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Providing mechanistic explanations for oasis cold island effect trends expands current understanding of how land
use change affects local climate in semi-arid regions globally. Data from Zhangye, Gansu, China in 2013 were
used to evaluate intrinsic biophysical mechanism (IBPM) theory's ability to model the oasis effect. The land-
surface temperature oasis effect is observed most intensely in summer afternoon (average difference
—12.66 = 6.6 K at 13:30 between oasis and desert sites). Observed land-surface temperature oasis effects result
from differences in surface albedo, Bowen ratio, soil heat flux and air temperature. The Bowen ratio change is the
strongest predictor of land-surface temperature oasis effect, with a nearly 1:1 relationship to the observed land-
surface oasis effect in summer (R? = 0.6). The IBPM theory accurately predicts oasis effects for 66% of summer
daylight hours, with an average RSME of 4.72 K. Correlation analysis is performed to evaluate the impacts of
meteorological conditions on observed oasis effects, showing that higher windspeed and greater atmospheric
clarity produce stronger land-surface temperature oasis effects. In summer, this relationship is strongest, with an
R? value of 0.65 and RSME of 3.77. This research has implications for evaluating temperature impacts of land use

change in semi-arid regions globally.

1. Introduction

Increasing demand for fresh water in semi-arid and arid regions has
resulted in ecological degradation and lack of access to fresh water
globally, especially in recent years with population growth and ex-
panding agricultural lands (Cheng et al., 2014; Nicholson, 2015; Li
et al., 2016). As Huang et al. (2017) show, arid regions and drylands
around the world face greater risks than other regions from global
warming, as arid regions will likely experience greater gains in tem-
perature than humid regions. Global dryland surface warming has been
20-40% higher than humid land surface warming over the past century.
If current trends continue, arid regions may face a future of decreasing
crop yields and runoff as well as increasing drought and transmission of
infectious disease. Drylands represent 41% of the global terrestrial
surface area (Yukie and Otto, 2011), and arid regions are expected to
expand to up to 50% of the global land area by the end of this century
(Huang et al., 2016). With climate change and economic development,
sustainable water management and agriculture in arid and semi-arid

regions is more important now than ever (Micklin, 1988; Eziz et al.,
2010; Li et al., 2016; Hao et al., 2016). Despite their small footprint,
oases are crucial resources of water in arid regions. In China, oases
support 95% of people living in arid and semi-arid regions even though
oases make up less than 5% of China's total arid land area (Li et al.,
2016).

Land use change in arid regions can result in significant impacts on
local climate, and boundary-layer meteorology provides useful me-
chanistic explanations for observed phenomena resulting from land use
change. This study investigates one such phenomenon, the oasis effect,
which in the “space-for-time” framework can be viewed as a climatic
consequence of conversion of semiarid and arid natural land to irri-
gated cropland, and attempts to quantify the effect using data from
Zhangye, Gansu, China, a city in a semi-arid region that is surrounded
by artificial oases (agricultural fields) watered by the Heihe River via
irrigation canals.

The oasis effect is defined as the difference in temperature between
the oasis and surrounding desert. Often, temperatures are lower in the
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oases than the desert. Previous study has revealed underlying me-
chanisms that contribute to observed oasis effects, as well as meteor-
ological trends correlated with the effect. Generally, the oasis effect is
produced by cropland evaporative cooling (Kai et al., 1997; Mahmood
et al., 2004; Potchter et al., 2008; Douglas et al., 2009; Hao and Li,
2016). As wet, cold air moves from the oasis outwards into the dryland,
intense vertical convection produces a mesoscale low-pressure system.
The warm, dry air rising from the dryland moves above the oasis,
creating a stable mesoclimate that reinforces the surface cooling in the
oasis and a net flux of water vapor from the oasis into the dryland (Liu
et al., 2007; Li et al., 2016).

Global climate modelling studies have shown that irrigation can
produce temperature depressions and counteract greenhouse gas
emission warming on a local level (Lobell et al., 2006; Kueppers et al.,
2007; Douglas et al., 2009). Kueppers et al. (2007) used a regional
climate model to compute the difference between two 20-year simu-
lations of model and potential vegetation in California. They found that
irrigation produced a significant cooling effect on average mean and
maximum temperatures during the growing season (June to October),
with a maximum temperature depression of —7.5 = 0.4 K in August.
Differences in winter temperature due to irrigation were negligible.
Jiang et al. (2014) showed that irrigation leads to an increase in latent
heat flux and decrease in sensible heat flux of 12 and 9 W m ™2, re-
spectively, in northern China. They also found that irrigation expansion
produces a regional cooling effect of 1.7 K on annual mean tempera-
ture. Lobell et al. (2006) found that, although irrigation did not have a
significant effect on global temperatures, regional temperature de-
pressions from irrigation counteracted greenhouse warming by up to
1 K in Europe and India.

