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Changes in the daily maximum (7},,c) and minimum (7,;,) surface air temperatures and the associated temperature extremes have
severe consequences on human society and the natural environment. In this study, we assess vegetation effects on mean Ty,,, and
Tmin over China by computing a vegetation feedback parameter using the satellite-sensed Normalized Difference Vegetation Index
(NDVI) and observed temperatures for the period 1982-2002. In all seasons, vegetation exerts a much stronger forcing on 7.«
than on T, and thus has a substantial effect on the diurnal temperature range (DTR) over China. Significant positive feedbacks
on Ty and the DTR occupy many areas of China with the feedback parameters exceeding 1°C (0.1 NDVI)™, while significant
negative effects only appear over the summertime climatic and ecological transition zone of northern China and some other iso-
lated areas. Also, the vegetation feedbacks are found to vary with season. In areas where significant feedbacks occur, vegetation
contributes to typically 10%—30% of the total variances in T, Tmin, and the DTR. These findings suggest that vegetation mem-
ory offers the potential for improving monthly-to-seasonal forecasting of T}, and T,,;,, and the associated temperature extremes
over China. Meanwhile, the limitations and uncertainties of the study should be recognized.
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Vegetation can affect the climate through exchanges of
heat, moisture, trace gases, aerosols, and momentum be-
tween the land surface and the overlying atmosphere on a
variety of temporal and spatial scales [1]. Current under-
standing is largely based on model simulations [2]. For ex-
ample, numerical experiments showed that the deforestation
at mid-latitudes has cooled the Northern Hemisphere cli-
mate through biogeophysical effects [3,4]. However, large
uncertainties exist in current model simulations of land—
atmosphere interactions, and varied and conflicting results
often arise among different models, especially regarding
local-to-regional land surface feedbacks [5,6].

Recently, some studies have attempted to infer the effect
of vegetation on the climate from observational records
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[7-11]. It is suggested that over many areas of China, vege-
tation exerts positive effects on the monthly mean surface
air temperature [8,12]. However, vegetation feedbacks on
the mean daily maximum (7,,x) and minimum (7;,) tem-
peratures are not yet well understood from observations.
This issue is of great importance since Tpx and Ty, and the
associated temperature extremes, produce larger impact on
human society and the natural environment than the average
temperatures do [13,14].

Here, we statistically assess vegetation effects on the
mean T, and Ty, and also the diurnal temperature range
(DTR) over China by calculating a vegetation feedback pa-
rameter using the satellite-sensed Normalized Difference
Vegetation Index (NDVI) [15,16] and the China Homoge-
nized Historical Temperature (CHHT) dataset [17] for the
period 1982-2002.
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1 Data and method

We use monthly Global Inventory Modeling and Mapping
Studies (GIMMS) satellite drift corrected and NOAA-16
incorporated NDVI data for the period of 1982-2002 at a
resolution of 0.25°x 0.25° [15,16]. The NDVI is the differ-
ence between AVHRR reflectance in near-infrared and visi-
ble bands divided by the sum of these two bands. Data cor-
rections were performed to reduce the effects not related to
actual vegetation change [16].

The monthly averaged T,.. and T, data for the same
period are taken from the CHHT dataset Version 1.0 [17].
The DTR is defined as the difference between mean T,
and T, The CHHT 1.0 dataset was developed using daily
observations from a total of 731 national weather stations
over mainland China. The raw station data were assessed
and corrected through rigorous and objective homogeneity
adjustments by the National Meteorological Information
Centre (NMIC). These adjustments reduced the non-
climatic errors or biases, thus improving the quality and
reliability of the data.

The gridded NDVI data are first processed to stations by
using values at the nearest grid point. We then remove the
stations that have any missing values or are located in grid
cells classified as water in the GIMMS data. The monthly
anomalies of both NDVI and temperatures are further cal-
culated as the departures from their climatological annual
cycles. Finally, the data are linearly detrended.

A variance method that is initially proposed by
Frankignoul and Hasselmann [18] is employed to quantify
vegetation feedbacks on Ty, Tmin, and the DTR. The
method was previously applied to examine oceanic feed-
backs on air-sea heat flux and atmosphere [19,20] and
vegetation and soil moisture feedbacks on temperatures and
precipitation [8,21].

A given temperature variable at the time of t+dt, is as-
sumed to be determined by the vegetation feedback and the
atmospheric noise generated internally by atmospheric
processes that are independent of the vegetation variability:

T(t+dt,))=AV()+N(t+dt). (1)

T(r) is the anomaly of a given temperature variable, V(7) is
the vegetation anomaly, Ay is the feedback parameter or
efficiency, dt, is the atmospheric response time, and N(¢) is
the climate noise.

