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1  |  INTRODUC TION

Vegetation's effect on the surface energy balance remains an open 
question due to its competing influences on land surface temperature 

(Shen et al., 2015). It is essential to determine vegetation's net ef-
fect on the energy balance given ongoing global land cover changes, 
including deforestation, agricultural expansion, climate change-
induced greening, and replanting efforts (Alkama et al.,  2022; 
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Abstract
Vegetation cover creates competing effects on land surface temperature: it typically 
cools through enhancing energy dissipation and warms via decreasing surface 
albedo. Global vegetation has been previously found to overall net cool land surfaces 
with cooling contributions from temperate and tropical vegetation and warming 
contributions from boreal vegetation. Recent studies suggest that dryland vegetation 
across the tropics strongly contributes to this global net cooling feedback. However, 
observation-based vegetation-temperature interaction studies have been limited 
in the tropics, especially in their widespread drylands. Theoretical considerations 
also call into question the ability of dryland vegetation to strongly cool the surface 
under low water availability. Here, we use satellite observations to investigate how 
tropical vegetation cover influences the surface energy balance. We find that while 
increased vegetation cover would impart net cooling feedbacks across the tropics, net 
vegetal cooling effects are subdued in drylands. Using observations, we determine 
that dryland plants have less ability to cool the surface due to their cooling pathways 
being reduced by aridity, overall less efficient dissipation of turbulent energy, and 
their tendency to strongly increase solar radiation absorption. As a result, while 
proportional greening across the tropics would create an overall biophysical cooling 
feedback, dryland tropical vegetation reduces the overall tropical surface cooling 
magnitude by at least 14%, instead of enhancing cooling as suggested by previous 
global studies.

K E Y W O R D S
biophysical feedbacks, drylands, land surface temperature, satellite remote sensing, surface 
albedo, tropical vegetation
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Bonan,  2008; Bright et al.,  2017; Jackson et al.,  2008; Rigden & 
Li, 2017). Plants have a strong influence on the energy balance and 
evapotranspiration estimation, as shown at interannual timescales 
(Li et al., 2013). Climate model projections are also highly sensitive 
to vegetation biophysical parameterization (Devaraju et al.,  2015; 
Feddema et al., 2005). Without accurate characterization of these 
biophysical processes, climate model prediction uncertainty of the 
land surface state increases, which could cause targeted land cover 
mitigation efforts like reforestation to have unintended conse-
quences of enhancing global warming (Arora & Montenegro, 2011; 
Bala et al., 2007; Betts, 2000).

Net vegetation effects on the surface energy balance differ 
across the globe (Alkama et al.,  2022; Duveiller et al.,  2018). The 
current consensus is that vegetation globally creates net cool-
ing feedbacks (Zeng et al.,  2017). This cooling signal is dominated 
by a greater fraction of vegetation cover (FVC) in temperate and 
tropical environments net cooling through enhanced turbulent en-
ergy dissipation from greater surface roughness and transpiration 
(Bounoua et al., 2000; Juang et al., 2007; Luyssaert et al., 2014; Tang 
et al., 2018). This mid-to-lower-latitude vegetation net cooling feed-
back is exemplified by findings of tropical deforestation enhancing 
surface warming (Alkama & Cescatti, 2016; Mahmood et al., 2014; 
Silvério et al., 2015; Vargas Zeppetello et al., 2020). These biophys-
ical cooling effects are partially negated by net warming effects 
of boreal vegetation due to a dominant surface albedo effect of 
proportionally greater vegetal absorption of solar radiation (Lee 
et al., 2011; Li et al., 2015; Peng et al., 2014).

Conceptual understanding of vegetation's influence on the en-
ergy balance can be developed, for example, using the force restore 
model where the modeled rate of land surface temperature (LST) 
change, or d(LST)/dt, increases with higher net radiation and de-
creases with turbulent fluxes (Deardorff,  1978). From this model, 
several pathways of vegetation influence on d(LST)/dt are appar-
ent. (1) A warming effect exists where more vegetation cover de-
creases surface albedo and increases net surface radiation. (2) A 
cooling effect exists where more vegetation cover increases surface 
roughness and conductance, which enhances turbulent energy flux 
dissipation (Chen et al., 2020; Margulis, 2017). (3) A cooling effect 
exists where more vegetation cover enhances transpiration of water 
from deeper soil layers than accessible from bare soil evaporation 
(Katul et al., 2012). Rather than present an exhaustive list of mecha-
nisms, we emphasize that these mechanisms compete and are sensi-
tive to model parameterization choices.

A model-based study necessarily leads to uncertainty because 
of the need for model parameterizations linking vegetal effects to 
surface temperature. Specific parameters must be estimated to 
represent, for example, stomatal regulation and transpiration re-
sponse to soil and atmosphere conditions, surface albedo sensitivity 
to vegetation characteristics, and vegetation interactions with the 
boundary layer (e.g., Rotenberg & Yakir, 2010). Both parameter un-
certainty and model structural uncertainty will consequently create 
uncertain and inconsistent biophysical parameterizations between 
models (Pitman et al., 2009). Observational studies are thus needed 

to constrain and benchmark the results of these complex represen-
tations of vegetal effects on surface temperature.

Recent global studies suggest that tropical drylands enhance 
net cooling feedbacks under global greening (Alkama et al., 2022; 
Forzieri et al.,  2018). However, theoretical considerations and 
sparse field studies call into question findings of strong vegetal 
surface cooling in semi-arid locations: limited water-availability 
will reduce evaporation, the surface's main mechanism of remov-
ing energy in these warm, dry environments (Javadian et al., 2022; 
Li et al.,  2014; Rotenberg & Yakir,  2010). Specifically, given that 
latent heat flux becomes an important control on the surface en-
ergy balance in warmer conditions (Bateni & Entekhabi,  2012), 
soil moisture losses will likely subdue vegetal cooling via reduced 
evaporation in tropical water-limited environments (Seneviratne 
et al.,  2010). Model-free, observation-based studies mainly in-
vestigate these processes in the boreal and mid-latitudes, but are 
limited in the tropics. There are also limited efforts to identify 
mechanistic drivers that would explain spatial patterns of biophys-
ical feedbacks.

In this study, we use satellite observations to isolate and at-
tribute the effect of vegetation cover on LST, via the diurnal rate 
of land surface warming. We ask: (a) does more vegetation cover 
net cool the surface across the tropics, especially in drylands? (b) 
Which surface energy balance mechanisms are responsible for the 
observed spatial pattern of vegetal effects on surface temperature 
in the tropics? (c) To what degree does tropical dryland vegetation 
net warm or cool the land surface compared to the remainder of the 
vegetated tropics?

Previous studies address components of our research questions 
with LST (Chen et al., 2020; Forzieri et al., 2018). A novel feature of 
our analysis is that we first establish connections between the diurnal 
rate of temperature change (d(LST)/dt) and FVC using geostationary 
satellite observations in Africa, rather than temperature magnitude 
itself. This is because LST is a state variable and thus depends on 
and is confounded by coupling with other land surface states. The 
LST time derivative largely removes state dependencies. d(LST)/dt 
also more closely relates to surface energy flux components, where 
increased d(LST)/dt indicates reduced latent heat flux (Bateni & 
Entekhabi,  2012; Deardorff,  1978). As such, detecting a variable's 
impact (i.e., vegetation cover) on d(LST)/dt more confidently estab-
lishes its direct influence on land surface temperature than does the 
same variable's statistical connection to LST. Using independently 
observed variables also should, in principle, provide a better esti-
mate of the true linkage between the variables because they do not 
contain confounding imposed parameterizations as found in models. 
For example, recent work found biases in model reanalysis diurnal 
temperature behavior and its interactions with vegetation compared 
to in-situ measurements (Panwar & Kleidon, 2022). For these rea-
sons, diurnal temperature observations have been previously used 
to establish surface energy balance interactions with vegetation 
and the atmosphere, though for different research questions (Dai 
et al., 1999; Feldman et al., 2022, 2019; Panwar et al., 2020; Panwar 
& Kleidon, 2022).
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112  |    FELDMAN et al.

2  |  MATERIAL S AND METHODS

2.1  |  Workflow summary

We addressed our research questions with three main assessments. 
Assessment I determined the observed African vegetation-
temperature relationships. Specifically, a geostationary satellite 
located over Africa provides sub-hourly sampling of various land 
surface variables, which was used to holistically investigate linkages 
between vegetation and temperature. Assessment II uses these 
same datasets to determine mechanistic drivers that describe spatial 
patterns of results in Assessment I. Assessment III uses global 
satellite retrievals to evaluate whether the patterns of LST response 
to vegetation variability found in the Africa-only analysis hold across 
the tropics.

Ultimately, our approach presents confidence in patterns of veg-
etation influence on the surface energy balance for several reasons. 
(a) The use of observations here is an advantage given difficulty with 
modeling competing effects of vegetation cover on the surface en-
ergy balance and allows independent assessment of global model 
outputs. (b) Assessment I includes several regressions to gain confi-
dence in patterns of results. (c) Assessment II explains the patterns 
with identification of observed drivers. (d) Assessment III uses satel-
lite observations independent from the other assessments, provid-
ing confidence in findings described in Assessments I and II.

The datasets used in both analyses are shown in Table 1 with de-
tails provided in Section 2.2. The study domain is shown in Figure 1. 
To evaluate our research questions, we contrasted drylands against 
more humid regions using a standard definition of land surfaces re-
ceiving less than 500 mm of rainfall (Noy-Meir,  1973). Africa was 
chosen for Assessment I not only because of extensive sub-hourly 
satellite sampling of land surface conditions but also for its large area 
of vegetated drylands.

2.2  |  Datasets

For Assessment I (the Africa-only analysis), we used several 
retrievals from the Spinning Enhanced Visible and Infrared Imager 
(SEVIRI), which is on-board the European and EUMETSAT space 
agency's Meteosat Second Generation geostationary satellite series 
and is at a 3 km resolution (Trigo et al., 2011). SEVIRI is geostationary 
with its highest quality measurements in Africa. Its 15-min temporal 
resolution allows more frequent samples of land surface conditions 
under cloud cover than global, low-Earth orbit satellites. LST is 
sampled at 15-min time steps and is sensitive to soil-vegetation 
temperature, which describes the surface energy balance more than 
air temperature (Panwar et al., 2019). We also used SEVIRI-retrieved 
FVC, and downwelling surface shortwave radiation (RS) to partition 
the effects of vegetation on the d(LST)/dt signal (Carrer et al., 2019). 
Soil moisture (θ) from NASA's Soil Moisture Active Passive (SMAP) 
satellite was used at a 9  km grid with 1–3 day sampling using a 
retrieval algorithm that is independent from vegetation cover 

(Feldman et al., 2021). These datasets were all regridded to a 9 km 
Equal Area Scalable Earth-2 (EASE2) grid. Only data from 2018 were 
used in the main assessment of relationships, though SEVIRI data 
from 2004 to 2019 were used in a robustness test (see SI). For this 
auxiliary robustness test, Climate Hazards Infrared Precipitation 
with Stations (CHIRPS) precipitation was used in place of soil 
moisture to control for annual moisture availability changes over 
2004 to 2019 (Funk et al., 2015), given that SMAP is only available 
after 2015. International Geosphere-Biosphere Programme (IGBP) 
classifications are used to evaluate differences in behavior with 
vegetation type (Kim, 2013).