Other studies have used meteorological and satellite data to de-
scribe the oasis effect in northwest China. Using surface energy balance
to provide a mechanistic explanation for the observed effect, Kai et al.
(1997) showed that the air temperature oasis effect in Zhangye results
from intense latent heat flux at the oasis. They also observed a —7 K air
temperature (recorded at 1 m above the surface) oasis effect in the
afternoon, as well as a temperature inversion over the oasis, resulting in
a negative (downward) sensible heat flux and large positive (upward)
latent heat flux. Fang (2019) used MODIS satellite data to quantify oasis
effect trends in Zhangye and found that irrigation created a —10 to
—13 K daytime temperature depression during the growing season
from 2001 to 2015. Nighttime oasis effects were much smaller in scale,
ranging from —2 K to 2 K, over the study's period. Hao and Li (2016)
used MODIS data form the Tarim Basin in northwest China to study
diurnal and seasonal patterns of the oasis effect, showing that oases
may exhibit heat island effects at night. Hao et al. (2016) found that the
oasis effect in the Tarim Basin is greatest in summer (with an average
—9.1 K gradient between oases and desert sites) with a large latent heat
flux over the oasis due to increased irrigation and therefore water
availability. Other studies have also considered energy balance closure
in the Heihe River basin with data from sites used in this study (Song
et al., 2016; Xu et al., 2017; Zhou and Li, 2019).

Meteorological conditions have been shown to influence the mag-
nitude of the oasis effect. Potchter et al. (2008) focused on the influence
of synoptic conditions on the intensity of the surface temperature oasis
effect in an Israeli oasis system, concluding that higher wind velocity
and greater relative humidity decreased the oasis effect. Taha et al.
(1991) studied how temperature varies with meteorological variables
within a canopy, concluding that clear days and weaker winds produce
larger temperature depressions (up to 0.8 K) within the canopy. Recent
studies have also investigated long-term climatic changes in northeast
China. Cheng et al. (2014) showed that global warming may affect the
climate in Gansu Province by shifting summer weather from a warm-
dry to a warm-wet climate. This transition would result in increased
precipitation in Gansu Province. However, the glaciers in the Qilian
mountain range, the source of the Heihe River, have been steadily de-
creasing in mass since the 1970s (Xiao et al., 2007). With decreasing
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flow volume in the river, agricultural areas have migrated upstream,
where water resources are more readily available (Li et al., 2013). As
Hao et al. (2016) show, over a 50-year period, temperatures in the
Tarim Basin have been consistently rising at a higher rate compared to
other areas of China, as the result of two factors. First, temperatures
across the basin are in fact rising. Secondly, the oasis effect is dimin-
ishing over time, resulting in a higher rate of temperature increase
within the oasis. The authors conclude that the diminishing oasis effect
is due to decreasing wind speed over northwest China, expansion of
arid land and new water-saving agricultural techniques. Fang (2019)
confirms this trend, observing that in recent years (2015-2018) the
magnitude of the oasis effect has been diminishing in the Heihe river
basin. These studies suggest that water availability will diminish and
temperature will increase rapidly in northwest China's oases in the fu-
ture, which, along with increasingly intense heatwaves, could pose risks
to human health (Kang and Eltahir, 2018).

As Li et al. (2016) describe, knowledge gaps remain in modelling
seasonal and diurnal oasis effects, as well as differences between air and
surface temperature oasis effects. Most studies of the oasis effect either
rely on field observation or numerical models, both of which have their
benefits and challenges (Hao and Li, 2016). Previous observational
studies have been limited in their scope and have not fully investigated
the implications of surface versus air temperature oasis effects. Both Kai
et al. (1997) and Potchter et al. (2008) used small data sets, collected
over the course of several consecutive days during the summer, re-
sulting in limited study scopes. Numerical models provide useful me-
chanistic explanations but often lack detail, and Li et al. (2016) re-
commend further study on small-scale impacts of land use change.
Lobell et al. (2006) suggest that climate models would benefit from
greater certainty of how irrigation affects regional climate. This study
expands on previous research by investigating seasonal and diurnal
oasis effects and provides detailed insight on energy balance dynamics
resulting from land use change.

