwf.int/data/) and NNR), and two gridded (5°x5°)
observations (Global Historical Climatology Network (GHCN)
[Peterson and Vose, 1997], and Climatic Research Unit (CRU)
[Jones and Moberg, 2003]) from http://www.ncdc.noaa.gov and
http://www.cru.uea.ac.uk, respectively. NCEP/DOE reanalysis
version 2 (R2) is also used for investigating OMR time series in
section 3. The rationale for the OMR approach is that the reanalysis
is less sensitive to surface processes because little or no surface data
or information about land-surface changes were used in the data
assimilation process. The NNR creates its own estimate of surface
fields from the upper air information combined with model
parameterizations of surface processes. As a result, the NNR should
not be sensitive to local surface properties at all, even if it should
show climate change effects to the extent that they affect the
observations above the surface [Kistler et al., 2001]. Moreover, it
has been shown that a reanalysis made with a frozen model (as the
case of the NNR) can detect an anthropogenic trend present in
observations assimilated by the reanalysis system essentially at its
full strength [Cai and Kalnay, 2005]. As to the ERA40, surface
temperature and soil moisture are estimated by assimilating the
CRU observations in an off-line mode. Therefore, it is expected that
the OMR using ERA40 would contain a portion of climate trend
due to the impact of land types, resulting in a smaller OMR trend
than that derived from NNR. However, since the surface air
temperature observations are only used indirectly, it is expected that
the OMR method applied to ERA40 also has some useful
information about land types underneath.

To attribute OMR trend to land types, we used the Moderate
Resolution Imaging Spectro-radiometer (MODIS) land cover
classification map [Friedl et al., 2002] from
http://edcdaac.usgs.gov/modis/mod12ql.asp. The data consist of 16
land types with 1kmx1km pixels.

3. Hemispheric surface temperature time series
Plotted in Fig. 1 are surface temperature anomalies averaged over
the NH derived from three reanalyses and two observations.
Anomalies are further adjusted to have zero mean over the last 10
years (1993-2002) because the biases of the reanalysis data for the
most recent years are smallest [Simmons et al. 2004]. It should be



pointed out that the ERA40 time series in Fig. 1a is nearly identical
to the top panel of Fig. 1 in Simmons et al. [2004]. It is seen that the
two observational data sets (e.g. CRU and GHCN) are nearly
indistinguishable (Figs 1a), showing a gradual warming trend over
the NH. Reanalyses are in good agreement with the observations in
terms of capturing the inter-annual variability and the long-term
warming trends. As expected, the upward trend of the ERA40 is
closer to observations than both the NNR and its follow-up, R2.
Nevertheless, it is evident that the observations exhibit a larger
warming trend compared to the reanalyses (Fig. la). As a result,
OMRs show a positive trend (Fig. 1b), with a larger trend using
NNR or R2 than ERA40. This suggests that OMR time series using
ERA40, NNR and R2 support the NNR-based findings of KC,
namely that the reanalysis trend is smaller than the observations’
trend.
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Fig. 1. Time series (three-year running mean) of (a) land surface
temperature anomalies (°C) derived from CRU, GHCN, ERA40,
NNR, and R2 and (b) the OMRs. Anomaly values are obtained by
removing the 30-yr mean from 1961 to 1990 and they are further
adjusted to have zero mean over the last 10 years (1993-2002).

4. OMR trends with respect to land types

We now relate OMRs long-term trends to the surface properties.
Areal fractions of individual land covers (1kmx1km) are calculated
for each 5°x5° grid, which is the same resolution as the surface
temperature data. Displayed in Fig. 2a is the geographic distribution
of the dominant land cover types, whose areal percentage in each

grid exceeds at least 40% (equivalent to about 100,000km’ at 30°N).

