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• Forest absorbed more radiation compared
the desert background.

• The riparian forest was cooler in the sum-
mer and slightly warmer in winter.

• Biophysical factors contributing to surface
temperature differences were evaluated.

• Surface temperature differences were
mainly driven by surface albedo, incom-
ing longwave radiation and evapotranspi-
ration.

• A shallower, cooler and wetter boundary
layer developed over forest in summer.
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Forests influence climate through both the biochemical and biophysical processes, and the impacts of the latter on
local climate may be much larger than the former. However, the biophysical effects of afforestation in arid regions
have received little attention compared with afforestation in the tropic, temperate and boreal zones. In this study,
we combined in situ eddy covariance flux measurements from a neighboring pairs of forested and background desert
sites with the decomposed temperature metric (DTM) method to characterize the impacts of arid forests on surface
temperature (Ts). A clear-sky, one-dimensional planetary boundary layer (PBL)modelwas used to estimate the impacts
of afforestation on state of regional climate. We showed that despite absorbing more net radiation (35.4 W m−2) the
riparian forests tended to cool Ts (−1.28 °C) on annual basis, but with a significant seasonality. Specifically, afforesta-
tionmay lead to a net cooling effect fromMarch to September and a slightly warming effect in other months. The DTM
method revealed that evapotranspiration played a dominant role in cooling surface temperature, while surface albedo (α)
and incoming longwave radiation (L↓) acted together to increase forest surface temperature. From June to September, a
shallower, cooler and wetter boundary layer was developed over the forest due to high plant transpiration. In other
months, the PBL was slightly deeper and warmer over the forest than that over the desert. Therefore, the riparian forests
were important in moderating warming trends in arid regions.
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1. Introduction

Forests play a critical role in the Earth's climate system by sequestering
C (biogeochemical effect) (Heimann and Reichstein, 2008; Alkama and
Cescatti, 2016), and modulating the land-atmosphere exchange of energy
and water vapor (biophysical effects) (Bonan, 2008; Burakowski et al.,
2018). Compared with the biogeochemical effects, the biophysical effects
are much more complicated and depend on regional climate conditions
(Peng et al., 2014; Li et al., 2015; Wang et al., 2018). Additionally, the bio-
physical effects of forests on local climate can bemuch larger than the small
global cooling effect resulting from forest C sequestration (Bala et al., 2007;
Anderson et al., 2011). Therefore, an improved understanding of the
impacts of biophysical processes on climate is necessary to guide policy
decisions that support global climate mitigation, climate negotiations,
local adaptation and biodiversity conservation (Anderson et al., 2011;
Alkama and Cescatti, 2016; Lawrence et al., 2022).

To date, great efforts have been made in assessing the impacts of bio-
physical processes on climate. However, there still are some insufficiencies
and uncertainties in estimated climate sensitivities to the ongoing forest
changes (Alkama and Cescatti, 2016). First, themajority of previous studies
on biosphere-atmosphere interactionsmainly focused on forests in the trop-
ical, temperate, and boreal regions (Lean andWarrilow, 1989; Bonan et al.,
1992; Bonan, 2008; Betts, 2000; Lee et al., 2011; Peng et al., 2014; Wang
et al., 2018). The biophysical impacts of forest in arid regions are currently
ignored by the scientific community (Alkama and Cescatti, 2016). Due to
their large size (~17.7% of land surface occupied by arid/semi-arid forest)
and high surface shortwave radiation conditions (Lal, 2004; Rotenberg and
Yakir, 2010), obtaining direct observations of surface temperature changes
associated with afforestation from these regions is principally important.
Second, because of the high spatial heterogeneity of biophysical processes,
the contribution of different biophysical factors (i.e., albedo, surface rough-
ness and evapotranspiration) to climate signal (warming or cooling) varied
Fig. 1. (a) Locations; (b) and (c) pictures of th
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with latitude, precipitation, water availability, species composition, and
other characteristics (Rotenberg and Yakir, 2010; Lee et al., 2011; Peng
et al., 2014; Zhang et al., 2014; Wang et al., 2018). For example, the drastic
decrease in surface albedo causes boreal forests warm climate (Bonan et al.,
1992; Betts, 2000), and high evapotranspiration rate makes tropic forests
decrease surface temperature (Lean and Warrilow, 1989; Findell et al.,
2006; Lawrence and Vandecar, 2015; Li et al., 2022). In other regions
(especially for the arid areas), it is still not clear which of the biophysical
factors contributes the most to changes in surface temperature (Rotenberg
and Yakir, 2010; Lee et al., 2011; Peng et al., 2014; Zhang et al., 2014;
Wang et al., 2018). Thus, there is a need to diagnose the effects of each
individual biophysical factor on climate in these regions. Finally, despite
surface temperature being important for all living organisms within (De
Frenne et al., 2013), it fails to capture the effects of afforestation on local
to regional climate (Luyssaert et al., 2014), and assessing the impacts of
biophysical processes on the state of the low atmosphere is required.