Using the theory of intrinsic biophysical mechanism (IBPM), this
study provides a quantitative attribution of the oasis effect to individual
biophysical factors. Developed by Lee et al. (2011), the IBPM theory
was first used to describe local climatological effects of deforestation. It
was then applied to surface temperature changes due to urbanization by
Zhao et al. (2014), and later modified by Wang et al. (2018) in their
investigation of afforestation surface temperature impacts. In this
study, the IBPM theory is applied for the first time to the desert-oasis
system, both to evaluate the theory's potential to accurately predict
observed oasis effects and to provide a mechanistic explanation for the
observed phenomenon. The oasis effect can be thought of an inverse
urban heat island: land use change creates a temperature depression in
artificial oases, whereas urbanization typically increases temperature.

The aims of the current study are to:

1. Characterize seasonal and diurnal trends of oasis effects, as well as
differences between air and surface oasis effects, in Zhangye during
the calendar year 2013

2. Evaluate the IBPM theory for predicting surface oasis effects

3. Provide insights on the surface energy balance mechanisms under-
lying the oasis effect

4. Suggest possible meteorological variables that significantly impact
the magnitude of observed oasis effects

2. Materials and methods
2.1. Sites

The current population of Zhangye city is over 1.2 million, with an
additional 770,000 people residing in the Heihe River Basin. Farmland
surrounding Zhangye is irrigated by the Heihe River, the second longest
inland river in China, which is fed by snowmelt from the Qilian
Mountains to the west. The Heihe River Basin spans from 97.1° E to
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102.0° E and 37.7° N to 42.7° N, with an approximate area of
143,000 km?. Elevations in the agricultural mid-stream basin range
from approximately 1000 to 3000 m (Liu et al., 2018). Water is a vital
yet scarce resource in Zhangye: agriculture consumes 81% of the vo-
lume of the Heihe River, as 50% of farmland in Zhangye is fed by ir-
rigation (Xu et al., 2014). Recent population growth has increased
strain on water resources, resulting in a terminal lake of the Heihe River
to the northeast of Zhangye having dried in the 1990s (Wang et al.,
2015). With water being a scarce resource in the river basin, environ-
mental managers in Zhangye must reach a compromise between di-
verting water for irrigation and reserving some for downstream eco-
system rehabilitation and other needs.

Precipitation and relative humidity in Zhangye and its surrounding
agricultural areas remain low throughout the year. The majority of
precipitation falls in the summer months (June, July and August),
reaching a maximum average of 30 mm in August, due to the influence
of summer monsoons (Sun et al., 2007). Winter months (December,
January and February) are extremely dry, with precipitation values
ranging from 1 to 3 mm per month. The annual total precipitation is
129 mm. Monthly relative humidity varies from 40% to 60%, with drier
conditions in March, April and May. Temperatures peak in July and
reach the lowest values in December and January, with an annual mean
air temperature value of 6 °C (Kai et al., 1997).

The Heihe Watershed Allied Telemetry Experimental Research
(HiWATER) project was launched in May 2012 in the Heihe River Basin
to study the hydrology of arid ecosystems (Li et al., 2013; Liu et al.,
2018). The data used in this study were taken primarily in 2013 from
two HIWATER monitoring stations: Daman Oasis Super Station (located
at 100.372° E, 38.856° N, with an elevation of 1556 m) and Huazhaizi
Desert Steppe Station (located at 100.319° E, 38.765° N, with an ele-
vation 1731 m; HIWATER, 2013). The stations were 11 km apart, with
the oasis station located approximately 10 km southwest of the center
of Zhangye city and the desert station located 11 km to the southwest of
the oasis station and approximately 21 km southwest of the center of
Zhangye. Fig. 1 is a LANDSAT satellite image of the study area, in-
cluding Zhangye and its surrounding agricultural fields, with the two
sites marked. Fig. 1 also shows recent land use change on a regional
scale. The desert station was located in a desert steppe ecosystem with
sparse vegetation (Fig. 2a). The oasis station was located in a corn field,
where vegetation reached approximately 3 m during summer months
(Fig. 2b). The crop was watered in the summer months via flood irri-
gation, during which water from the Heihe River was directed to the
field via irrigation canals and flooded the field.