To identify mechanistic drivers of spatial patterns in Assessment 
I, Assessment II used all the same variables as Assessment I (Table 1). 
It additionally included daily SEVIRI retrievals of surface albedo 
(α) and NASA's Atmospheric Infrared Sounder (AIRS) retrievals 
of vapor pressure deficit (VPD) in the boundary layer (at 850mb) 
(Teixeira, 2013). Analysis of the effects of seasonal changes in arid-
ity used SEVIRI LST, FVC, and RS in addition to SMAP θ and AIRS 
VPD. Determination of energy dissipation efficiency uses 15-min in-
crements of SEVIRI LST. Finally, the surface albedo-FVC interaction 
analysis used SEVIRI FVC and α while using SMAP θ and SEVIRI RS 
to control for water and light availability.

To evaluate whether the effects of vegetation cover on the sur-
face energy balance determined in Africa occur across all tropical 
regions (Assessment III), we used annual mean NDVI (MOD13C1) 
and LST (MYD11C2) from MODIS Terra and Aqua instruments re-
spectively (Didan, 2021; Wan et al., 2015). NOAA Climate Prediction 
Center (CPC) total annual precipitation and MERRA2 surface in-
coming shortwave flux were used to control for annual mean en-
ergy and water availability, respectively (Chen et al., 2008; Gelaro 
et al., 2017). CPC was used here instead of CHIRPS to maintain in-
dependence from Assessment I and II. MODIS Aqua LST retrievals 
are at approximately 1:30 pm local time. Additional analyses were 
performed using leaf area index (LAI) from MODIS to assess how 
their use may alter results (Myneni et al., 2021). All datasets were 
acquired over their co-occurring span of 19 years between 2003 to 
2021 and were regridded to 0.5 degrees.

2.3  |  Assessment I: African vegetation-
temperature interactions

2.3.1  |  Assessment I statistical analysis

SEVIRI 15-min LST from 7 to 11 am local solar time were used to 
calculate the median daily d(LST)/dt, which is directly related to the 
diurnal temperature range. Sub-daily d(LST)/dt was computed by 
differencing each time adjacent LST value between 7 am and 11 am 
and dividing by their time between increments. Two time adjacent 
LST increments are typically differenced and divided by 15  min, 
but sometimes over longer time spans given quality flags (i.e., cloud 
cover). For each day, the median was taken of all available sub-daily 
increments and units converted to K/h to obtain a daily time series 
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of d(LST)/dt. The median 7 to 11 am d(LST)/dt integrates the diur-
nal LST cycle while being less sensitive to peak LST timing and to 
cloud coverage than more common methods that subtract morning 
and afternoon temperature snapshots (Holmes et al., 2015). Namely, 
it considers the time range when LST is consistently rising nearly 
linearly before slowing its rise near the daily LST peak (Figure S1). 
Nevertheless, the d(LST)/dt median is consistently related to the 
diurnal temperature range where spatial correlations across Africa 
between median d(LST)/dt and the 1:30 pm and 6:00 am LST differ-
ence tend to be above 0.8 on a given day. Use of diurnal temperature 
range for such an application is likely still acceptable in the absence 
15-min data.

For our primary approach to partition FVC's effect on d(LST)/dt, 
we used spatial conditioning to bin pixels of nearly identical long 
term mean soil moisture (±0.0025 m3m−3) and mean incoming solar 
radiation (±1.25 Wm−2). For the pixels within each bin, we applied

d(LST)/dt and FVC annual means in 2018 were used in Equation 1. 
β0 and ε are the y-intercept and residual, respectively. �FVC rep-
resents the linear effect of FVC on d(LST)/dt. Statistically sig-
nificant (p < .05) positive and negative values of �FVC indicate a 
warming and cooling effect of vegetation, respectively. Statistically 
insignificant values of �FVC are considered neutral effects here. 
This approach assumes a space–time equivalence where changes 
in annual means of FVC and d(LST)/dt between pixels with similar 
water and energy availability are assumed to also occur in time at a 
given location. Pixels with mean SEVIRI FVC of zero were removed 
from the analysis.

We focus on this approach for several reasons. (a) Use of me-
dian d(LST)/dt can reveal more causal relationships between vegeta-
tion cover and LST than can direct statistical relationships between 
FVC and LST. (b) It uses 15-min LST observations from the SEVIRI 

geostationary satellite, which provide greater temporal coverage 
under cloud cover conditions given their more frequent sub-daily 
sampling than satellites with global coverage. (c) The approach 
attempts to determine long-term, climatic relations between vari-
ables that are indicative of how they would co-vary at annual and 
decadal timescales relevant to land cover changes. Indeed, differ-
ences in climatic, edaphic, and topographic conditions across space 
may confound �FVC interpretations from Equation 1 of how annual 
d(LST)/dt and FVC vary in time at a given location. However, we 
expect that this spatial approach will consider effects of beyond-
decadal scale feedbacks and ecosystem equilibrium states (Eagleson 
& Segarra, 1985) that may not appear in sub-annual and interannual 
timescale regression analyses. Additionally, the use of water and 
light availability to bin pixels is expected to provide similarity be-
tween ecosystems such that their spatial vegetation-temperature 
covariations are more likely to reflect those in time at a location than 
differences in climate.

2.3.2  |  Assessment I robustness tests

We conducted several tests to evaluate the robustness of the 
Equation 1 approach as well as to interpret its results. These tests 
were also meant to motivate the analysis of vegetation-temperature 
interactions across the tropics in Assessment III using interannual 
variability of global satellite datasets. More details about the tests 
can be found in the SI.

Tests were performed to determine whether the spatial rela-
tionships resulting from Equation 1 also occur in time. We focused 
our tests on longer timescale, interannual variations because of our 
interest in biophysical feedbacks under climate change. 16 years 
of SEVIRI diurnal temperature range observations (2004–2019) in 
each pixel were used to determine whether the spatial relationships 
from Equation 1 also hold in time at interannual timescales (see SI). 
Additionally, four years (2015–2019) were used for four randomly 

(1)E

[

d(LST)

dt

]

= �0 + �FVCE
[

FVC
]

+ �,

F I G U R E  1  Map of the study domain. Assessments I and II occur in Africa. Assessment III occurs on vegetated landscapes between 35°S 
and 35°N. all vegetated land surfaces are evaluated within the domains. For reference, gray shading denotes vegetated drylands based on 
CPC total annual rainfall of less than 500 mm. Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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selected pixels in space within each bin to determine the combined 
effect of interannual and spatial variability (see SI). Rather than the 
full diurnal temperature cycle, this analysis used the difference in 
1:30 pm and 6:00 am LST, assumed to be the maximum and minimum 
daily temperature (Feldman et al., 2019). The interannual timescale 
analysis ultimately has uncertainties due to small sample size of 16 
data points per pixel as well assumptions of timing of maximum and 
minimum LST. Nevertheless, these tests were carried out for quali-
tative comparison with those from Equation 1 in Section 2.3.1.

It is also expected that there will be differences in determining 
temperature-vegetation relationships from daily variations, given 
strong confounding effects between land surface variables at sea-
sonal timescales. We performed a panel regression that partitions 
the sub-annual and interannual scale interactions between FVC and 
d(LST)/dt (see SI). Seasonal and intra-seasonal regressions are per-
formed for comparison (see SI).

The spatial analysis in Equation 1 was repeated using the mean 
annual afternoon temperature in place of mean annual d(LST)/dt to 
evaluate the connection of the d(LST)/dt results to LST itself. The 
mean daily peak temperature is approximated as the mean tempera-
ture between 12:30 pm and 2:30 pm (Figure S1).

2.4  |  Assessment II: Mechanisms driving African 
vegetation-temperature interactions

Several analyses were conducted here to attribute spatial variations 
in �FVC to mechanistic drivers. Namely, we tested whether aridity, 
energy dissipation efficiency, and surface radiation absorption 
describe why vegetation shifts its control on surface temperature 
along climatic gradients, especially in drylands compared to more 
humid environments.

We first evaluated the interaction of FVC and d(LST)/dt during 
different seasons to infer the interactive effects of radiation and 
moisture availability. Specifically, the spatial timescale analysis in 
Equation 1 is repeated in the halves of the year with low and high 
vegetation cover, defined as times of year below and above the FVC 
median, respectively,

Equation 2 was performed as in Equation 1 with binning based on 
water and light availability, but the seasonal means of RS and θ under 
seasons of high and low vegetation coverage are included as regres-
sors in Equation 1 to control for the direct effects of the environ-
mental factors on LST that do not necessarily involve the influence 
of vegetation. As such, we expect that differences in βFVC between 
seasons of low and high vegetation cover can be interpreted as ef-
fects of climatic factors (RS, θ, and VPD) on FVC-d(LST)/dt interac-
tions. Comparability of βFVC between seasons is possible because 
βFVC is based on unit changes in FVC, not its overall magnitude. We 
do not aim to determine effects within specific seasons, but rather 
test whether FVC-d(LST)/dt interactions change with seasons and 

identify environmental factors that may be driving these changes. 
Seasons of high and low vegetation coverage are naively chosen to 
test how different environmental conditions seasonally limit photo-
synthesis rather than imposing only water-limitation, for example, 
from wet and dry season definitions. We computed the seasonal dif-
ferences in �FVC and related them to the seasonal mean changes in 
soil moisture, solar radiation, and vapor pressures deficit.

To evaluate strength of energy dissipation through latent and 
sensible heat and radiation fluxes for different locations, Bateni and 
Entekhabi (2012) show analytically that d(LST)/dt can be predicted 
by LST dependent terms that are all dissipative through surface en-
ergy fluxes. As such, the d(LST)/dt versus LST at hourly timescales is 
an intrinsic landscape property:

where βEff describes the efficiency of total land surface energy dissi-
pation. Equation 3 was computed per pixel using available 15-minute 
d(LST)/dt increments and concurrent LST magnitude. βEff is normalized 
to be unitless by a multiplication factor of 32.5 used in Bateni and 
Entekhabi (2012) (see their Equation 12).

To quantify whether vegetation fraction has differential effects 
on surface albedo across Africa, we computed

Equation 4 was repeated identically to Equation 1 in each bin of mean 
moisture and solar radiation. A higher βα,FVC magnitude suggests that 
changes in vegetation cover have a stronger influence on the vege-
tated surface's ability to absorb incoming radiation. Note that SEVIRI 
FVC and surface albedo retrieval processes are independent and use 
different electromagnetics models (García-Haro & Camacho, 2014).

To isolate the effects of tropical drylands across these mechanistic 
analyses, we binned regions with less than and greater than 500 mm 
of annual total CHIRPS precipitation. We found overall results did not 
change in varying this dryland threshold by ±200 mm/year.

2.5  |  Assessment III: Tropical vegetation-
temperature interactions

We repeated the analysis using MODIS NDVI and LST observations, 
but across the vegetated tropics. We only assess the tropics and 
subtropics (vegetated land surfaces within 35°S to 35°N degrees 
latitude) given the strong control of water and energy availability in 
the tropics relevant to the mechanisms discussed in Africa and due 
to different mechanistic processes (i.e., snow cover) that occur in the 
mid- and high latitudes.

A per-pixel regression was performed on annual mean values 
to determine the partial control of NDVI on LST at interannual 
timescales:

(2)E
[

d(LST)∕dt
]

= �0 + �FVCE
[

FVC
]

+ ��E[�] + �RS
E
[

RS

]

+ �.

(3)dLST

dt
= �0 + − �EffLST + �

(4)E[�] = �0 + ��,FVCE
[

FVC
]

+ �.