Based on in situ observations made in a riparian forest and an adjacent
desert site and a clear-sky, one-dimension planetary boundary layer (PBL)
model, we investigated the biophysical effects of afforestation on climate
in arid Northwest China. We aimed to: (1) investigate the impacts of affor-
estation on surface temperature in arid regions; (2) to quantify the contribu-
tions of individual biophysical factors to surface temperature changes
associated with afforestation; and (3) estimate potential effects of vegeta-
tion cover changes on the states of the low atmosphere.

2. Materials and methods

2.1. Site Characteristics

The study site is located in the Ejina basin (40.17o-42.67oN, 99.5o-101.67o

E; elevations ranging from 890 to 1127 m above sea level), Inner Mongolia
Autonomous Region, China (Fig. 1). It is confined by the Badain Jaran
e desert site and forest site, respectively.
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Desert to the east and by mountains to both the west and north, which covers
3×104 km2with an oasis area 0.15×104 km2 (Su et al., 2007). Being in the
hinterland of Asian continent, the region is one of the most arid areas in the
world and has an obvious characteristic of a continental climate. Themean an-
nual precipitation is 42 mm, with the majority of rainfall (about 60–70 %)
occurring between July to September (Su et al., 2022a, 2022b). The pan evap-
oration is as high as 2241 mm according to data collected for the period
1957–2016 from the Ejina Meteorological station (Si et al., 2015). The mean
annual temperature is 8.9 °C, with a mean January temperature of−11.5 °C
and amean July temperature of 27.0 °C. Due to sparse precipitation, no peren-
nial runoff originates from the area. The Heihe River, originating from the
Qilian mountains of Qinghai provinces, is the only surface runoff in this
area. Itflows from south to north andfinally reaches the terminal lakes. Native
riparian forests widely distributed near the river banks and lake shore.

To evaluate the biophysical effects of afforestation on climate, we estab-
lished two eddy covariance flux sites at the Sidaoqiao P. euphratica Forest
National Natural Refuge (101.14° E, 42.00° N; 874 m elevation) and at the
Gobi desert (100.99°E, 42.11°N, 1054 m elevation). This field observation
was a part of the Heihe Watershed Allied Telemetry Experiment Research
(HiWATER) project (Li et al., 2013). All sites, the instruments and the exper-
imental procedures have been described in previous studies (Liu et al., 2016;
Xu et al., 2017, 2020). We will only give a brief outline here.

The desert site is a nearly flat, open land surface that is covered with
coarse-grain sand and small pebbles with withered sparse scrub grasses
and herbs (Fig. 1b). Its communities are drought-tolerant species, such as
severely degraded Reaumuria soongorica, Salsola passerina, and Sympegma
regelii. The groundwater depth is>4 m, and plants mainly depend on atmo-
spheric precipitation and condensation water for survival (Wang et al.,
2002). The community in the forest site is composed of Populus euphratica
Oliv. (P. euphratica) and Tamarix ramosissima Ledeb. (T. ramosissima)
(Fig. 1c). The P. euphratica is the dominant plant species with a density of
320 stems ha−1. The tree height and canopy coverage is 10.1 ± 1.7 m
and 52 %, respectively. According to the soil texture classification standard
of US Department of Agriculture (USDA), the soil texture profiles were silt
loam with a clay interlayer (Wang et al., 2022). The mean groundwater
depth was 1.9 m, and the growth and development of these species mainly
depend on groundwater (Su et al., 2022a, 2022b).