2.2. Data

The HiWATER stations were equipped with eddy covariance sys-
tems, large aperture scintillometers, automatic weather stations,
cosmic-ray neutron probes and wireless sensor networks. The datasets
from the oasis and desert stations included the following variables at
half-hourly intervals for the calendar year 2013: soil heat flux, latent
and sensible heat fluxes, relative humidity, wind speed at several
heights (0.5, 2.0, 2.0 and 3.0 m at the desert station and 3.0, 5.0, 10.0,
15.0, 20.0, 30.0 and 40.0 m at the oasis station), air temperature (1.0,
2.0 and 3.0 m at the desert station and 3.0, 5.0, 10.0, 15.0, 20.0, 30.0,
and 40.0 m at the oasis station), precipitation, radiation (incoming and
outgoing long-wave and short-wave), soil moisture, surface tempera-
ture and pressure (Li et al., 2013). Unphysical values are marked and
rejected (Liu et al., 2011). Data were stratified into seasons by solar
equinoxes and solstices. The data were averaged over summer, fall,
winter and spring to distinguish diurnal trends, and time was converted
to local solar time (+7 UTC).

Surface temperatures at both desert and oasis sites were calculated
from outgoing longwave radiation (L;) and the incoming longwave
radiation (L) (Zhao et al., 2016):
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Fig. 1. The site of the oasis and desert stations, as well as land use change from
1991 to 2013. Locations of field sites are marked with white stars. Bright red
areas represent urbanization, with a decrease in NDVI between 1991 and 2013
(negative change in NDVI ranging from —0.22 to —1.58). Bright and dark
green areas represent new agricultural fields, with an increase in NDVI between
1991 and 2013 (positive change in NDVI ranging from +0.45 to +1.8). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 2. (a) Huazhaizi Desert Steppe station and (b) Daman Oasis Superstation
ground photographs.
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where ¢ is surface emissivity, assumed to be 0.98, and o is the Stephan-
Boltzmann constant.

To study the impacts of land use change, in this case from semiarid
steppe to artificial oasis, this study defines the oasis effect (AT) as the
difference in temperature between the oasis (T,) and the adjacent
dryland land (Ty):

AT=T,- T o)

The oasis is typically colder than the surrounding natural land, re-
sulting in a negative AT. In this study, oasis effects are calculated using
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both the land surface temperature (AT;) and the near-surface air tem-
perature (AT,).

The surface temperature oasis effect (4T;) was calculated as the
difference between oasis and desert surface temperatures. Because each
station was equipped with air temperature measurements at several
heights, air temperature oasis effects (AT,) were calculated as the dif-
ference in temperature between the oasis and desert stations at various
heights to account for vegetation growth in the oasis in summer, when
crops reach a peak of 3 m in height. In the afternoon, AT, was shown to
be most negative between the oasis 3-m air temperature reading and
the desert 1-m air temperature reading throughout the year, and
therefore measurements at these heights will be used as the default in
this study. In the online supplement, we also present the AT, calcula-
tions using different combinations of measurement heights between the
two stations (Supplementary Fig. 1).

A small lapse rate correction was applied to the oasis effects to ac-
count for the elevational difference between the two sites. Assuming a
standard lapse rate of 0.0065 K m !, we expect that the cropland site to
be 1.1 K warmer in the absence of the oasis effect. In the following, the
oasis effect (both surface temperature and air temperature) is the
computed temperature difference minus this background temperature
offset of 1.1 K.

2.3. Application of the IBPM theory

Using a one-source representation of the surface-air exchange of
heat, the theory expresses the surface temperature (K) as (Lee et al.,
2011),

A
’I;_ 0

—1+f(Rn_G)+7:1

3
where T, is air temperature (K) above the surface, f is a dimensionless
energy redistribution factor, 4, is the local climate sensitivity, which is
a weak function of temperature, G is ground heat flux (W m™ 2), and Ry
is apparent net radiation (W m~?) given by

Ri=S+1L —oTs 4)

where S is net shortwave radiation (W m~2), and L, is incoming
longwave radiation (W m~2). The energy redistribution factor f (di-
mensionless) is defined as