(5)E
[

LST
]

= �0 + �NDVIE
[

NDVI
]

+ �PE
[

P
]

+ �RS
E
[

RS

]

+ �
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116  |    FELDMAN et al.

Variables used in Equation 5 are shown in Table 1. We evaluated the di-
rect statistical connection of vegetation cover to LST here, instead of d(L-
ST)/dt, where we later argue that there is a causal interpretation of these 
relationships. NDVI is approximately linearly related to FVC especially in 
non-forested regions, which cover most of the tropics by area (Carlson & 
Ripley, 1997; Fan et al., 2009). As such, we expect some transferability 
between SEVIRI FVC-based and MODIS NDVI-based results. Statistically 
significant linear trends in annual means were removed from LST and 
NDVI to remove confounding effects of LST on NDVI, which mainly in-
fluenced tropical forest pixels. We multiplied βNDVI by 1% of mean an-
nual NDVI between 2003 to 2021 to determine by how much LST would 
change if mean NDVI were increased by 1% everywhere (denoted as 
ΔLST). To assess the role of drylands on the LST changes due to biophys-
ical feedbacks of vegetation cover increases, spatial distributions of this 
ΔLST with and without drylands included were compared using t-tests.

3  |  RESULTS

3.1  |  Assessment I: Relationship between FVC and 
d(LST)/dt

FVC tends to reduce the land surface warming rate (d(LST)/dt), or 
net cool, across most of Africa's vegetated biomes (Figure  2). Net 
cooling effects are detected in 81% of Africa's vegetated surfaces. 

Over an 8-h diurnal warming cycle in locations where these net cool-
ing effects are detected, a 10% increase in vegetation cover would 
suppress the LST diurnal range by about 4 K.

Vegetation cools the surface less when water is limiting (Figure 2). 
Vegetation cover's influence on d(LST)/dt gradually transitions from 
net cooling to net neutral and even net warming from energy-limited 
to water-limited locations. This gradient of reduced net cooling ef-
fects can be seen with decreasing annual total rainfall and shorter, less 
woody vegetation (Figure 2c,d). Locations where neutral or warming 
effects occur at beyond-annual timescales are typically water-limited, 
characterized by low total rainfall (average of 400 mm/year) and dom-
inant grass and shrubland land cover (Figure S2). Overall, 16% of the 
vegetated African land surface has no significant (neutral) net effect 
and 3% has a significant net warming effect (p < .05). Similar results 
are obtained when repeating the analysis on the afternoon 13:30 
local temperatures only and less so on morning 6:00 temperatures, 
suggesting that these vegetal effects impact the diurnal temperature 
range mainly through daily afternoon LST (Figure S3).

The interannual variability analyses give evidence that the spa-
tial relationships in Figure 1 do occur in time, at least at interan-
nual timescales (Figure S4). Though less certain given low sample 
size of 16 data points per pixel, the interannual relationships qual-
itatively show a gradient of reduced net cooling effects of FVC on 
d(LST)/dt with more water-limitation, especially from sub-humid 
to arid conditions. These interannual relationships give credence 

F I G U R E  2  While fraction of vegetation cover (FVC) and rates of diurnal temperature change (d(LST)/dt) are negatively related (vegetal 
cooling effects) under most conditions, this relationship becomes subdued or positive (vegetal warming effects) in drier locations. (a) βFVC 
estimated using Equation 1 with a spatial conditioning approach, evaluating interannual and longer timescales while controlling for moisture 
and energy availability. Values are normalized considering a 0.1 absolute increase in FVC in all locations. Negative (blue) values indicate that 
FVC reduces d(LST)/dt (cooling effect). Stippling indicates a statistically significant (p < .05) negative βFVC. Statistically significant positive 
βFVC are not stippled. (b) Locations where significant net warming, neutral, and cooling effects of vegetation are found. (c) Values in (a) 
binned based on total annual rainfall. (d) Values in (a) binned based on IGBP land cover classifications.
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to our space-for-time assumptions, or the expectation that spatial 
variations in annual means within the bins translate to changes in 
annual means in time at a given location. Furthermore, the panel 
regression tests and regressions at sub-annual timescales show 
that stronger cooling effects are found at sub-annual scales than 
at longer timescales (Figures S5 and S6). Moreover, our tests using 
the panel regression approach indicate that the sign of interac-
tions between FVC and the surface energy balance can switch 
between intra-annual and beyond annual timescales, especially 
in drier environments (Figure  S5). Nevertheless, the sub-annual 
timescale analysis still shows a reduction of net cooling effects in 
more water-limited locations (Figure S6).

3.2  |  Assessment II: Drivers of vegetation effects 
on the surface energy balance

3.2.1  |  Vegetation interaction with aridity

Our investigation of seasonal mean differences in FVC-d(LST)/dt 
behavior reveals that aridity modulates vegetation-surface energy 

balance interactions (Figure 3). Namely, dryland vegetation greatly 
loses its ability to cool the surface in times of year with lower mean 
vegetation cover (Figure  3a–d). These dryland vegetal cooling re-
ductions in low vegetated seasons are linked to increased aridity. 
Namely, in drylands, seasons with low vegetation cover have lower 
mean soil moisture (−16%), higher mean solar radiation (+12%), and 
higher mean VPD (+6%) than the annual average (Figure  3e). In 
the season with more vegetation cover, these conditions switch to 
higher mean soil moisture, lower mean solar radiation, and lower 
mean VPD (Figure 3e).

Only 31% of African drylands have net vegetal cooling effects in 
seasons with less vegetation cover (Figure 3). This is similar to the 
36% of drylands that have net vegetal cooling effects overall across 
the year (Figure 2), suggesting a dominant role of behavior during 
times of year with low vegetation cover on overall annual behav-
ior. However, in the seasons with higher vegetation cover, cooling 
effects occur in 57% of drylands (Figure 3b–d). Humid tropical re-
gions do also show some seasonal changes in behavior (Figure 3d), 
but with relatively consistent net cooling effects throughout the 
year. These patterns during the different seasons largely hold when 
evaluating only interannual variability with 16 years of SEVIRI data 

F I G U R E  3  Reductions in cooling effects of African dryland vegetation observed in mean annual FVC and d(LST)/dt interactions mainly 
arise from seasonally drier, less vegetated conditions. (a, b) Same as Figure 2(a), but dividing into effects in the (a) less vegetated and (b) 
more vegetated seasons. (c) Values in (a) and (b) plotted on a rainfall gradient as divided into less and more vegetated seasons. (d) Difference 
between βFVC in the given season and the overall βFVC in Figure 1. Drylands are defined as receiving less than 500 mm of annual rainfall 
and humid regions are those with greater than 500 mm of annual rainfall. (e) Dryland percent difference in respective mean environmental 
conditions between a given season and the full year.
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118  |    FELDMAN et al.

(Figure S4) as well as when evaluating behavior at seasonal times-
cales (Figure S7).

3.2.2  |  Energy dissipation efficiency

Using diurnal temperature changes in Equation  3, we show that 
more water limited locations have less ability to cool the surface via 
their lower total dissipation of surface energy (Figure 4a). The diur-
nal changes in LST reveal that turbulent energy flux dissipation is 
significantly less efficient in drylands than in more humid locations 
(Figure 4a inset; p < .05).

3.2.3  |  Surface albedo effect

Mean annual surface albedo is negatively related to FVC, not only 
across the study region (i.e., grasslands have higher surface albedo 
than forests) but also within each bin (Figure  4b). Therefore, at a 
given location, a unit increase in FVC will increase surface energy 
absorption. Furthermore, we find that drylands have over two times 
more surface albedo sensitivity to FVC than that of more humid re-
gions (Figure 4b inset; p < .05). A 10% mean dryland FVC increase 
would decrease albedo by approximately 0.025 in these dry regions, 
resulting in an increase in mean shortwave radiation absorption of 
~10 W/m2.

3.3  |  Assessment III: Vegetation cover's feedbacks 
on land surface temperature across the tropics

Using satellite retrievals that extend across the tropics and are in-
dependent of datasets in Assessments I and II, we find that tropical 
drylands show widespread net neutral and reduced cooling effects 

of vegetation on LST similarly to the results in Figure 2 (Figure 5). 
There are similar proportions of neutral effects (52%) and net cool-
ing effects (42%) between drylands and the remainder of tropical 
ecosystems (Figure 5b). Regardless, considering the pixels where the 
significant cooling effects were found, the median cooling effect of 
dryland vegetation is half the magnitude on average of that of more 
humid regions (Figure 5c). The cooling magnitude of dryland vegeta-
tion is also weaker in 91% of dryland pixels than the median cooling 
magnitude in the more humid tropics. As such, the overall cooling 
biophysical effect of vegetation cover on LST in drylands is weaker 
than that of the more humid regions across the tropics (Figure 5c).

As a result of the reduced cooling effects in drylands, drylands 
have an average LST change of −0.05 K per percent increase in 
annual mean NDVI compared to −0.1  K for more humid regions 
(Figure 5c). Consequently, drylands reduce the net cooling effect 
of tropical vegetation by 14% on average (25% by median) consid-
ering a uniform unit increase of annual NDVI across the tropics 
(Figure 5c). Furthermore, these reductions in net cooling effects 
are proportional to the total land area of drylands on a given con-
tinent; given a high land cover of drylands in Australia and Asia, 
drylands reduce net vegetal cooling effects even more on these 
continents (Figure 5d).

4  |  DISCUSSION

Observations from several satellite platforms are used to character-
ize vegetation's isolated effect on land surface temperature as well 
as attribute these effects to different surface energy balance driv-
ers. While previous studies suggest strong net vegetative cooling ef-
fects across the tropics driven in part by semi-arid regions (Alkama 
et al., 2022; Forzieri et al., 2018), we instead find that tropical dryland 
vegetation has relatively weaker cooling effects than in wetter en-
vironments. Such reduced vegetal cooling effects in these locations 

F I G U R E  4  Drylands have lower overall efficiency of surface cooling via dissipating turbulent energy and amplified warming via their 
larger decreases in surface albedo with vegetation cover increases. (a) Estimated overall land surface efficiency of dissipating available 
energy (βEff; unitless, Equation 3). (b) FVC's relationship with surface albedo (change in surface albedo per 0.1 FVC increase, Equation 4). 
Insets show the respective values in dryland regions (mean annual rainfall <500 mm/year) and humid regions (mean annual rainfall >500 mm/
year). Error bars in insets are 95% confidence intervals based on bootstrapping of values in the respective bins showing statistically 
significant (p < .05) differences between humid and dryland environments in both cases.

 13652486, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16455, W

iley O
nline Library on [02/02/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



    |  119FELDMAN et al.

originate from reduced ability for dryland vegetation to cool the sur-
face under water-limitation and observed amplified warming effects 
due to dryland plants' strong sensitivity of surface albedo to FVC.

Our methodology has several merits providing credence to our 
results. (a) The results are based on observations and our meth-
ods do not require land surface modeling assumptions about com-
peting effects of vegetation on the land surface energy balance. 
(b) Our methods include independent use of SEVIRI and MODIS 
data, as well as regressions using spatial and temporal variations 
that ultimately result in similar spatial patterns of results. (c) 
Observation-based identification of mechanisms support these 
spatial patterns.

4.1  |  Question a: Does more vegetation cover 
net cool the surface across the tropics, especially in 
drylands?