2.2. Eddy covariance measurements and processing

Weused the eddy covariance (EC)method tomeasure continuousfluxes
of CO2, latent heat and sensible heat at the two sites (Li et al., 2013; Xu
et al., 2020). The turbulent fluxes were measured at the heights of 28 m
and 4.7 m above the surface at the forest and desert sites, respectively.
Fluxes were measured at a frequency of 10 Hz, using an open-path infrared
gas analyzer (Li-7500, LiCor Inc., Lincoln, NE, USA) and a 3-D sonic ane-
mometer (CSAT-3, Campbell Scientific Inc., Logan, UT, USA). The Edire
software was used to process the raw EC data (http://www.geos.ed.ac.
uk/abs/research/micromet/EdiRe/), which included spike detection,
time lag correction, converting sonic temperature into actual temperature,
Table 1
Detailed station information for the EC and hydro-meteorological variable observations

Variable Forest site

Sensors

Sensible, latent heat and carbon dioxide flux (EC) CSAT3 & Li7500A, Campbel
& Li-Cor, USA

Wind speed/direction Windsonic, Gill, UK
Air temperature/humidity HMP45D, Vaisala, Finland
Four-component radiation (incoming/outgoing shortwave and
longwave radiation, net radiation)

CNR4, Kipp & Zonen,
Netherland

Soil heat flux HFP01, Hukseflux, Netherlan
Soil temperature/moisture profile AV-10 T, Avalon, USA

/ECH2O-5, Decagon, USA
Rainfall 52,203, RM Young, USA
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coordinate rotation, the WPL (Webb-Pearman-Leuning) density fluctuation
correction and frequency response correction (Xu et al., 2017). Energy bal-
ance closure serves as a metric to evaluate flux measurements when using
the EC method over terrestrial ecosystems (Foken, 2008). About 10 %
energy imbalance was found in our EC data (Xu et al., 2017), and the
Bowen ratio correction method was used to reduce the imbalance (Foken,
2008). Continuous complementary measurements also included standard
hydro-meteorological variables, such as rainfall, air temperature, relative
humidity, downward and upward shortwave and longwave radiation, soil
temperature and moisture, and soil heat fluxes. Detailed information
about the instruments used in this study is listed in Table 1, and these in
situ observations were all averaged to 30 min intervals.

The surface temperature (Ts; K) over the forest and desert sites was
calculated from the upward longwave radiation flux (L↑; W m−2) and
corrected for the surface reflection of downward longwave radiation flux
(L↓; W m−2) (Wang et al., 2018):

Ts ¼ L↑− 1−εð ÞL↓
εσ

� �1
4

ð1Þ

where ε is surface emissivity (assumed to be 0.98 here); and σ is the
Stephan-Boltzmann constant (5.67 × 10−8 W m−2 K−4). The surface
albedo (α), a key component of the surface energy balance, is calculated
as (Betts, 2001):

α ¼ K↓
K↑

ð2Þ

where K↓ is incoming shortwave radiation flux incident on the surface
(W m−2), K↑ is the reflected shortwave radiation (W m−2). The net surface
shortwave radiation is then given by S = (1-α) K↓. To get some improve-
ment in representivity, we generated daily mean values by averaging the
30-min in situ data. Daily average values of albedo (α) and surface tempera-
ture (Ts) were calculated from the daily average downward and upward
shortwave and longwave radiation for each site. Then, monthly ensemble-
averaged α and Ts were obtained from these daily values.