We eliminate the noise term by multiplying both sides of
eq. (1) with V(+—7) and taking the covariance following the
same procedure in Frankignoul et al. [19]. Here 7 is the time
vegetation leads the atmosphere. Since the atmospheric re-
sponse is usually fast, 7 (1 month in this study) is much
longer than the atmospheric response time, we neglect the
atmospheric response time (df,). Finally, the feedback pa-
rameter or efficiency [8,19] is computed as
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where Cov(V(+-7),7(¢)) and Cov(V(+-1),V(¢)) represent the
lagged covariance between the vegetation and temperature
variable and the lagged covariance of the vegetation, re-
spectively. Physically, the feedback parameter reflects the
instantaneous response of a temperature variable to a
change in vegetation when the atmospheric adjustment is
neglected. While Liu et al. [8] used 7 to quantify vegetation
feedbacks on mean precipitation and temperature, we apply
the statistical approach to assess vegetation effects on Ty,
Tmin, and the DTR. In this study, the monthly feedback pa-
rameter is calculated as the ratio of lagged covariance be-
tween a vegetation anomaly in the previous month and a
given temperature variable in the present month to lagged
vegetation auto-variance.

To test the robustness of the feedback parameter, we as-
sess the statistical significance using a bootstrap approach
[22]. We calculate 1000 individual Ay using temperature
series derived from random permutations of the original
ones. We judge the significance of the feedback parameter
at the 90% confidence level. The percentage of the variance
of monthly temperature anomalies attributed to vegetation
feedback is computed as AW oA(T), where o*(A7V) and
o*(T) represent the variance of monthly temperature anoma-
lies owing to vegetation feedback and the total variance of
monthly temperature anomalies, respectively.

It should be noted that there are some limitations and
uncertainties in the employed method [8,21]. To test the
reliability of the variance method, Notaro et al. [23] and
Notaro and Liu [24] assessed vegetation feedbacks on the
climate for mid-Holocene North African grasslands and
North Asian boreal forests using both the statistical ap-
proach and numerical simulations. The close agreement
between the results of the two methods in their studies gives
credence to the simple statistical approach to quantify
vegetation feedbacks on the climate. Although a series of
corrections were performed to the NDVI data, some biases
still exist particularly over the areas with low vegetation
coverage [16]. Our estimates, therefore, may be thought of
as illustrative rather than definitive.

2 Results

Figure 1 shows seasonal mean vegetation feedback parame-
ters for Tyux, Tmin and the DTR. For a given season, the
mean vegetation feedback parameters are produced by av-
eraging the three monthly ones. For all seasons, vegetation
effects on T}, are predominantly positive. Meanwhile, the
vegetation feedbacks vary with season. In winter, signifi-
cant positive feedbacks on Ty,,, mainly appear over the cli-
matic and ecological transition zone of northern China, the
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eastern Tibetan Plateau, and Southeast China. Springtime
vegetation variations have significant and positive effects
on T, over many areas of Northeast China and southern
China. In summer, significant positive feedbacks on T
mainly occupy the Yangtze River valley. While vegetation
feedbacks on T}, are mostly positive during the autumn-time
over China, stations which pass the 90% confidence level are
relatively scattered compared to the other three seasons. In
contrast, significant negative feedbacks on Ty, only occur
over the summertime climatic and ecological transition zone
of northern China and some other isolated areas.
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For all seasons, vegetation effects on Ty, are less posi-
tive relative to Tp.x. Especially during the summertime
when vegetation effects are predominantly negative, sig-
nificant positive feedbacks only exist over the lower reaches
of the Yangtze River and some other isolated areas. The
magnitudes of vegetation feedbacks on Ty, are generally
much smaller than those for T,,,x. As a result, vegetation has
a substantial effect on the DTR mainly through its effects on
Tmax- In terms of both spatial patterns and the magnitudes,
vegetation feedbacks on the DTR are largely similar to the
feedbacks on Ty, In the meanwhile, some differences
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Figure 1 Seasonal mean of monthly vegetation feedback parameters (in °C (0.1 NDVI)™) for the mean daily maximum (left panel), minimum (middle
panel) and diurnal range (right panel) of surface air temperature for the period 1982-2002: (a)—(c) DJF; (d)—-(f) MAM; (g)—(i) JJA; (j)—(1) SON. Stations with
values that achieve P<0.1 are marked by circles. Station values of the vegetation feedback parameter are binned into 2° x 2° grid cells.
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exist. For example, the springtime vegetation feedbacks on
the DTR over some areas of Northwest China are largely
dependent on the effects on Ty, rather than those on T.
Over regions that achieve P<0.1, the magnitudes of the
feedbacks on Tinux, Tmin, and the DTR are generally larger
than 1°C (0.1 NDVI)™.