In order to avoid ambiguity in classifying dominant types we
excluded grid boxes (colored black in Fig. 2a) where the dominant
type covers less than 40% of the area. A more stringent requirement
with higher areal percentage is not desirable because it would lead
to a situation in which the number of the qualified grid points in
each category is too small to draw any statistically significant
results. Fig. 2a includes major land types characterizing the earth
surface, as listed in Table 1. However, urban, wetland, closed shrub
land, and natural vegetation mosaic are absent in Fig. 2a (and no
color bar is assigned to these categories) because none of these 4
categories has the largest percentage coverage in any of the 5°x5°
grid boxes. We will use the high-resolution MODIS data to assess
the urban impact on the long-term surface temperature trend in the
next section. Panel (b) displays the mean OMR trends and their
vertical error bars at 95% significance level as a function of land
type using GHCN/NNR (red) and GHCN/ERA40 (blue),

respectively. As in KC, the OMR trend per decade is obtained by
taking the average of two decadal mean differences, that is, 90’s —
80’s and 70’s -60’s, at each grid point, followed by averaging for
the same land types. Table 1 lists the number of 5°x5° grid boxes
used for the OMR trend calculation for each of the 16 land-cover
categories. The OMR calculations were performed only in grid
boxes where observation and reanalysis coexist.
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Fig. 2. (a) Land cover map derived from MODIS. Grid boxes in
which the dominant land cover type covers less than 40% are
colored black and not used in the analysis presented in panel (b). (b)
the mean OMR trend of “GHCN-minus-NNR” (red), and “GHCN-
minus-ERA40” (blue) per decade (°C/decade) over the NH as a
function of land types. Filled squares represent the mean OMR
trends and vertical lines the error bars at 95% significance level.
The OMR trend per decade is obtained by taking the average of two
decadal mean difference (90’s — 80’s and 70’s - 60’s).

Table 1. 16 Land-cover categories from MODIS and the number of
5°x5° grid boxes used for calculation of OMR trends per decade.

1) Evergreen | 2) Evergreen | 3) Deciduous | 4) Deciduous
needle-leaf broadleaf needle-leaf broadleaf
forest forest forest forest

29 42 4 3
5) Mixed 6) Closed 7) Open 8) Woody
forest shrubland shrubland Savannah
31 0 81 6
9) Savannah | 10)Grassland | 11) Wetland | 12) Cropland
6 36 0 51
14) Nanlxra] 15) Snow 16) Barren or
13) Urban vegetation sparsely
mosaic and lce vegetated
0 0 3 56

The two independent reanalyses appear to reveal a very similar
dependence of the OMR trends with respect to land types as well as
their statistical significance levels (Fig. 2b). This suggests that the
attribution of the OMR trends to different land types is robust. The
key features in the OMR trends are summarized below:

(i) The OMR trend over barren areas (category 16)
(>=0.3°C/decade) is larger than most of the other land types. It is
known that the evaporation feedback decreases the surface
warming. The results seem to suggest that over barren or arid areas
where soil moisture is very limited, the evaporation feedback would
be negligible, explaining a larger local surface warming under the
same amount of radiative forcings due to anthropogenic greenhouse
gases, as discussed in Dai et al. [2004] and Hales et al. [2004].



(i1) The OMR over croplands and grass (12 and 10), where a large
seasonal vegetation change takes place, show a moderate decadal
warming (~0.2°C/decade). In contrast, for the land type 4 (broad-
leaf deciduous), which experiences a similarly large seasonal
variation in terms of vegetation growth as the cropland, the OMR
trend is very small. This suggests human activities could be
responsible for an additional local warming.

(iii) In addition, the positive OMR trend is evident over arid areas
with shrubs (7) (~0.2°C/decade). Together with a result in (i), this
suggests that the OMR trend could be related to the soil moisture
level [NRC, 2005].

(iv) There are large OMR trends over the needle-leaf forests (1
and 3) (=0.2°C/decade), and conversely, broadleaf tree areas (2 and
4) do not show a significant warming trend (0.05°C/decade). These
results are quite consistent with modeling works [Shukla et al.,
1990; Xue and Shukla, 1993; Giambelluca et al., 1997] which show
that reduced (increased) transpiration by clearing (creating)
broadleaf forest causes warming (cooling). We therefore suggest
that larger transpiration and evaporative cooling over broadleaf
forests may be related to weaker warming than needle-leaf forests.

5. Urban impact
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Fig. 3. a) Geographical distribution of urban grids (5°x5°). Grid
boxes where the fractional area of 1kmx1km urban pixels is greater
than 0.043 (in red), and between 0.01 and 0.042 (in blue) are
categorized as big (small) urban areas. Time series (°C) of b)
GHCN-NNR, and c) CRU-NNR, for the areas of big urban areas
(red solid), small urban areas (red dashed), agriculture (blue solid),
natural broadleaf (blue dashed), and barren areas (black solid),
respectively.