2.3. Decomposition of surface temperature changes

We apply the decomposed temperature metric (DTM) method to isolate
the contributions to changes in surface temperature from individual bio-
physical factors of vegetation cover change (Juang et al., 2007; Luyssaert
et al., 2014). The DTM method is based on surface energy balance:

Rn ¼ Sþ L↓−εσT4
s ¼ H þ λE þ Gþ I ð3Þ

where Rn is net radiation (W m−2); S is net surface shortwave radiation
(W m−2); H is sensible heat flux (W m−2); λE is latent heat flux
(W m−2); G is ground heat flux (W m−2); and I is a residual imbalance
used in this study.

Desert site

Height & depth (m) Sensors Height & depth (m)

l 28 CSAT3 & Li7500A, Campbell
& Li-Cor, USA

4.7

28 Windsonic, Gill, UK 5
28 HMP45AC, Vaisala, Finland 5
24 CNR1, Kipp & Zonen,

Netherland
6

d 0.06 HFT3, Campbell, USA 0.06
0, 0.02, 0.04, 0.1, 0.2, 0.4,
0.6, 1, 1.6, 2, 2.4

AV-10 T, Avalon, USA
/ECH2O-5, Decagon, USA

0, 0.02, 0.04, 0.1,
0.2, 0.4, 0.6, 1

25 TE525MM, Campbell, USA 5

http://www.geos.ed.ac.uk/abs/research/micromet/EdiRe/
http://www.geos.ed.ac.uk/abs/research/micromet/EdiRe/
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flux (Wm−2). Ignoringminor changes in ε, surface temperature changeΔTs
can be derived by the first derivative of Eq. (1):

ΔTs ¼ 1
4εσT3

s
ΔSþ ΔL↓−ΔH−ΔλE−ΔG−ΔI½ �
I II III IV V VI

ð4Þ

where Δ denotes the difference in a variable between the two sites (forest
minus desert, so that positive values indicate warmer temperatures or
more heat flux at the forest site). From Eq. (4), we can attribute the surface
temperature changes ΔTs due to biophysical changes in an albedo and
incoming shortwave radiation component (term I), incoming longwave
radiative forcing component (term II), sensible heat flux (term III), latent
heat flux (term IV); ground heat flux (term V) and residual flux component
(term VI), respectively. A detailed derivation of Eq. (4) was given in
Supporting Information A1.

2.4. Boundary layer growth model

We further extended the analysis toward the PBL to investigate the cli-
mate impacts of vegetation cover change. The observed surface sensible
and latent heat fluxes were coupled to a one-dimensional, clear-sky PBL
model (McNaughton and Spriggs, 1986; Lhomme et al., 1998). Represent-
ing the convective boundary layer as a well-mixed slab of air of thickness
h with constant profiles of potential temperature (θ) and specific humidity
(q), the equation for heat and water balance are:

ρCph
dθ
dt

¼ H þ ρCp θe−θð Þ dh
dt

ð5Þ

ρh dq
dt

¼ E þ ρ qe−qð Þ dh
dt

ð6Þ

where ρ is the air density (kg m−3); Cp is the specific heat capacity (J kg−1

K−1); E is the evaporationflux at the surface (kgm−2 s−1); and θe (K) and qe
(kg kg−1) are the potential temperature and the specific humidity in the
overlying undisturbed atmosphere, respectively. The rate of growth of the
PBL is parameterized as (McNaughton and Spriggs, 1986):

dh
dt

¼ H
ρCpγθh

ð7Þ

where h is the current height of the boundary layer (m); and γθ is the gradi-
ent of the potential temperature just above the inversion base (Km−1). The
vertical profiles of potential temperature (θe) and specific humidity (qe) in
the overlying undisturbed atmosphere are assumed to be linear (Lhomme
et al., 1998):

θe ¼ γθz þ θe;0 ¼ 4:78� 10−3z þ 293:6 ð8Þ

qe ¼ γqz þ qe;0 ¼ −2:85� 10−6z þ 0:01166 ð9Þ

where γq is the gradient of the specific humidity just above the PBL
(kg kg−1 m−1); z is the height above the ground (m); and θe,0 and qe,0 are
the potential temperature and the specific humidity above the PBL
extrapolated at z=0. Eqs. (5), (6), and (7) have three dependent variables
[θ(t), q(t), h(t)] forming a set of three coupled first order differential equa-
tions, which are solved using the Runge-Kutta numerical method. The PBL
model is initialized at sunrise (defined as first time step with positive net
radiation) imposingfixed values of ρ, Cp, γθ, γq, θe,0 and qe,0, as well as initial
PBL height h0 = 10 m.