Figure 2 presents seasonal mean percent variances in
Tmax> Tmin, and the DTR owing to vegetation feedbacks over
China. The feedback-induced variability typically accounts
for 10%-30% of the total variances in T, Tmin, and the
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DTR over regions where the 90% statistical significance is
achieved. Over the rest of China, the percentages are low,
generally less than 10%. It should be noted that other land
surface parameters also can affect the temperatures through
their effects on the surface energy balance, vegetation
growth, and other processes. For example, soil moisture can
alter evapotranspiration, thus affecting the surface air tem-
peratures. Also, vegetation is typically limited by soil mois-
ture over arid and semiarid areas of China. Snow is another
critical land surface parameter, and can affect surface air

F50°N

F40°N

30°N

F20°N

Y

£
R

F !
ot

F50°N

F40°N

~f30°N

F20°N

F50°N

F40°N

30°N

F20°N

F50°N

r40°N

30°N

r20°N

80°E 90°E 100°E 110°E 120°E 130°E

80°E 90°E 100°E 110°E 120°E 130°E

2 ] 10 20

Figure 2 Seasonal mean of monthly percentages of the variance of the mean daily maximum (left panel), minimum (middle panel) and diurnal range (right
panel) of surface air temperature owing to vegetation feedback for the period 1982-2002: (a)-(c) DJF; (d)-(f) MAM; (g)-(i) JJA; (j)—(1) SON. The negative

values are for the feedback parameter Ay <0.
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temperatures during or after its existence. In addition, win-
ter snow may play an important role in influencing grass-
land and desert vegetation growth over China [25]. The ef-
fects of other land surface parameters cannot be separated
from the effects of vegetation itself in this study. The ex-
plained variances may partly reflect the effects of other land
surface parameters.

3 Conclusions and discussion

This study statistically assesses local vegetation effects on
Twax and To;, from the observations using a statistical
method that isolates the vegetation feedback signal from the
atmospheric noise. In all seasons, vegetation effects are
found to be much stronger for T}, than for T,,;,. As a result,
the spatial patterns and strengths of vegetation feedbacks on
the DTR largely depend on the vegetation effects on Tu.
For both T, and the DTR, positive feedbacks dominate
with many areas achieving a confidence level of P<0.1. In
contrast, significant negative feedbacks only appear over the
summertime climatic and ecological transition zone of
northern China and some other isolated areas. Vegetation
effects on Ty, are smaller and less significant than those on
Tmax and the DTR in all seasons. In addition, positive feed-
backs occupy smaller areas. Furthermore, large seasonal
variations are evident for the vegetation feedbacks on the
three temperature variables. In areas where significant feed-
backs are identified, vegetation variations contribute to
typically 10%-30% of the total variances with the feedback
strengths generally exceeding 1°C (0.1 NDVI)™. Mean-
while, the limitations and uncertainties of the study should
be recognized and further addressed.

Asymmetric effects of vegetation on T},,x and Ty, result
from the diurnal asymmetry in its effects on the surface en-
ergy balance. An increase in vegetation tends to decrease
surface albedo versus either snow-covered or snow-free
ground, thus increasing the absorbed solar radiation during
the daytime. The positive vegetation feedbacks on daytime
Tmax may mainly reflect the effects of vegetation-induced
changes in surface albedo. Significant negative feedbacks
on T,.« also exist over the summertime climatic and eco-
logical transition zone of northern China and some other
isolated areas. The negative feedbacks may be achieved
through the larger negative effects of enhanced evaporative
cooling than the positive effects of decreased surface albedo
corresponding to an increase in vegetation. Based on cli-
mate model simulations, Zhou et al. [26] demonstrated that
a reduction in vegetation cover can increase nighttime Ty,
over arid and semiarid regions through increased soil heat-
ing and reduced outgoing longwave radiation. There are
large arid and semiarid areas in China with low vegetation
coverage. Such an effect may account for the negative
feedbacks to T, over the arid and semiarid regions. The
negative feedbacks on Ty, are also seen in some relatively
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humid areas, and they may result from the dominant effects
of evaporative cooling. The daytime temperature largely
affects the nighttime temperature. Over regions where
vegetation exerts positive effects on both Tp.x and Ty,
vegetation feedbacks on T, may be closely related to its
effects on the daytime temperature. In addition, the asym-
metric effects of vegetation on T},,x and Ty,;, may be due to
some indirect mechanisms such as changes in the diurnal
course of cloud cover and/or cloud properties and atmos-
pheric water vapor. The proposed physical mechanisms
clearly need to be further clarified using process-based ap-
proaches such as simulation with regional climate models in
the future [27-33].

Since the land surface, in particular vegetation and soil
moisture, can “remember” an atmospheric anomaly for
months and more, land-atmosphere interactions may hold
the key for improving seasonal forecasting. Recent works
have highlighted the role of soil moisture in triggering
monthly to seasonal atmospheric predictability over
mid-latitude land areas [21,34-36]. Our findings together
with those of previous studies [7,8] suggest the importance
of exploiting vegetation—atmosphere interactions for en-
hanced monthly and seasonal predictability of mean tem-
perature, T, and Ty, variability, and the associated tem-
perature extremes over China.
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