We find that vegetation mainly imparts net cooling effects across 
the tropics. These net tropical vegetation cooling effects are ex-
pected, especially where water is ample: more vegetation cover 
increases the land surface's ability to evaporate rootzone moisture 
beyond that of bare soil and further increases evaporation through 
enhanced friction velocity. However, in drylands, we find that these 

net vegetal cooling effects become reduced and can even switch 
to warming effects. These findings have support from all three as-
sessments here. Using primarily SEVIRI-based diurnal temperature 
observations in Assessment I, African vegetation shows a gradi-
ent of reduced net cooling effects in more water-limited locations 
that is supported by regressions using both spatial and interannual 
timescale analyses (Figure 2). Assessment II shows mechanisms that 
agree with a reduction in vegetal net cooling effects in water-limited 
locations as linked to seasonal aridity conditions and higher surface 
albedo sensitivity to vegetation cover (see Section 4.2). Finally, re-
peating the analysis across the tropics with independent observa-
tions in Assessment III, a similar reduction of net vegetal cooling 
effects is found in drylands (Figure 5). These observed patterns and 
drivers ultimately inform global biophysical modeling.

While these regression approaches provide only correlative 
information on their own, our findings suggest that the vegeta-
tion effects on LST are causal influences for several reasons. (1) 
The establishment of FVC and d(LST)/dt statistical connections in 
Assessment I detect a more physical connection between vege-
tation and the energy balance, compared to LST alone (Bateni & 
Entekhabi,  2012; Panwar & Kleidon,  2022). (2) Our mechanistic 
assessment supports the spatial patterns that greater vegetal net 
cooling effects occur in the humid tropics (see Section  4.2). (3) 
While temperature effects on vegetation may confound observed 

F I G U R E  5  Dryland plants across the tropics tend to have reduced surface cooling effects compared to that of wetter environments. 
(a) Interannual effect of vegetation (NDVI) on LST determined in units of estimated change in LST per 1% increase in annual mean NDVI. 
Stippling indicates statistical significance of LST's partial sensitivity to NDVI (p < .05). Bare soil regions are removed using IGBP land cover 
classifications. (b) Areal coverage of statistically significant warming and cooling effects (p < .05) as well as neutral effects (no statistical 
significance; p > .05) binned by mean annual precipitation. (c) Distribution of values in (a) considering drylands (MAP <500 mm), humid 
regions (MAP >500), and all together. (d) Percent reduction in biophysical cooling due to drylands across different regions. Red dot symbols 
represent percent area of drylands. All regions show statistically significant reductions in overall net cooling effect reductions due to dryland 
vegetation (via t-tests on spatial distributions of ΔLST with and without drylands included; p < .05).
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patterns of vegetation-temperature relationships, they are not ex-
pected to be dominating these relationships. Namely, cooler tem-
peratures are not expected to proportionally increase vegetation 
productivity more in cooler, tropical humid ecosystems than in 
warmer, tropical drylands. Moreover, tropical vegetation is known 
to be water and/or light limited (Madani et al.,  2017; Nemani 
et al., 2003), and thus the influence of temperature on vegetation 
function is likely not dominating tropical vegetation-temperature 
patterns. (4) The results are similar when replacing mean d(LST)/dt 
with afternoon average LST, but are subdued when using morn-
ing average LST (Figure  S3). This shows an effect of vegetation 
mechanisms on temperature, where evaporation and incoming ra-
diation mechanisms (see Assessment II) are active after the early 
morning and thus influence the afternoon temperatures more 
than early morning temperatures. Ultimately, these arguments 
provide evidence for causal interpretation of vegetation effects 
on temperature in Assessment I as well as in Assessment III that 
relies on annual mean variations of afternoon LST instead of mean 
d(LST)/dt.

Results from complementary Assessments I and III agree, which 
gives credence to the results that water-limitation inhibits vegetal 
cooling in the tropics. Assessment I's spatial analysis is expected 
to account for climatic feedbacks over longer timescales (Charney 
et al.,  1975; Eagleson & Segarra,  1985; Green et al.,  2017; Taylor 
et al., 2012), but has uncertainties in other spatial confounding fac-
tors that may not translate to variability in time at a location (i.e., 
edaphic, topographic factors, etc.). While the interannual analysis 
in Assessment III is based on fewer samples and does not include 
feedbacks, it includes effects in time at a single location and does 
not require space–time assumptions as in the spatial relationships in 
Assessment I. Together, these findings agree that aridity reduces the 
net surface cooling effects of vegetation in the tropics at the longer 
climatic timescales of biophysical feedbacks.

4.1.1  |  Confounding effects of choice of 
timescale and vegetation index

We argue here that the reduced net cooling effects in tropical dry-
lands have not been found in previous biophysical feedback inves-
tigations likely due to use of sub-annual timescales and leaf area 
index.

Our results show shorter sub-annual timescale sensitivities may 
confound studies of temperature-vegetation interactions for sev-
eral reasons. First, our tests using a panel regression approach to 
partition timescales of effects indicate that the sign of interactions 
between FVC and land surface temperature may switch between 
sub-annual and beyond-annual timescales, especially in drier envi-
ronments (Figure  S5). The results at seasonal timescales do agree 
that net vegetal cooling effects decrease in water-limited locations 
(Figure  S6), but stronger cooling effects are found at sub-annual 
timescales (Figures  S5 and S6). Evaluating seasonal timescales 
of these effects thus may be overestimating net vegetal cooling 

feedbacks given that FVC and d(LST)/dt seasonal cycles carry spu-
rious relationships between variables that may inflate the strength 
of their relationship (Feldman et al., 2022; Tuttle & Salvucci, 2017). 
There is less confidence in interactions at intra-seasonal timescales 
because the FVC intra-seasonal variability has a reduced signal, oc-
cupying less than 5% of the power spectrum, which likely approaches 
the variability of instrument noise (Figure S6). Ultimately, we argue 
that these vegetation-temperature interactions should be evaluated 
at beyond-annual timescales given these aforementioned limitations 
at sub-annual timescales as well as the fact that these interactions 
are typically interpreted in the context of long-term change (climatic 
changes, land use change, etc.).

Our results suggest that use of LAI instead of NDVI and FVC 
may confound interpretations of vegetation's effect on the surface 
energy balance. Repeating Assessment III with MODIS LAI results in 
greater vegetal cooling effects in drylands compared to more humid 
locations, suggesting that tropical dryland plants are most efficient 
at cooling the surface (Figure S8). This change in spatial gradient of 
vegetation effects on LST originates primarily from the non-linear 
transformation of reflectance information into LAI (Figure S9). For 
several reasons, we caution against using LAI for our research ques-
tions and argue that vegetation cover parameters like FVC are in-
stead more optimal. First, interpretation of LAI variations shifts from 
mainly horizontal vegetation cover variations in drier, less vegetated 
environments to vertical structure variations in more humid, densely 
vegetated regions (Carlson & Ripley, 1997). Therefore, LAI variabil-
ity and the resulting surface energy balance response have different 
meanings in each pixel, which prevents comparison of the strength of 
vegetation's impact on LST across space. By contrast, NDVI and FVC 
instead have more consistent, normalized interpretations of vege-
tation variability and how it influences temperature across space. 
Second, the amplified LAI standard deviation in humid regions (based 
on LAI modeling from reflectances) will inherently reduce the mag-
nitude of vegetation's statistically modeled effect on land surface 
temperature. Third, our mechanistic analysis (Figures 3 and 4) and 
previous findings of strong warming with wet tropics deforestation 
(Vargas Zeppetello et al., 2020) do not support the LAI-based finding 
that dryland vegetation has an increased ability to cool the surface. 
LAI is still suited to evaluate biophysical feedbacks within a pixel, but 
interpretations of LST response to LAI across space are limited for 
answering our questions here for these reasons. Ultimately, the FVC 
results are likely more indicative of horizontal vegetation structure 
effects (i.e. canopy coverage) and thus future work needs to also 
investigate the normalized impact of vertical structure effects (i.e. 
vegetation height and vertical leaf area variations) across space. See 
SI for more discussion of these arguments.

We add caution to interpreting results in wet tropical forests 
here, especially with the NDVI analysis in Assessment III, which show 
reduced statistical significance of effects (Figure 5). First, tropical for-
ests have high cloud cover and optically opaque atmospheres that re-
duce optical/infrared parameter retrieval quality (Freitas et al., 2010; 
Göttsche et al., 2016; Trigo et al., 2021). Increased noise of the re-
gressed variables inherently forces the regression slope to zero, 
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switching the sign of βNDVI in many cases. Second, NDVI saturates 
at high values of vegetation cover, where changes in FVC translate 
to proportionally smaller NDVI changes (Myneni & Williams, 1994), 
which leads to large erroneous βNDVI magnitudes. Specifically, since 
regression slopes (i.e., βNDVI) are inversely related to the variance of 
their regressor (i.e., NDVI variance), an underestimated vegetation 
cover variance with NDVI will inflate βNDVI. Both effects are con-
founding βNDVI values in wet tropical forests because the wet tropical 
forest βNDVI values are generally not statistically significant, typically 
have large magnitude ranges, and tend to switch sign spatially within 
the same regions. Finally, previous studies found consistently strong 
cooling effects of wet tropical forests (Alkama & Cescatti,  2016; 
Mahmood et al., 2014; Silvério et al., 2015). Nevertheless, our spatial 
analysis in Assessment I using FVC does detect net vegetal cooling 
effects in Africa's wet tropical forests (Figure 2).

4.2  |  Question b: Which surface energy balance 
mechanisms are responsible for the observed spatial 
pattern of vegetal effects on surface temperature 
in the tropics?

Using an observation-only identification of drivers in Assessment II, 
we find that drier environments have reduced net vegetal cooling 
effects because of their plants' reduced ability to cool the surface 
under higher aridity (Figure  3), their similarly reduced cooling 
with lower land surface energy dissipation efficiency (Figure  4a), 
and their vegetation cover's proportionally larger solar radiation 
absorption per unit increase in vegetation cover (via albedo effects) 
(Figure 4b). Evidence of these drivers gives additional credence to 
causal influences of FVC on LST as well as the spatial gradient of 
these interactions from wet to dry tropical environments in Figure 2.

In water-limited locations, the loss of net vegetal cooling effects 
in seasons when vegetation cover is reduced is likely due to vegeta-
tion interactions with aridity (Figure 3). A large reduction in soil mois-
ture will reduce transpiration in these dry locations, with less water 
available to supply leaf gas exchange as well as lower stomatal con-
ductance (Katul et al., 2012; Manzoni et al., 2013; Rigden et al., 2020; 
Sperry et al., 2016). Such a moisture driven reduction in transpiration 
is expected based on observed strong positive control of soil mois-
ture on gross primary production and stomatal conductance (Haverd 
et al., 2017; Novick et al., 2016; Short Gianotti et al., 2019). Larger 
VPD and incoming radiation can act to further reduce leaf stomatal 
conductance (Jarvis, 1976; Medlyn et al., 2011). As such, dryland veg-
etation can tend to exhibit reduced net cooling effects under more 
arid conditions because additional vegetation cover will marginally 
increase transpiration, but will absorb more radiation with reduced 
surface albedo. Weaker net cooling in drylands than humid environ-
ments during the wetter, vegetated season is further evidence of this 
aridity control (Figure 3b,c). Phenology may additionally contribute to 
these large seasonal changes with lower vegetal transpiration cooling 
during drier seasons (Adole et al., 2018).