_ _FP 1
f= d4rroTd (1 + ﬁ) %)

where p is air density, c, is the specific heat of air, 8 is Bowen ratio and
rr is the total heat transfer resistance.
Equation (1) can be differentiated to obtain the following equation:

AT, = %(AS + AL) + —20 (4R} — G)Af + ;T“}AG + (An - ﬂoAT;‘)

a+f? 1+f (6)

where A denotes the difference between oasis and desert sites (oasis
value minus desert value). Here, the surface temperature perturbation
AT; (or the surface oasis effect) can be interpreted as the consequence of
a local longwave radiation feedback and energy redistribution between
the surface and the overlaying atmosphere. The first term on the right-
hand side of the equation represents the effect of differences in radia-
tive forcing (albedo) between the two sites, the second term represents
Bowen ratio differences between the two sites, the third term represents
ground heat flux differences between the two sites, and the final term
represents air temperature differences between the two sites. Incoming
shortwave radiation was assumed to be equal between the two sites to
minimize instrument error, and this assumption improved the perfor-
mance of the theory. With this assumption, AS results from the albedo
difference between the oasis and the desert sites.

Three modifications are made to the original formulation presented
by Lee et al. (2011). First, in the original formulation, f is computed
from a parameterization of the aerodynamic heat resistance r;, and in
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doing so energy imbalance inherit in eddy covariance measurements
can cause large errors in the application of Equation (6) (Wang et al.,
2018). Here we determined the f value by inverting Equation (3) using
ATy, ATy, Ry, and G produced by MERRA-2 reanalysis (Chakraborty and
Lee, 2019) for the reanalysis gridcell centered at Zhangye. The period
used was 2008-2017, and the annual daytime and nighttime mean f
values are 5.01 and 1.79, respectively. A similar method was deployed
by Bright et al. (2017) to compute the energy redistribution factor for
the major biome types across the world. Our mean f (3.39, the mean of
daytime and nighttime values) is similar to that reported by Bright et al.
(2017) for irrigated croplands (3.29, with a 1.4 root mean square de-
viation), and our nighttime value is similar to that reported by Cao et al.
(2016) for Northwest China (1.3 + 1.8).

Second, the change in f due to changes in the Bowen ratio is given
by:

PdCpA
af = Bk 0(%)

)

where Af is the difference in the Bowen ratio between the two sites.
Eliminating rr in favor of f from Equations (5) and (7), we obtain

_ Agf
Ve #(1+3) ®)

Thus Equation (8) allows us to quantify the contribution of the
Bowen ratio changes to AT; without the need to parameterize the heat
resistance.

Third, changes in f can also be caused by changes in r; between the
two sites. However, calculation of rr can be avoided by substituting
Equation (8) into Equation (7). Thus ry is omitted in the present study.
The good agreement between the observed AT; and the AT; estimated
from Equation (6) confirms that this omission is reasonable.

Seasonal albedo was calculated as the average ratio of incoming
shortwave to outgoing shortwave incoming radiation. The local in-
trinsic climate sensitivity 1, was calculated as

1

o= n ©

All other terms were obtained directly from the HIWATER dataset.

2.4. Correlation analysis

The IBPM theory is valid for only the surface temperature pertur-
bation. To also understand drivers of the air temperature oasis effect,
we performed analyses of its correlation with various meteorological
variables. Correlation analyses were also performed on the surface
temperature oasis effect. The key predictors in these correlation ana-
lyses are atmospheric clarity, wind speed and wind direction.

For the wind direction correlation analysis, data were stratified into
two groups by wind direction at the desert site: northeast wind (from
the oasis) or southwest wind. Wind blowing from the cool oasis into the
warm desert was hypothesized to result in a smaller oasis effect, as
desert temperatures would be depressed. A t-test was run to determine
whether the observed oasis effects at 13:30, when the magnitude of the
summer surface temperature oasis effect was greatest, were sig-
nificantly different as a result of wind direction. Linear regression was
used to determine the relationship between desert windspeed (mea-
sured at 1 m) and oasis effect data.