3. Results

3.1. Radiation balance and energy fluxes

The arid riparian forest showed large effects on the surface radiation
balance (Fig. 2). The incoming shortwave radiation (K↓) above the forest
4

was similar to that above the background desert during the whole year
period (Fig. 2a), but the albedo (α) of the forest was lower than that of
the desert (i.e., Δα ranging from −0.05 to −0.15 with a mean of −0.08;
Fig. 2b). The change of albedo due to forestation resulted in an increase
in net surface shortwave radiation (S) above the forest (i.e., ΔS ranging
from 7.27 to 18.3 W m−2 with a mean of 13.8 W m−2; Fig. 2a). Longwave
radiation is important for the arid ecosystems. We found that the incoming
longwave radiation (L↓) over the forest were higher than that over the de-
sert (ΔL↓ ranging from 10.9 to 17.0 W m−2 with a mean of 13.9 W m−2;
Fig. 2a), indicating that there are some discrepancies in the atmospheric
background over the two sites. The upwelling longwave radiation (L↑)
was nearly identical over the two sites fromOctober toMarch, but a notable
suppression of the upwelling longwave radiation was observed in the forest
site from April to September (i.e., ΔL↑ ranging from −22.8 to −12.1 W
m−2) (Fig. 2a). Triggered by a combination of lower albedo, higher incom-
ing longwave radiation and lower upwelling radiation, the net radiation
(Rn) over the forest were considerably higher than that over the desert
(i.e., ΔRn ranging from 21.8 to 49.7 W m−2 with a mean of 35.4 W m−2;
Fig. 2a).

The partitioning of Rn into its different components (i.e., H, λE and G)
differed significantly over the two sites (Fig. 2c). Due to the high plant tran-
spiration potential from June to September, Rnwas mostly consumed as λE
at the forest sited during this period (i.e., with a mean ratio of λE to Rn

being 0.93). On the contrary, H was the dominant turbulent flux through-
out the year in the desert site (i.e., with a mean ratio of H to Rn being
0.79). Overall, the majority of Rn was consumed as H and λE at the two
sites, and the contributions of G was small (<10 %; Fig. 2c).
3.2. Surface temperature and the biophysical effects

Fig. 3 showed the monthly variations of measured surface temperature
(Ts) estimated from L↑ at the two sites. The comparison suggested that the
forest had a slightly warming effect (~ 0.5 °C) from November to February
(hereafter named as warming-effect period), but exhibited a cooling role
(i.e., ΔTs ranging from −3.62 to −0.61 °C) from March to October
(cooling-effect period). Overall, the annual mean Ts of the forest canopy is
about 1.28 °C lower than that of the background desert.