The finding of reduced energy dissipation efficiency in drylands 
shows additional, independent evidence that surface cooling from 
fluxes is reduced in water-limited environments (Figure 4a). In dry, 
warm locations, this ultimately suggests lower latent heat fluxes, 
the most efficient energy flux dissipation method in these hot en-
vironments (Bateni & Entekhabi, 2012). While the dissipation effi-
ciency metric (Equation 3) does not isolate only vegetation effects 
from bare soil contributions, we argue that lower vegetation cover 
is largely reducing energy dissipation efficiency in dryland loca-
tions. Vegetation cover can increase wind friction velocity and thus 
increase surface conductance of turbulent energy fluxes. Such en-
ergy dissipation effects are reduced in arid regions with shorter, and 
sparser vegetation (Panwar et al., 2020). In addition, less vegetation 
cover results in less ability to evaporate and cool the surface using 
deeper rootzone moisture supply than that of bare soil. There may 
be additional effects of wind stilling that occur in drylands where 
more vegetation slows the near surface wind, creating more resis-
tance to energy dissipation (Zeng et al., 2018).

In general, we find a negative response of surface albedo to 
more vegetation cover, which is expected given vegetation's abil-
ity to decrease shortwave reflectivity through its absorbing colors 
and canopy multiple scattering (Figure  4b). However, increases in 
dryland vegetation cover tend to have amplified reductions in sur-
face albedo, contributing to proportionally greater warming effects 
(Figure 4b). Such a non-linear spatial relationship between vegeta-
tion indices and surface albedo has been observed previously, and is 
likely due to interactions of vegetation color contrast with bare soil 
as well as efficiency of canopy shortwave scattering in grasses and 
shrubs (Fuller & Ottke, 2002; Pang et al., 2022). Specifically, remote 
sensing emissivity observations reveal brighter soils in drier environ-
ments, which can increase the vegetation-soil reflectivity contrast 
(Peres & DaCamara,  2005) where additional vegetation cover can 
greatly change the surface albedo compared to humid environ-
ments. Previous work has also found that strong albedo effects can 
drive the interaction between vegetation and LST in drylands, such 
as those in Africa (Chen et al., 2020).

Our investigation of mechanistic drivers is non-exhaustive, and 
we speculate that other mechanisms such as leaf-level photosyn-
thetic strategies may be partly driving results. Namely, we found 
that grasses have reduced net cooling effects compared to woody 
vegetation (Figure 2d). These warm tropical grasslands are typically 
dominated by C4 species compared to C3 woody species in humid 
ecosystems (Still et al.,  2003). C4 species have a higher water use 
efficiency (Edwards et al.,  2010; Osborne & Sack,  2012), which is 
a driver of observations that grasses have reduced cooling through 
transpiration and larger sensible heat fluxes (Panwar et al.,  2020; 
Sellers et al., 1992). Therefore, while grassland reduction in cooling 
is partly driven by water availability and surface albedo consider-
ations, the spatial gradient of net vegetal cooling in the tropics may 
be accentuated by existence of more C4 species (that have lower 
transpiration cooling) in grasslands and savannas dominating drier 
ecosystems.
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4.3 | Question c: To what degree does tropical 
dryland vegetation net warm or cool the land 
surface compared to the remainder of the vegetated 
tropics?

We find that under a unit fractional increase of NDVI across the 
tropics, there is an overall net cooling effect of vegetation based 
on Assessment III (Figure  5c). However, tropical drylands reduce 
the mean tropical biophysical net cooling effect by 14% (25% by 
median) (Figure  5c). This magnitude of reduction of the cooling 
feedback is partly controlled by dryland areal coverage (Figure 5d). 
As such, if climate change causes aridification in the tropics (Berg 
& McColl,  2021; Huang et al.,  2016; Lian et al.,  2021), then more 
subdued vegetal cooling can be expected based on our results. The 
fractional dryland reduction in cooling effects is likely even larger 
considering uncertainties with wet tropical forests results noted in 
Section 4.1.1. When removing wet tropical forests from the analysis, 
tropical drylands reduce the mean tropical biophysical net cooling 
effect by 20% (26% by median).

To evaluate the proportional contribution of net vegetal cool-
ing effects of all tropical locations to the average, this simple ex-
periment assumes that all tropical land surfaces show the same 
proportional greening. Studies agree there are widespread global 
greening trends as driven by CO2 fertilization, climate change, and 
land use change (Winkler et al., 2021; Zhu et al., 2016). Since green-
ing would influence surface temperature, the absolute magnitude 
of this biophysical feedback ultimately depends on the spatial pat-
tern of greening (Alkama et al., 2022). However, our question ad-
dresses the relative impacts of vegetation cover on land surface 
temperature (i.e., biophysical feedback sensitivity) to compare ef-
fects of different biomes across the tropics, rather than the actual, 
predicted change in temperature from greening-related feedbacks. 
Our findings thus do not depend on the rates of greening.

While our results agree that tropical vegetation creates net 
cooling effects, our results ultimately disagree with previous stud-
ies that find strong dryland surface temperature sensitivity to 
vegetation in arid ecosystems, especially in the tropics (Alkama 
et al., 2022; Forzieri et al., 2020, 2018). Instead, we find that green-
ing in tropical arid environments, and broadly water-limited ecosys-
tems, provide relatively weaker cooling feedbacks. These previous 
studies are ultimately based on LAI and daily timescale variability. 
We identify in our assessments that these methodological choices 
can overestimate dryland vegetation's ability to net cool the sur-
face relative to other locations under multi-year greening.

These results show that tree planting should cool surfaces where 
water is ample in the tropics. However, there may be less efficient 
cooling effects if planting new vegetation in water-limited locations, 
unless a more optically reflective and/or deeper rooted plant species 
is chosen (Jackson et al., 2008). Careful attention to land manage-
ment solutions in drylands is recommended (Rohatyn et al., 2022), 
especially for efforts like the Green Great Wall initiative which aims 
to plant vegetation to slow the spread of desertification in the Sahel 
(Duveiller et al., 2018).

ACKNOWLEDG MENTS
Andrew F. Feldman's research was supported by an appointment 
to the NASA Postdoctoral Program at the NASA Goddard Space 
Flight Center, administered by Oak Ridge Associated Universities 
under contract with NASA. The authors with MIT affiliation were 
supported by the NASA SMAP mission. The project was also 
supported by an MIT-Portugal seed fund. The authors thank ICDC, 
CEN, University of Hamburg for data support with MODIS LAI. The 
authors also thank Annu Panwar and an anonymous reviewer for 
their constructive comments that improved the manuscript.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available in 
Zenodo at 10.5281/zenodo.7117263. These data were derived 
from the following resources available in the public domain: 
EUMETSAT LSA SAF temperature, fraction of vegetation cover, 
and solar radiation data are available from https://lands​af.ipma.
pt/en/. The MT-DCA soil moisture dataset retrieved from SMAP 
is freely available at https://doi.org/10.5281/zenodo.5579549. 
AIRS data are available at https://airs.jpl.nasa.gov/data/get-data/
stand​ard-data/. The MODIS NDVI product can be obtained from 
https://modis.gsfc.nasa.gov/data/datap​rod/mod13.php. The 
MODIS LST product can obtained from https://lpdaac.usgs.gov/
produ​cts/myd11​c2v00​6/. CHIRPS data are available at https://
www.chc.ucsb.edu/data/chirps. CPC data are available at https://
psl.noaa.gov/data/gridd​ed/data.cpc.globa​lprec​ip.html. MERRA2 
data can be accessed at https://gmao.gsfc.nasa.gov/reana​lysis/​
MERRA​-2/data_acces​s/.

ORCID
Andrew F. Feldman   https://orcid.org/0000-0003-1547-6995 
Daniel J. Short Gianotti   https://orcid.org/0000-0003-4891-2474 
Jianzhi Dong   https://orcid.org/0000-0002-3284-4414 
Isabel F. Trigo   https://orcid.org/0000-0001-8640-9170 
Guido D. Salvucci   https://orcid.org/0000-0003-3609-5972 
Dara Entekhabi   https://orcid.org/0000-0002-8362-4761 

R E FE R E N C E S
Adole, T., Dash, J., & Atkinson, P. M. (2018). Large-scale prerain vegeta-

tion green-up across Africa. Global Change Biology, 24, 4054–4068. 
https://doi.org/10.1111/gcb.14310

Alkama, R., & Cescatti, A. (2016). Biophysical climate impacts of recent 
changes in global forest cover. Science, 351, 601–604.

Alkama, R., Forzieri, G., Duveiller, G., Grassi, G., Liang, S., & Cescatti, 
A. (2022). Vegetation-based climate mitigation in a warmer and 
greener world. Nature Communications, 13, 606. https://doi.
org/10.1038/s4146​7-022-28305​-9

Arora, V. K., & Montenegro, A. (2011). Small temperature benefits pro-
vided by realistic afforestation efforts. Nature Geoscience, 4, 514–
518. https://doi.org/10.1038/NGEO1182

Bala, G., Caldeira, K., Wickett, M., Phillips, T. J., Lobell, D. B., Delire, C., 
& Mirin, A. (2007). Combined climate and carbon-cycle effects of 

 13652486, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16455, W

iley O
nline Library on [02/02/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://landsaf.ipma.pt/en/
https://landsaf.ipma.pt/en/
https://doi.org/10.5281/zenodo.5579549
https://airs.jpl.nasa.gov/data/get-data/standard-data/
https://airs.jpl.nasa.gov/data/get-data/standard-data/
https://modis.gsfc.nasa.gov/data/dataprod/mod13.php
https://lpdaac.usgs.gov/products/myd11c2v006/
https://lpdaac.usgs.gov/products/myd11c2v006/
https://www.chc.ucsb.edu/data/chirps
https://www.chc.ucsb.edu/data/chirps
https://psl.noaa.gov/data/gridded/data.cpc.globalprecip.html
https://psl.noaa.gov/data/gridded/data.cpc.globalprecip.html
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/data_access/
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/data_access/
https://orcid.org/0000-0003-1547-6995
https://orcid.org/0000-0003-1547-6995
https://orcid.org/0000-0003-4891-2474
https://orcid.org/0000-0003-4891-2474
https://orcid.org/0000-0002-3284-4414
https://orcid.org/0000-0002-3284-4414
https://orcid.org/0000-0001-8640-9170
https://orcid.org/0000-0001-8640-9170
https://orcid.org/0000-0003-3609-5972
https://orcid.org/0000-0003-3609-5972
https://orcid.org/0000-0002-8362-4761
https://orcid.org/0000-0002-8362-4761
https://doi.org/10.1111/gcb.14310
https://doi.org/10.1038/s41467-022-28305-9
https://doi.org/10.1038/s41467-022-28305-9
https://doi.org/10.1038/NGEO1182


    |  123FELDMAN et al.

large-scale deforestation. Proceedings of the National Academy of 
Sciences of the United States of America, 104, 6550–6555.

Bateni, S. M., & Entekhabi, D. (2012). Relative efficiency of land surface 
energy balance components. Water Resources Research, 48, 1–8. 
https://doi.org/10.1029/2011W​R011357

Berg, A., & McColl, K. A. (2021). No projected global drylands expansion 
under greenhouse warming. Nature Climate Change, 11, 331–337. 
https://doi.org/10.1038/s4155​8-021-01007​-8

Betts, R. A. (2000). Offset of the potential carbon sink from boreal for-
estation by decreases in surface albedo. Nature, 408, 187–190.

Bonan, G. B. (2008). Forests and climate change. Science, 320, 1444–
1449. https://doi.org/10.5849/jof.15-999

Bounoua, L., Collatz, G. J., Los, S. O., Sellers, P. J., Dazlich, D. A., Tucker, 
C. J., & Randall, D. A. (2000). Sensitivity of climate to changes in 
NDVI. Journal of Climate, 13, 2277–2292.