Data were also stratified by a clarity index to determine the impact
of atmospheric clarity on the oasis effect in each season. Oasis effect
data were stratified into cloudy and clear days. Following Gu et al.
(1999), the clearness index (k;) is defined as

s
k=5 10)
where S is observed solar radiation at the surface and S, is extra-
terrestrial radiation at top of atmosphere. Data were stratified based on
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Fig. 3. Diurnal composites of air temperature and

surface temperature oasis effects in four seasons of
2013. Dark green lines represent average surface
temperature oasis effects (the difference in surface
temperature between oasis and desert sites), with
shaded green areas representing one standard de-
viation. Dark back lines represent average air tem-
perature oasis effects (the difference in air tempera-
ture between oasis and desert sites), with shaded gray
-| areas representing one standard deviation. Time is
local solar time (+7 UTC or Beijing time minus 1 h).
(For interpretation of the references to colour in this

figure legend, the reader is referred to the Web ver-
sion of this article.)
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values of k, where values 0 « 0.5 were marked as cloudy days and values
0.65 < k; <1.0 were marked as sunny days. Days with values
0.5 < k; < 0.65 were discarded in the analysis.

Multivariable correlation analysis was performed to quantify the
relationship between wind speed, clarity index, and oasis effects. Data
obtained at 13:30 (local solar time) for each season were fitted with
multivariate regression models, with clarity index and wind speed as
predicting variables.

3. Results and discussion
3.1. General features of the oasis effect

Fig. 3 shows results of the statistical analyses of diurnal trends in
AT, and AT; in each season. Clear diurnal and seasonal trends are ob-
served for both AT, and AT;, which follow surprisingly divergent pat-
terns. While AT; reaches the most negative values during daylight hours
in summer, fall and spring, with values of —12.7, —=3.9 and —6.4 K,
respectively, AT, reaches its most negative values during nighttime,
with values of —4.6, =5.7, —6.8 and —4.1 K in summer, fall, winter and
spring respectively. The surface oasis AT; is observed most strongly in
the summer afternoon at 13:30 (local solar time), when AT; reaches an
average of ~12.7 * 6.6 K. A large negative AT; is also observed in the
afternoon in spring. In fall, AT is less pronounced in the afternoon, and
in winter, the trend is reversed, with a more dramatic winter AT; in the
early morning than in the afternoon (reaching its most negative value of
— 4.2 K at 7:00). In summer, AT, (1.7 * 1.0K) is significantly smaller
than AT; at 13:30. In each season, the AT, is more negative at night than
AT; and experiences less variability throughout the day, with AT
having a larger standard deviation during daylight hours. Further
analysis concentrates primarily on summer at 13:30 as AT; is most
pronounced in summer afternoon.

10 15 20

Hour

Fang (2019) showed that daytime surface temperature oasis effect
values (warm season average from May to September) in Zhangye
ranged between —10 and —20 K over the period from 2001 to 2015.
Cold/dry season average oasis effect values (September to May) ranged
from —6 to —8 K. Our results are within these ranges, suggesting that
2013 is a typical year at the field site.

With AT; being greater during the afternoon in summer, fall and
spring, results contrast with findings by Potchter et al. (2008), who
observed more intense surface temperature oasis effects at night than in
the day during summer months. The strong AT; observed in the after-
noon during spring, fall and summer and its greater standard deviation
than at night suggest that insolation may have a significant impact on
the oasis effect, as more energy enters the system during these hours.

Our results suggest an even greater maximum AT than the =7 K
effect observed by Kai et al. (1997) between air temperature readings at
the height of 1 m above the ground. Furthermore, Hao and Li (2016)
reported average daytime oasis effects of —9.08, —4.24 and —3.85 K for
an oasis in the Tarim Basin for summer, fall and spring, respectively.
Similar to our conclusions, Hao and Li (2016) also found AT; is smaller
at night than during the day, and the most intense AT; occurs during the
summer. Our findings suggest that the oasis effect in Zhangye is more
pronounced than in other arid regions, perhaps implying higher irri-
gation intensity in Zhangye than the studies cited above. Another
possible explanation is landscape contracts that enable greater rates of
heat advection and therefore enhance latent heat flux and minimize
sensible heat flux over the oasis site.

Air temperature data from various heights were averaged for the
summer, shown in Fig. 4. At 3 m, the oasis experiences a greater diurnal
temperature range (12.41 K) than the desert site at 1 m (9.43 K) does.
Both stations experience an inversion during the nighttime. At the oasis
site, a thermal inversion starts at 17:00 and lasts until 8:00. At the
desert site, the inversion period lasts on average between 18:30 and
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Fig. 4. Diurnal composites of air temperatures at several heights above (a) desert and (b) oasis stations in the summer of 2013 with mean incoming shortwave
radiation marked in dashed black lines. Gray shading denotes thermal inversion period.