We further used the DTM method to disentangle the contributions of
different biophysical factors to surface climate. The calculated daily mean
ΔTs by the DTM method showed an excellent agreement with the observa-
tions (i.e., inserted plots in Fig. 4a and b for the cooling-effect andwarming-
effect periods, respectively), indicating that the DTMmethod is suitable for
the ΔTs partitioning calculations. It revealed that the latent heat flux
component (term IV) played a dominant role in reducing the forest surface
temperature (−14.5±9.2 °C contribution toΔTs) during the cooling-effect
period, while the sensible heat flux component (term III) together with the
net surface shortwave radiation component (term I) and the incoming
longwave radiation component (term II) tended to warm the surface tem-
perature at the forest site (5.35 ± 7.37 °C, 2.55 ± 0.87 °C and 2.38 ±
1.90 °C for terms III, II and I, respectively; Fig. 4a). During the warming-
effect period, the net surface shortwave radiation component (term I) and
the incoming longwave radiation component (term II) were the main
causes of rising the forest surface temperature (3.84 ± 1.55 °C and
3.04 ± 0.68 °C for terms I and II, respectively), while the latent heat flux
component (term IV) and the sensible heat flux component (term III)
acted to decrease the forest surface temperature (−1.03 ± 0.65 °C
and − 0.68 ± 1.59 °C for terms IV and III, respectively; Fig. 4b). As
expected, the ground heat flux component (term VI) generally remained
smaller than other components in influencing ΔTs during both periods
(−0.71 ± 0.74 °C and 0.52 ± 0.49 °C for the cooling-effect and
warming-effect periods, respectively). Noticeably, the contribution of the
residual flux component (term VI) to ΔTs was relatively large during the
warming-effect period. This was mainly caused by the fact that the radia-
tion and energy fluxes were relatively low during this period and thus the
measurement errors may have significant effects on the final estimates.



Fig. 2.Annual patterns in (a) radiation fluxes, (b) albedo, and (c) energyflux at the forest and desert site. Thesemonthlymeanswere calculated based in 0.5-hour values from
eddy covariance and hydro-meteorological measurements.
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3.3. Effects of vegetation cover change on PBL

To capture the effects of vegetation cover change on the climate system,
we applied our measurements to the 1-D PBL model. Fig. 5 showed the
diurnal variation of the idealized boundary layer variables (i.e., h, θ and
q) over the two sites on a typical summer (1st August) and winter (1st
November) day. On 1st August the sensible heat fluxes were low over the
forest, thereby creating a PBL about 840 m shallower compared to that
over the desert (Fig. 5a). Also, it was clear that the PBL over the forest
was cooler (−1.38 K; Fig. 5b) and wetter (2.4 g kg−1; Fig. 5c) than that
5

over the desert. On 1st November the PBL over the forest was slightly
deeper (212 m; Fig. 5e) and warmer (0.6 K; Fig. 5f) than that over the
desert, but the dynamics of specific humidity were similar due to low latent
heat fluxes over the two sites (Fig. 5g and h).

Fig. 6 showed the monthly variation of the boundary layer variables at
the two sites. Due to the low sensible heat fluxes over the forest from June
to September, the PBL over the forest was lower (Δh ranging from−621 m
to−291m; Fig. 6a), cooler (Δθ ranging from−0.33 K to−0.97 K; Fig. 6b)
and wetter (Δq ranging from 1.10 g kg−1 to 1.98 g kg−1; Fig. 6c) than that
over the desert during this period. In contrast, the PBL over the forest was



Fig. 3. (a) Annual patterns in surface temperature (Ts;
oC) at the two sited. The numbers in brown represent the desert, and in green being forest; (b) the temperature

difference between the two sites (ΔTs; oC) with positive (negative) values indicating warmer (cooler) temperatures at the forest site compared to the background desert.
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slightly deeper (Δh ranging from 134 m to 246 m; Fig. 6a) and warmer
(Δθ ranging from 0.29 K to 0.58 K; Fig. 6b) than that over the desert, but
the specific humidity was similar over the two site (Fig. 6c).

4. Discussion

4.1. Biophysical differences between sites

In analyzing the biophysical effects of afforest on climate, some
researchers have assumed that the atmospheric background (i.e., the
incoming shortwave/longwave radiations and air temperature) are similar
at the paired sites (i.e., Lee et al., 2011; Peng et al., 2014). Hence, surface
albedo (α) determines the amount of absorbed surface shortwave radiation,
and is cited as the most influential factor in warming temperature (Betts,
2001; Davin and De Noblet-Ducoudre, 2010). However, we observed that
the incoming longwave radiation (L↓) over the forest site was considerably
higher than that over the nearby desert (Fig. 2a), and ΔTs caused by
increased L↓ were comparable to that due to changes in α (Fig. 4a and b).
A similar phenomenon has been reported in previous studies (Broucke
et al., 2015; Wang et al., 2018). What is the reason that L↓ is higher over
the forest site? The possible explanation is that water vapor in the PBL
over the forest is higher than that over the desert background, as water
vapor is the most important greenhouse gas and can limit the escape
of longwave radiation through the atmosphere (Christy et al., 2006).
Despite the absence of direct atmospheric humidity profile measurements,
the 1-DPBLmodel showed that the PBL over the forestwas generallywetter
6