Bright, R. M., Davin, E., Halloran, T. O., Pongratz, J., Zhao, K., & Cescatti, 
A. (2017). Local temperature response to land cover and manage-
ment change driven by non-radiative processes. Nature Climate 
Change, 7, 296–302. https://doi.org/10.1038/NCLIM​ATE3250

Carlson, T. N., & Ripley, D. A. (1997). On the relation between NDVI, 
fractional vegetation cover, and leaf area index. Remote Sensing 
of Environment, 62, 241–252. https://doi.org/10.1016/S0034​
-4257(97)00104​-1

Carrer, D., Moparthy, S., Vincent, C., Ceamanos, X., Freitas, S. C., & Trigo, 
I. F. (2019). Satellite retrieval of downwelling shortwave surface 
flux and diffuse fraction under all sky conditions in the framework 
of the LSA SAF program (part 2: Evaluation). Remote Sensing, 11,  
1–28. https://doi.org/10.3390/rs112​22630

Charney, J., Stone, P. H., & Quirk, W. J. (1975). Drought in the Sahara: 
A biogeophysical feedback mechanism. Science, 187, 434–435. 
https://doi.org/10.1126/scien​ce.187.4175.434

Chen, C., Li, D., Li, Y., Piao, S., Wang, X., Huang, M., Gentine, P., Nemani, 
R. R., & Myneni, R. B. (2020). Biophysical impacts of earth greening 
largely controlled by aerodynamic resistance. Science Advances, 6, 
1–9. https://doi.org/10.1126/sciadv.abb1981

Chen, M., Shi, W., Xie, P., Silva, V. B. S., Kousky, V. E., Higgins, R. W., & 
Janowiak, J. E. (2008). Assessing objective techniques for gauge-
based analyses of global daily precipitation. Journal of Geophysical 
Research–Atmospheres, 113, 1–13. https://doi.org/10.1029/2007J​
D009132

Dai, A., Trenberth, K. E., & Karl, T. R. (1999). Effects of clouds, soil mois-
ture, precipitation, and water vapor on diurnal temperature range. 
Journal of Climate, 12, 2451–2473. https://doi.org/10.1175/1520-
0442(1999)012<2451:eocsm​p>2.0.co;2

Deardorff, J. W. (1978). Efficient prediction of ground surface tempera-
ture and moisture, with inclusion of a layer of vegetation. Journal 
of Geophysical Research, 83, 1889. https://doi.org/10.1029/jc083​
ic04p​01889

Devaraju, N., Bala, G., & Nemani, R. (2015). Modelling the influence of 
land-use changes on biophysical and biochemical interactions at re-
gional and global scales. Plant, Cell and Environment, 38, 1931–1946. 
https://doi.org/10.1111/pce.12488

Didan, K. (2021). MODIS/Terra Vegetation Indices 16-Day L3 Global 
0.05 Deg CMG V061. 2021, distributed by NASA EOSDIS Land 
Processes DAAC. https://doi.org/10.5067/MODIS/​MOD13​
C1.061.

Duveiller, G., Hooker, J., & Cescatti, A. (2018). The mark of vegetation 
change on Earth's surface energy balance. Nature Communications, 
9, 679. https://doi.org/10.1038/s4146​7-017-02810​-8

Eagleson, P. S., & Segarra, R. I. (1985). Water limited equilibrium of sa-
vanna vegetation systems. Water Resources Research, 21, 1483–
1493. https://doi.org/10.1029/WR021​i010p​01483

Edwards, E. J., Osborne, C. P., Strömberg, C. A. E., Smith, S. A., Bond, W. 
J., Christin, P. A., Cousins, A. B., Duvall, M. R., Fox, D. L., Freckleton, 
R. P., Ghannoum, O., Hartwell, J., Huang, Y., Janis, C. M., Keeley, J. 
E., Kellogg, E. A., Knapp, A. K., Leakey, A. D. B., Nelson, D. M., … 

Tipple, B. (2010). The origins of C4 grasslands: Integrating evolu-
tionary and ecosystem science. Science, 328, 587–591. https://doi.
org/10.1126/scien​ce.1177216

Fan, L., Gao, Y., Brück, H., & Bernhofer, C. (2009). Investigating the relation-
ship between NDVI and LAI in semi-arid grassland in Inner Mongolia 
using in-situ measurements. Theoretical and Applied Climatology, 95, 
151–156. https://doi.org/10.1007/s0070​4-007-0369-2

Feddema, J. J., Oleson, K. W., Bonan, G. B., Mearns, L. O., Buja, L. E., 
Meehl, G. A., & Washington, W. M. (2005). The importance of land-
cover change in simulating future climates. Science, 310, 1674–
1678. https://doi.org/10.1126/scien​ce.1118160

Feldman, A. F., Gianotti, D. J. S., Trigo, I. F., Salvucci, G. D., & Entekhabi, 
D. (2022). Observed landscape responsiveness to climate forcing. 
Water Resources Research, 58, e2021WR030316.

Feldman, A. F., Konings, A. G., Piles, M., & Entekhabi, D. (2021). The 
multi-temporal dual channel algorithm (MT-DCA) (Version 5) [Data 
set]. Zenodo. https://doi.org/10.5281/zenodo.5579549

Feldman, A. F., Short Gianotti, D. J., Trigo, I. F., Salvucci, G. D., & 
Entekhabi, D. (2019). Satellite-based assessment of land surface 
energy partitioning–soil moisture relationships and effects of con-
founding variables. Water Resources Research, 55, 10657–10677. 
https://doi.org/10.1029/2019W​R025874

Forzieri, G., Alkama, R., Miralles, D. G., & Cescatti, A. (2018). Satellites 
reveal contrasting responses of regional climate to the wide-
spread greening of earth. Science, 360, 1180–1184. https://doi.
org/10.1126/scien​ce.aap9664

Forzieri, G., Miralles, D. G., Ciais, P., Alkama, R., Ryu, Y., Duveiller, G., 
Zhang, K., Robertson, E., Kautz, M., & Martens, B. (2020). Increased 
control of vegetation on global terrestrial energy fluxes. Nature 
Climate Change, 10, 41558.

Freitas, S. C., Trigo, I. F., Bioucas-Dias, J. M., & Göttsche, F. M. (2010). 
Quantifying the uncertainty of land surface temperature re-
trievals from SEVIRI/Meteosat. IEEE Transactions on Geoscience 
and Remote Sensing, 48, 523–534. https://doi.org/10.1109/
TGRS.2009.2027697

Fuller, D. O., & Ottke, C. (2002). Land cover, rainfall and land-surface 
albedo in West Africa. Climatic Change, 54, 181–204. https://doi.
org/10.1023/A:10157​30900622

Funk, C., Peterson, P., Landsfeld, M., Pedreros, D., Verdin, J., Shukla, 
S., Husak, G., Rowland, J., Harrison, L., Hoell, A., & Michaelsen, J. 
(2015). The climate hazards infrared precipitation with stations—A 
new environmental record for monitoring extremes. Science Data, 
2, 1–21. https://doi.org/10.1038/sdata.2015.66

García-Haro, F.J., & Camacho, F. (2014). Algorithm theoretical basis doc-
ument for vegetation parameters (VEGA). 401, 1–34.

Gelaro, R., McCarty, W., Suárez, M. J., Todling, R., Molod, A., Takacs, 
L., Randles, C. A., Darmenov, A., Bosilovich, M. G., Reichle, R., 
Wargan, K., Coy, L., Cullather, R., Draper, C., Akella, S., Buchard, 
V., Conaty, A., da Silva, A. M., Gu, W., … Zhao, B. (2017). The 
modern-era retrospective analysis for research and applications, 
version 2 (MERRA-2). Journal of Climate, 30, 5419–5454. https://
doi.org/10.1175/JCLI-D-16-0758.1

Göttsche, F. M., Olesen, F. S., Trigo, I. F., Bork-Unkelbach, A., & Martin, 
M. A. (2016). Long term validation of land surface temperature re-
trieved from MSG/SEVIRI with continuous in-situ measurements in 
Africa. Remote Sensing, 8, 1–27. https://doi.org/10.3390/rs805​0410

Green, J. K., Konings, A. G., Alemohammad, S. H., Berry, J., Entekhabi, D., 
Kolassa, J., Lee, J. E., & Gentine, P. (2017). Regionally strong feed-
backs between the atmosphere and terrestrial biosphere. Nature 
Geoscience, 10, 410–414. https://doi.org/10.1038/ngeo2957

Haverd, V., Ahlström, A., Smith, B., & Canadell, J. G. (2017). Carbon cycle 
responses of semi-arid ecosystems to positive asymmetry in rain-
fall. Global Change Biology, 23, 793–800. https://doi.org/10.1111/
gcb.13412

Holmes, T. R. H., Crow, W. T., Hain, C., Anderson, M. C., & Kustas, W. P. 
(2015). Diurnal temperature cycle as observed by thermal infrared 

 13652486, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16455, W

iley O
nline Library on [02/02/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1029/2011WR011357
https://doi.org/10.1038/s41558-021-01007-8
https://doi.org/10.5849/jof.15-999
https://doi.org/10.1038/NCLIMATE3250
https://doi.org/10.1016/S0034-4257(97)00104-1
https://doi.org/10.1016/S0034-4257(97)00104-1
https://doi.org/10.3390/rs11222630
https://doi.org/10.1126/science.187.4175.434
https://doi.org/10.1126/sciadv.abb1981
https://doi.org/10.1029/2007JD009132
https://doi.org/10.1029/2007JD009132
https://doi.org/10.1175/1520-0442(1999)012%3C2451:eocsmp%3E2.0.co;2
https://doi.org/10.1175/1520-0442(1999)012%3C2451:eocsmp%3E2.0.co;2
https://doi.org/10.1029/jc083ic04p01889
https://doi.org/10.1029/jc083ic04p01889
https://doi.org/10.1111/pce.12488
https://doi.org/10.5067/MODIS/MOD13C1.061
https://doi.org/10.5067/MODIS/MOD13C1.061
https://doi.org/10.1038/s41467-017-02810-8
https://doi.org/10.1029/WR021i010p01483
https://doi.org/10.1126/science.1177216
https://doi.org/10.1126/science.1177216
https://doi.org/10.1007/s00704-007-0369-2
https://doi.org/10.1126/science.1118160
https://doi.org/10.5281/zenodo.5579549
https://doi.org/10.1029/2019WR025874
https://doi.org/10.1126/science.aap9664
https://doi.org/10.1126/science.aap9664
https://doi.org/10.1109/TGRS.2009.2027697
https://doi.org/10.1109/TGRS.2009.2027697
https://doi.org/10.1023/A:1015730900622
https://doi.org/10.1023/A:1015730900622
https://doi.org/10.1038/sdata.2015.66
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.3390/rs8050410
https://doi.org/10.1038/ngeo2957
https://doi.org/10.1111/gcb.13412
https://doi.org/10.1111/gcb.13412


124  |    FELDMAN et al.

and microwave radiometers. Remote Sensing of Environment, 158, 
110–125. https://doi.org/10.1016/j.rse.2014.10.031

Huang, J., Yu, H., Guan, X., Wang, G., & Guo, R. (2016). Accelerated dry-
land expansion under climate change. Nature Climate Change, 6, 
166–171. https://doi.org/10.1038/nclim​ate2837

Jackson, R. B., Randerson, J. T., & Canadell, J. G. (2008). Protecting 
climate with forests. Environmental Research Letters, 3, 044006. 
https://doi.org/10.1088/1748-9326/3/4/044006

Jarvis, P. G. (1976). The interpretation of the variations in leaf water po-
tential and stomatal conductance found in canopies in the field. 
Philosophical Transactions of the Royal Society of London. B, Biological 
Sciences, 273, 593–610. https://doi.org/10.1098/rstb.1976.0035

Javadian, M., Smith, W. K., Lee, K., Knowles, J. F., Scott, R. L., Fisher, J. 
B., Moore, D. J. P., van Leeuwen, W. J. D., Barron-Gafford, G., & 
Behrangi, A. (2022). Canopy temperature is regulated by ecosys-
tem structural traits and captures the ecohydrologic dynamics of a 
semiarid mixed conifer forest site. Journal of Geophysical Research: 
Biogeosciences, 127, 1–15. https://doi.org/10.1029/2021J​G006617

Juang, J. Y., Katul, G., Siqueira, M., Stoy, P., & Novick, K. (2007). 
Separating the effects of albedo from eco-physiological changes on 
surface temperature along a successional chronosequence in the 
southeastern United States. Geophysical Research Letters, 34, 1–5. 
https://doi.org/10.1029/2007G​L031296

Katul, G. G., Oren, R., Manzoni, S., Higgins, C., & Parlange, M. B. (2012). 
Evapotranspiration: A process driving mass transport and energy 
exchange in the soil-plant-atmosphere-climate system. Reviews of 
Geophysics, 50, 1–25. https://doi.org/10.1029/2011R​G000366

Kim, S. (2013). Ancillary data report: Landcover classification. Jet Propulsion 
Laboratory California Institute of Technology JPL D-53057.