Urban impact on surface climate change is also assessed, along
with the comparison with impacts of other land types. Grid boxes in
which the percentage area of 1kmx1km urban pixels exceed 4.3%
(between 1 and 4.2%) are categorized as “big” (“small”) urban
areas, so that the well-known large cities have been included in the
big urban categories (Fig. 3a). 4.3%-urban pixels in a grid box of
5°x5° to an area of approximately 11,000km” at 30°N. Major grid
boxes categorized as big urban areas based on this configuration
include France, Germany, Italy, and UK in Europe; Beijing,
Guangzhou-Hongkong, Japan, Shanghai, South Korea, and Taiwan

in east Asia; California, Chicago, Florida, New York-Boston in
North America (Fig. 3a). We then examine whether OMR trends
over these “extended urban areas” are indeed larger than other
areas.

Figure 3 depicts the OMR time series averaged over big urban
areas, small urban areas, agriculture, broadleaf forests, and barren
areas. We can find that the order of magnitude in warming trends,
shown in both panels is consistent. Big urban area shows a larger
warming trend than small urban and agricultural areas. However,
urban warming is weaker than that over barren areas, which are the
most sensitive regions in terms of surface warming. OMR decadal
warming trends (computed with the same method as in section 4)
are 0.24, 0.19, 0.18, 0.03, 0.33 for these five categories using
“GHCN-NNR”. The trends using “CRU-NNR” are 0.21, 0.19, 0.2,
0.02, 0.34, respectively. It appears that the barren or urban surface
with limited soil moisture exerts a strong surface warming response
due to a weaker evaporative cooling process [Hales et al., 2004;
NRC, 2005]. In contrast, warming trend over natural broadleaf
forests is smaller than other land types, supporting the notion that
the high soil moisture damps surface warming.

6. Summary and discussion

Prominent features identified from the OMR using reanalysis
(NNR or ERA-40) and observational datasets (GHCN or CRU) are

1) Barren areas show a larger warming trend (>=0.3°C/decade)
than most of other land types. It should be pointed out that the
lager warming over the barren areas may not necessarily be
associated with land-cover change, such as desertification or
deforestation. For example, large OMR difference over Sahara
desert may simply imply that the local surface warming due to
greenhouse effects are stronger there because of a much weaker
evaporation feedback over the desert [Dai et al. 2004; Hales et al.,
2004]. Diffenbaugh [2005] and NRC [2005] discussed that
greenhouse gas-induced atmosphere-land cover feedbacks can
increase or decrease the local surface temperature by modifying
surface albedo, the soil moisture and evaporation process.

2) Among all other land types, urban impact on surface warming
is strongest second to the barren areas. In particular, it exceeds the
warming in agricultural land by 0.06°C/decade.

3) Within areas of strong seasonality, agricultural areas (cropland)
and mixed forests show a moderate warming trend (~0.2°C/decade)
whereas natural deciduous broad-leaf areas do not. But this may
need further reassessment because of the small number of samples
for the deciduous broad-leaf class, even if its error bar is very small.

4) In contrast, for the highly vegetated areas such as tropical
forest and low-latitudinal evergreen broad-leaf tree areas, the strong
evaporative cooling appears to suppress the surface warming
(<0.1°C/decade). Dai et al. [2004] and Kumar et al. [2004] address
that surface temperature change is related to the soil moisture,
which in turn associated with vegetation types. We suggest that this
reasoning is also applicable to explain much larger warming trends
in mid-latitude needle-leaf forests than moist broadleaf forests
identified in this study.

The results shown here support our hypothesis that the OMR can
be attributed to the sensitivity of surface climate change to land
types. The findings are mostly insensitive to the choice of
reanalysis (NNR or ERA-40) or observational data (GHCN or
CRU). It is important to note that this study uses the land cover
estimated by recent MODIS observations, which may or may not
reflect changes in land types. Therefore, part of the sensitivity of



the OMR to land types may be due to changes in land type. There
may be also other uncertainties in OMR differences, but the fact
that the OMR does provide a statistically significant and physically
explainable sensitivity to land type suggests these uncertainties may
be random and cancel out after averaging over a large number of
grids with same land type. However, it is important to use climate
modeling techniques for further understanding of the warming
sensitivity to land types and the climate impact of land use changes.
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