than that over the desert (+0.65 g kg−1 on annual basis; Fig. 6c). Thus, the
PBL feedback alters the surface energy balance and further influences the
surface temperature.

In addition to the effects of α and L↓ on ΔTs, energy partitioning has
significant impacts on surface temperature and the development of the
PBL (Davin and De Noblet-Ducoudre, 2010; Alexander, 2011). The
partitioning of energy into its different components (i.e., H and λE) is
mainly determined by land surface properties and water availability
(Hemes et al., 2018). At the forest site, the groundwater table is shallow,
and can be accessed by the roots of riparian plants (Su et al., 2022a,
2022b). On the other hand, soil moisture is strongly constrained at the
desert due to sparse precipitation. Thus, the seasonal patterns in energy
partitioning were different over the two sites (Fig. 2c). During the
cooling-effect period, high λE over the forest (corresponding to a negative
term IV) acted to cool surface, while low H (corresponding to a positive
term III) caused a reduction in convective uplift and resulted in a warm
temperature compared to the desert (Fig. 4a). During the warm-effect
period, both λE and H over the forest were slightly higher (corresponding
to negative terms IV and V) than that over the desert (Fig. 2c), and they
(evaporative and convective surface cooling) acted together to reduce the
forest surface temperature (Fig. 3b). Ideally, the residual flux component
(term VI) should approach to zero, but this is almost never the case for
observational data due to the energy imbalance problem with eddy covari-
ance fluxes (Hemes et al., 2018). We used the Bowen ratio method to
correct the measured sensible and latent heat fluxes (Foken, 2008), and
recalculated the contributions of different biophysical factors to surface



Fig. 4. Partition of the biophysical effect for the (a) cooling-effect period, and (b)warming-effect period using the DTMmethod. Error bars are given as 1 SE. The inset plots in
(a) and (b) showed the relationships between observed and calculated ΔTs.
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climate. Similar results were obtained using the heat fluxes corrected for
surface energy imbalance (see details in Supporting Information A2).
Thus, the main conclusions of this study were not driven by the residual
flux component (term VI).

4.2. Implications for vegetation and boundary layer

To capture the effects of afforestation on the climate system, we used a
1D-PBL model to calculate the state variables of the PBL (McNaughton and
Spriggs, 1986; Lhomme et al., 1998). The simulated results indicated the
PBL over the forest was shallower (Δh = −448 m), wetter (Δq = 1.58 g
kg−1) and cooler (Δθ = −0.68 K) than that over the desert from June to
September (the main plant growing seasons). However, the effects of affor-
estation in cooling the PBL were smaller compared to changes in surface
temperature. A similar conclusion was drawn by Luyssaert et al. (2014)
for temperature change from land management and land-cover change.
During other months, the PBL over the forest was slightly higher (Δh =
192 m) and warmer (Δθ = 0.46 K) than that over the desert. This may be
due to the fact that the forest has higher surface roughness (taller canopies)
7

than desert. Enhanced surface roughness promotes greater mixing and heat
dissipation (Lee et al., 2011). We calculated the aerodynamic conductance
(Gaero; m s−1), and found that Gaero over the forest were about 50% higher
than that over the desert (see details in Supporting Information A3).

In addition, the development of the PBL can give some critical feedbacks
to surface energy balance and plant physiology (Baldocchi and Vogel,
1996). Therefore, the complex coupled feedbacks between surface layer
and the PBL should be taken into account in assessments of climatic impact
of land use change in future studies (Myhre et al., 2013; Hemes et al.,
2018).