Lee, X., Goulden, M. L., Hollinger, D. Y., Barr, A., Black, T. A., Bohrer, G., 
Bracho, R., Drake, B., Goldstein, A., Gu, L., Katul, G., Kolb, T., Law, B. 
E., Margolis, H., Meyers, T., Monson, R., Munger, W., Oren, R., Paw, 
U. K. T., … Zhao, L. (2011). Observed increase in local cooling effect 
of deforestation at higher latitudes. Nature, 479, 384–387. https://
doi.org/10.1038/natur​e10588

Li, D., Bou-Zeid, E., & Oppenheimer, M. (2014). The effectiveness of 
cool and green roofs as urban heat island mitigation strategies. 
Environmental Research Letters, 9, 055002. https://doi.org/10.1088
/1748-9326/9/5/055002

Li, D., Pan, M., Cong, Z., Zhang, L., & Wood, E. (2013). Vegetation control 
on water and energy balance within the Budyko framework. Water 
Resources Research, 49, 969–976. https://doi.org/10.1002/wrcr.20107

Li, Y., Zhao, M., Motesharrei, S., Mu, Q., Kalnay, E., & Li, S. (2015). Local 
cooling and warming effects of forests based on satellite obser-
vations. Nature Communications, 6, 6603. https://doi.org/10.1038/
ncomm​s7603

Lian, X., Piao, S., Chen, A., Huntingford, C., Fu, B., Li, L. Z. X., Huang, J., 
Sheffield, J., Berg, A. M., Keenan, T. F., McVicar, T. R., Wada, Y., 
Wang, X., Wang, T., Yang, Y., & Roderick, M. L. (2021). Multifaceted 
characteristics of dryland aridity changes in a warming world. 
Nature Reviews Earth and Environment, 2, 232–250. https://doi.
org/10.1038/s4301​7-021-00144​-0

Luyssaert, S., Jammet, M., Stoy, P. C., Estel, S., Pongratz, J., Ceschia, E., 
Churkina, G., Don, A., Erb, K., Ferlicoq, M., Gielen, B., Grünwald, 
T., Houghton, R. A., Klumpp, K., Knohl, A., Kolb, T., Kuemmerle, T., 
Laurila, T., Lohila, A., … Dolman, A. J. (2014). Land management 
and land-cover change have impacts of similar magnitude on sur-
face temperature. Nature Climate Change, 4, 389–393. https://doi.
org/10.1038/nclim​ate2196

Madani, N., Kimball, J. S., Jones, L. A., Parazoo, N. C., & Guan, K. (2017). 
Global analysis of bioclimatic controls on ecosystem productivity 
using satellite observations of solar-induced chlorophyll fluores-
cence. Remote Sensing, 9, 1–16. https://doi.org/10.3390/rs906​0530

Mahmood, R., Pielke, R. A., Hubbard, K. G., Niyogi, D., Dirmeyer, P. A., 
Mcalpine, C., Carleton, A. M., Hale, R., Gameda, S., Beltrán-Przekurat, 
A., Baker, B., Mcnider, R., Legates, D. R., Shepherd, M., Du, J., Blanken, 

P. D., Frauenfeld, O. W., Nair, U. S., & Fall, S. (2014). Land cover changes 
and their biogeophysical effects on climate. International Journal of 
Climatology, 34, 929–953. https://doi.org/10.1002/joc.3736

Manzoni, S., Vico, G., Porporato, A., & Katul, G. (2013). Biological con-
straints on water transport in the soil-plant-atmosphere sys-
tem. Advances in Water Resources, 51, 292–304. https://doi.
org/10.1016/j.advwa​tres.2012.03.016

Margulis, S.A. (2017). Introduction to Hydrology, A. ed.
Medlyn, B. E., Duursma, R. A., Eamus, D., Ellsworth, D. S., Prentice, I. C., 

Barton, C. V. M., Crous, K. Y., De Angelis, P., Freeman, M., & Wingate, 
L. (2011). Reconciling the optimal and empirical approaches to 
modelling stomatal conductance. Global Change Biology, 17, 2134–
2144. https://doi.org/10.1111/j.1365-2486.2010.02375.x

Myneni, R., Knyazikhin, Y., & Park, T. (2021). MOD15A2H MODIS/Terra 
Leaf Area Index/FPAR 8-Day L4 Global 500m SIN Grid V006. 2015, 
distributed by NASA EOSDIS Land Processes DAAC. https://doi.
org/10.5067/MODIS/​MOD15​A2H.006. Accessed 2021-01-15.

Myneni, R. B., & Williams, D. L. (1994). On the relationship between 
FAPAR and NDVI. Remote Sensing of Environment, 49, 200–211. 
https://doi.org/10.1016/0034-4257(94)90016​-7

Nemani, R. R., Keeling, C. D., Hashimoto, H., Jolly, W. M., Piper, S. C., 
Tucker, C. J., Myneni, R. B., & Running, S. W. (2003). Climate-driven 
increases in global terrestrial net primary production from 1982 
to 1999. Science, 300, 1560–1563. https://doi.org/10.1126/scien​
ce.1082750

Novick, K. A., Ficklin, D. L., Stoy, P. C., Williams, C. A., Bohrer, G., Oishi, A. 
C., Papuga, S. A., Blanken, P. D., Noormets, A., Sulman, B. N., Scott, 
R. L., Wang, L., & Phillips, R. P. (2016). The increasing importance of 
atmospheric demand for ecosystem water and carbon fluxes. Nature 
Climate Change, 6, 1023–1027. https://doi.org/10.1038/nclim​ate3114

Noy-Meir, I. (1973). Desert ecosystems: Environment and producers. 
Annual Review of Ecology and Systematics, 4, 25–52.

Osborne, C. P., & Sack, L. (2012). Evolution of C4 plants: A new hypothesis 
for an interaction of CO2 and water relations mediated by plant hy-
draulics. Philosophical Transactions of the Royal Society B: Biological 
Sciences, 367, 583–600. https://doi.org/10.1098/rstb.2011.0261

Pang, G., Chen, D., Wang, X., & Lai, H. W. (2022). Spatiotemporal varia-
tions of land surface albedo and associated influencing factors on 
the Tibetan plateau. Science of the Total Environment, 804, 150100. 
https://doi.org/10.1016/j.scito​tenv.2021.150100

Panwar, A., & Kleidon, A. (2022). Evaluating the response of diurnal vari-
ations in surface and air temperature to evaporative conditions 
across vegetation types in FLUXNET and ERA5. Journal of Climate, 
1–67, 2701–2728. https://doi.org/10.1175/jcli-d-21-0345.1

Panwar, A., Kleidon, A., & Renner, M. (2019). Do surface and air tempera-
tures contain similar imprints of evaporative conditions? Geophysical 
Research Letters, 46, 3802–3809. https://doi.org/10.1029/2019G​
L082248

Panwar, A., Renner, M., & Kleidon, A. (2020). Imprints of evaporative 
conditions and vegetation type in diurnal temperature variations. 
Hydrology and Earth System Sciences, 24, 4923–4942. https://doi.
org/10.5194/hess-24-4923-2020

Peng, S., Piao, S., Zeng, Z., Ciais, P., Zhou, L., Li, L. Z. X., & Myneni, R. B. 
(2014). Afforestation in China cools local land surface temperature. 
Proceedings of the National Academy of Sciences of the United States of 
America, 111, 2915–2919. https://doi.org/10.1073/pnas.13151​26111

Peres, L. F., & DaCamara, C. C. (2005). Emissivity maps to retrieve 
land-surface temperature from MSG/SEVIRI. IEEE Transactions 
on Geoscience and Remote Sensing, 43, 1834–1844. https://doi.
org/10.1109/TGRS.2005.851172

Pitman, A. J., de Noblet-Ducoudré, N., Cruz, F. T., Davin, E. L., 
Bonan, G. B., Brovkin, V., Claussen, M., Delire, C., Ganzeveld, 
L., Gayler, V., van den Hurk, B. J. J. M., Lawrence, P. J., van 
der Molen, M. K., Müller, C., Reick, C. H., Seneviratne, S. I., 
Strengers, B. J., & Voldoire, A. (2009). Uncertainties in climate 
responses to past land cover change: First results from the LUCID 

 13652486, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16455, W

iley O
nline Library on [02/02/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1016/j.rse.2014.10.031
https://doi.org/10.1038/nclimate2837
https://doi.org/10.1088/1748-9326/3/4/044006
https://doi.org/10.1098/rstb.1976.0035
https://doi.org/10.1029/2021JG006617
https://doi.org/10.1029/2007GL031296
https://doi.org/10.1029/2011RG000366
https://doi.org/10.1038/nature10588
https://doi.org/10.1038/nature10588
https://doi.org/10.1088/1748-9326/9/5/055002
https://doi.org/10.1088/1748-9326/9/5/055002
https://doi.org/10.1002/wrcr.20107
https://doi.org/10.1038/ncomms7603
https://doi.org/10.1038/ncomms7603
https://doi.org/10.1038/s43017-021-00144-0
https://doi.org/10.1038/s43017-021-00144-0
https://doi.org/10.1038/nclimate2196
https://doi.org/10.1038/nclimate2196
https://doi.org/10.3390/rs9060530
https://doi.org/10.1002/joc.3736
https://doi.org/10.1016/j.advwatres.2012.03.016
https://doi.org/10.1016/j.advwatres.2012.03.016
https://doi.org/10.1111/j.1365-2486.2010.02375.x
https://doi.org/10.5067/MODIS/MOD15A2H.006
https://doi.org/10.5067/MODIS/MOD15A2H.006
https://doi.org/10.1016/0034-4257(94)90016-7
https://doi.org/10.1126/science.1082750
https://doi.org/10.1126/science.1082750
https://doi.org/10.1038/nclimate3114
https://doi.org/10.1098/rstb.2011.0261
https://doi.org/10.1016/j.scitotenv.2021.150100
https://doi.org/10.1175/jcli-d-21-0345.1
https://doi.org/10.1029/2019GL082248
https://doi.org/10.1029/2019GL082248
https://doi.org/10.5194/hess-24-4923-2020
https://doi.org/10.5194/hess-24-4923-2020
https://doi.org/10.1073/pnas.1315126111
https://doi.org/10.1109/TGRS.2005.851172
https://doi.org/10.1109/TGRS.2005.851172


    |  125FELDMAN et al.

intercomparison study. Geophysical Research Letters, 36, 1–6. 
https://doi.org/10.1029/2009G​L039076

Rigden, A. J., Mueller, N. D., Holbrook, N. M., Pillai, N., & Huybers, P. 
(2020). Combined influence of soil moisture and atmospheric evap-
orative demand is important for accurately predicting US maize 
yields. Nature Food, 1, 127–133. https://doi.org/10.1038/s4301​
6-020-0028-7

Rigden, A. J., & Li, D. (2017). Attribution of surface temperature anom-
alies induced by land use and land cover changes. Geophysical 
Research Letters, 44, 6814–6822. https://doi.org/10.1002/2017G​
L0738​11.

Rohatyn, S., Yakir, D., Rotenberg, E., & Carmel, Y. (2022). Limited climate 
change mitigation potential through forestation of the vast dryland 
regions. Science, 377, 1436–1439.

Rotenberg, E., & Yakir, D. (2010). Contribution of semi-arid forests to the 
climate system. Science, 327, 451–454.

Sellers, P. J., Heiser, M. D., & Hall, F. G. (1992). Relations between sur-
face conductance and spectral vegetation indices at intermediate 
(100 m2 to 15 km2) length scale. Journal of Geophysical Research, 97, 
19033–19059.

Seneviratne, S. I., Corti, T., Davin, E. L., Hirschi, M., Jaeger, E. B., Lehner, 
I., Orlowsky, B., & Teuling, A. J. (2010). Earth-science reviews in-
vestigating soil moisture—Climate interactions in a changing cli-
mate: A review. Earth-Science Reviews, 99, 125–161. https://doi.
org/10.1016/j.earsc​irev.2010.02.004

Shen, M., Piao, S., Jeong, S., Zhou, L., Zeng, Z., Ciais, P., & Chen, D. (2015). 
Evaporative cooling over the Tibetan plateau induced by vegeta-
tion growth. Proceedings of the National Academy of Sciences of the 
United States of America, 112, 9299–9304. https://doi.org/10.1073/
pnas.15044​18112

Short Gianotti, D. J., Rigden, A. J., Salvucci, G. D., & Entekhabi, D. (2019). 
Satellite and station observations demonstrate water availability's 
effect on continental-scale evaporative and photosynthetic land 
surface dynamics. Water Resources Research, 55, 540–554. https://
doi.org/10.1029/2018W​R023726

Silvério, D. V., Brando, P. M., Macedo, M. N., Beck, P. S., Bustamante, 
M., & Coe, M. T. (2015). Agricultural expansion dominates climate 
changes in southeastern Amazonia: The overlooked non-GHG forc-
ing. Environmental Research Letters, 10, 104015.

Sperry, J. S., Wang, Y., Wolfe, B. T., Mackay, D. S., Anderegg, W. R. L., 
McDowell, N. G., & Pockman, W. T. (2016). Pragmatic hydraulic the-
ory predicts stomatal responses to climatic water deficits. The New 
Phytologist, 212, 577–589. https://doi.org/10.1111/nph.14059

Still, C. J., Berry, J. A., Collatz, G. J., & DeFries, R. S. (2003). Global distribution of 
C3 and C4 vegetation: Carbon cycle implications. Global Biogeochemical 
Cycles, 17, 6-1–6-14. https://doi.org/10.1029/2001g​b001807

Tang, B., Zhao, X., & Zhao, W. (2018). Local effects of forests on tem-
peratures across Europe. Remote Sensing, 10, 1–24. https://doi.
org/10.3390/rs100​40529

Taylor, C. M., De Jeu, R. A. M., Harris, P. P., Dorigo, W. A., & Africa, W. 
(2012). Afternoon rain more likely over drier soils. Nature, 489, 
423–426. https://doi.org/10.1038/natur​e11377

Teixeira, J. (2013). AIRS/Aqua L3 Daily Standard Physical Retrieval (AIRS-
only) 1 degree × 1 degree V006. Goddard Earth Sciences Data and 
Information Services Center (GES DISC). Access: 04.25.20. https://
doi.org/10.5067/Aqua/A

Trigo, I. F., DaCamara, C. C., Viterbo, P., Roujean, J.-L., Olesen, F., Barroso, 
C., Coca, F. C., Carrer, D., Freitas, S. C., García-Haro, J., Geiger, 

B., Gellens-Meulenberghs, F., Ghilain, N., Meliá, J., Pessanha, L., 
Siljamo, N., & Arboleda, A. (2011). The satellite application facility 
on land surface analysis. International Journal of Remote Sensing, 32, 
2725–2744. https://doi.org/10.1080/01431​16100​3743199

Trigo, I. F., Ermida, S. L., Martins, J. P. A., Gouveia, C. M., Gottsche, F.-M., 
& Frietas, S. C. (2021). Validation and consistency of land surface 
temperature from geostationary and polar orbit platforms: SEVIRI/
MSG and AVHRR/Metop. ISPRS Journal of Photogrammetry and 
Remote Sensing, 175, 282–297.

Tuttle, S. E., & Salvucci, G. D. (2017). Confounding factors in determin-
ing causal soil moisture-precipitation feedback. Water Resources 
Research, 53, 5531–5544. https://doi.org/10.1002/2016W​
R019869

Vargas Zeppetello, L. R., Luke's, L. A., Spector, J. T., Naylor, R. L., Battisti, 
D. S., Masuda, Y. J., & Wolff, N. H. (2020). Large scale tropical defor-
estation drives extreme warming. Environmental Research Letters, 
15, 084012. https://doi.org/10.1088/1748-9326/ab96d2

Wan, Z., Hook, S., & Hulley, G. (2015). MYD11C2 MODIS/Aqua Land sur-
face temperature/emissivity 8-day L3 Global 0.05 Deg CMG V006. 
2015, distributed by NASA EOSDIS Land Processes DAAC. https://
doi.org/10.5067/MODIS/​MYD11​C2.006.

Winkler, A. J., Myneni, R. B., Hannart, A., Sitch, S., Haverd, V., 
Lombardozzi, D., Arora, V. K., Pongratz, J., Nabel, J. E. M. S., Goll, D. 
S., Kato, E., Tian, H., Arneth, A., Friedlingstein, P., Jain, A. K., Zaehle, 
S., & Brovkin, V. (2021). Slowdown of the greening trend in natural 
vegetation with further rise in atmospheric CO2. Biogeosciences, 18, 
4985–5010. https://doi.org/10.5194/bg-18-4985-2021

Zeng, Z., Piao, S., Li, L. Z. X., Ciais, P., Li, Y., Cai, X., Yang, L., Liu, M., & 
Wood, E. F. (2018). Global terrestrial stilling: Does Earth's greening 
play a role? Environmental Research Letters, 13, 124013. https://doi.
org/10.1088/1748-9326/aaea84

Zeng, Z., Piao, S., Li, L. Z. X., Zhou, L., Ciais, P., Wang, T., Li, Y., Lian, 
X., Wood, E. F., Friedlingstein, P., Mao, J., Estes, L. D., Myneni, R. 
B., Peng, S., Shi, X., Seneviratne, S. I., & Wang, Y. (2017). Climate 
mitigation from vegetation biophysical feedbacks during the past 
three decades. Nature Climate Change, 7, 432–436. https://doi.
org/10.1038/nclim​ate3299

Zhu, Z., Piao, S., Myneni, R. B., Huang, M., Zeng, Z., Canadell, J. G., Ciais, 
P., Sitch, S., Friedlingstein, P., Arneth, A., Cao, C., Cheng, L., Kato, E., 
Koven, C., Li, Y., Lian, X., Liu, Y., Liu, R., Mao, J., … Zeng, N. (2016). 
Greening of the Earth and its drivers. Nature Climate Change, 6, 
791–795. https://doi.org/10.1038/nclim​ate3004

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Feldman, A. F., Short Gianotti, D. J., 
Dong, J., Trigo, I. F., Salvucci, G. D., & Entekhabi, D. (2023). 
Tropical surface temperature response to vegetation cover 
changes and the role of drylands. Global Change Biology, 29, 
110–125. https://doi.org/10.1111/gcb.16455

 13652486, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16455, W

iley O
nline Library on [02/02/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1029/2009GL039076
https://doi.org/10.1038/s43016-020-0028-7
https://doi.org/10.1038/s43016-020-0028-7
https://doi.org/10.1002/2017GL073811.Received
https://doi.org/10.1002/2017GL073811.Received
https://doi.org/10.1016/j.earscirev.2010.02.004
https://doi.org/10.1016/j.earscirev.2010.02.004
https://doi.org/10.1073/pnas.1504418112
https://doi.org/10.1073/pnas.1504418112
https://doi.org/10.1029/2018WR023726
https://doi.org/10.1029/2018WR023726
https://doi.org/10.1111/nph.14059
https://doi.org/10.1029/2001gb001807
https://doi.org/10.3390/rs10040529
https://doi.org/10.3390/rs10040529
https://doi.org/10.1038/nature11377
https://doi.org/10.5067/Aqua/A
https://doi.org/10.5067/Aqua/A
https://doi.org/10.1080/01431161003743199
https://doi.org/10.1002/2016WR019869
https://doi.org/10.1002/2016WR019869
https://doi.org/10.1088/1748-9326/ab96d2
https://doi.org/10.5067/MODIS/MYD11C2.006
https://doi.org/10.5067/MODIS/MYD11C2.006
https://doi.org/10.5194/bg-18-4985-2021
https://doi.org/10.1088/1748-9326/aaea84
https://doi.org/10.1088/1748-9326/aaea84
https://doi.org/10.1038/nclimate3299
https://doi.org/10.1038/nclimate3299
https://doi.org/10.1038/nclimate3004
https://doi.org/10.1111/gcb.16455

	Tropical surface temperature response to vegetation cover changes and the role of drylands
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Workflow summary
	2.2|Datasets
	2.3|Assessment I: African vegetation-­temperature interactions
	2.3.1|Assessment I statistical analysis
	2.3.2|Assessment I robustness tests

	2.4|Assessment II: Mechanisms driving African vegetation-­temperature interactions
	2.5|Assessment III: Tropical vegetation-­temperature interactions

	3|RESULTS
	3.1|Assessment I: Relationship between FVC and d(LST)/dt
	3.2|Assessment II: Drivers of vegetation effects on the surface energy balance
	3.2.1|Vegetation interaction with aridity
	3.2.2|Energy dissipation efficiency
	3.2.3|Surface albedo effect

	3.3|Assessment III: Vegetation cover's feedbacks on land surface temperature across the tropics

	4|DISCUSSION
	4.1|Question a: Does more vegetation cover net cool the surface across the tropics, especially in drylands?
	4.1.1|Confounding effects of choice of timescale and vegetation index

	4.2|Question b: Which surface energy balance mechanisms are responsible for the observed spatial pattern of vegetal effects on surface temperature in the tropics?
	4.3|Question c: To what degree does tropical dryland vegetation net warm or cool the land surface compared to the remainder of the vegetated tropics?

	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