4.3. Policy implications and future work

Based on in situ observations, our study revealed that despite absorbing
more radiation the arid riparian forest had a cooling effect on annual basis
(ΔTs =−1.28 °C), but with a significant seasonality (i.e., slightly warming
from November to February and cooling from March to October; Fig. 3).
These results are consistent with previous studies based on in situ or satel-
lite observations (Lee et al., 2011; Wickhama et al., 2012; Baldocchi and



Fig. 5. Diurnal development of (a) the atmosphere boundary layer height (h; m), (b) potential temperature (θ; K), (c) specific humidity (q; g kg-1), and (d) observed surface
sensible/latent heat fluxes over two sites on 1 August 2016. (e)-(h) were the same as (a)-(d), but on 1 November 2016.
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Ma, 2013; Hemes et al., 2018). For examples, Lee et al. (2011) compared
field-based measurements of surface air temperature for neighboring
pairs of forested and open sites, and found that sites south of 45o N existed
a weak seasonality with forests warmer than the open sites in January and
slightly cooler in June. Baldocchi and Ma (2013) also reported that the air
temperature difference over a site pair consisting of an oak savanna and an
annual grassland in California exhibited a strong seasonal pattern. There-
fore, the seasonality of ΔTs should be taken into consideration in assessing
how biophysical factors affect climate.

Overall, our results indicated that despite absorbingmore net radiation the
riparian forests have the potential to cool surface temperature (−1.28 °C)
on annual basis, as compared to the desert background. Thus, the survivals
of the riparian forests are very import for local people. However, it is well
known that the riparian forest in arid and semi-arid regions mainly depend
on groundwater for survivals (Rohde et al., 2021; Su et al., 2022a, 2022b).
With the increases in human water demand, groundwater table has declined
8

widely in arid regions (Haddeland et al., 2014). Thus, the long-term fate of
the riparian forests in arid and semi-arid regions is mainly dependent on
proper usages of the limited water resource (Rohde et al., 2021; Su et al.,
2022a, 2022b). In the future, more studies on the ecology-water-economy
relationship are needed to ensure a sustainable development in arid and
semi-arid regions.

5. Conclusions

In this study, we investigated the biophysical effects of afforestation on
climate in arid northwest China by using in situ observations and 1-D PBL
model. Despite absorbing more net radiation (35.4 W m−2), the riparian
forests generally tended to cool the local surface temperature (−1.28 °C
on annual basis) compared to the desert background. Interestingly, con-
trasting effects were observed at our site in different seasons. Specifically,
afforestation may lead to a net cooling effect from March to September



Fig. 6. Annual patterns in (a) the atmosphere boundary layer height (h; m), (b) potential temperature (θ; K), (c) specific humidity (q; g kg-1) at two sites. Noticeably, the
sensible/latent heat fluxes were not available in January and February at the forest site. The inset plots in (a)-(c) showed the differences in h, θ and q between the two
sites, respectively.
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and a slightly warming effect in other months. The DTM method revealed
that evapotranspiration played a dominant role in cooling surface tempera-
ture (−14.5 ± 9.2 °C) during the cooling-effect period, while α and L↓
acted together to increase forest surface temperature (3.84 ± 1.55 °C
and 3.04 ± 0.68 °C for α and L↓, respectively) during the warming-effect
period.

Reduced diurnalH inputs to the PBL over forest from June to September
resulted in shallower, cooler andwetter boundary layers compared to back-
ground desert. An increase in atmospheric moisture would potentially in-
crease cloud cover and result in a substantially higher L↓. Therefore, the
complex coupled feedbacks between surface layer and the PBL can alter
the land surface energy balance and surface temperature. From October
to May, the diurnal H inputs to the PBL over the forest were similar to
9

that over desert. Due to high aerodynamic conductance, the PBL was
slightly deeper and warmer over the forest than that over the desert, but
with similar specific humidity. In the future, more attentions should be
paid to protect the riparian forests and ensure a sustainable development
in arid regions.
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