7:30. A nighttime inversion was also observed in fall, winter, and spring
at both sites. At 13:30, when AT; is most pronounced, the oasis station
showed a smaller temperature gradient across 37 vertical meters than
the desert station does across 2 vertical meters, implying intense ver-
tical mixing at the oasis site and less mixing at the desert site. This
would increase the horizontal temperature gradient between oasis and
desert sites, with intensive latent heat flux at the oasis site leading to a
cooling effect. This result confirms the theory that intense convection
occurs over irrigated cropland, despite strong evaporative cooling,
throughout the day.

A common perception, supported by short field campaigns such as
that described by Kai et al. (1997), is that evaporative cooling near the
surface should produce an inversion during the day. Fig. 4b shows that
an inversion was present only in the later afternoon. This result should
not be interpreted as a contradiction to the conclusion of Kai et al.
(1997) because our result was based on seasonal mean temperatures,
whereas theirs was restricted to five fair weather days. It is possible that
an irrigation event immediately preceded their observational period.
Suyker and Verma (2008) found that the midday surface Bowen ratio
was negative for about one third of the growing season days of an ir-
rigated corn-soybean ecosystem in Nebraska, USA, where the mean
growing season precipitation (450 mm from May to September) is si-
milar to that in Zhangye (130 mm). In their study, the switching of
Bowen ratio from being positive to being negative, the latter of which
implies inversion conditions, coincided with irrigation events. The
daytime variation in the static stability at the oasis site (Fig. 4b) is
consistent with the diurnal composite sensible heat flux in the summer
showing positive values before and negative values after 17:00
(Supplementary Fig. 2). In agreement with our study, Li et al. (2016)
observed a change in static stability from being unstable to being stable
(or inversion) in mid-afternoon. The five-day mean sensible heat flux
curve given by Kai et al. (1997) suggests that such switching had also
occurred during their experiment (although at an earlier time of 12:00
than ours).

3.2. Attribution of the surface oasis effect

The IBPM theory was applied to provide a mechanistic under-
standing of the observed trends in AT; discussed above. Table 1 shows
intermediate values by season at 13:30 before multiplication by the
IBPM coefficients. Unsurprisingly, the oasis site has higher evaporation

Table 1
Seasonal mean intermediate variables at 13:30 used in the IBPM calculation
(oasis value minus desert value).

Season AS (Wm™?) AP (dimensionless) AG (W AT, (K) Air
Radiative Bowen ratio changes ~m~?) Soil  temperature
forcing heat flux changes

Summer 49.4 —-1.06 42.1 —0.65

Fall 59.4 -3.19 48.4 -0.91

Winter 67.4 —-0.25 -17.7 —-1.45

Spring 20.1 -3.21 -13.1 —0.68

rate (Supplementary Table 1) and a lower Bowen ratio than the desert
site in all the seasons. This negative Bowen ratio difference should lead
to a negative AT;. In contrast, the oasis site absorbs ground heat flux
difference AG is positive in summer and fall and negative in winter and
spring. This result suggests that ground heat flux at the desert site is
larger in magnitude during winter and spring than at the oasis site, and
ground heat flux is larger in magnitude at the oasis site during summer
and fall. Therefore, the ground heat flux should decrease the oasis effect
(making AT; more positive) during winter and spring months but in-
crease it (making AT; more negative) during fall and summer. In other
words, ground heat flux should partially offset evaporative cooling ef-
fects in spring and winter, while exaggerating evaporative cooling ef-
fects in summer and fall.

Results of the IBPM calculations are presented in Figs. 5-7 for
daytime hours (9:00 to 19:00). Nighttime (19:00 to 9:00) IBPM values
are not presented in this study, as latent and sensible heat fluxes at
night were near-zero (see Supplementary Fig. 2) or marked as un-
physical, thus resulting in erratic nighttime Bowen ratios. Future stu-
dies should address nighttime Bowen ratio values in order to model the
oasis effect at all times of day.

Fig. 5 compares the results of the IBPM theory for daylight hours in
each season versus observed daytime variations in AT;. A t-test was used
to calculate whether a statistically significant difference existed be-
tween model results and observations, with a Bonnferroni correction
used to set the p-value equal to 0.00238. The theoretical calculation
(Equation (6)) is most accurate in summer and fall. In summer, calcu-
lated AT; at 13:30 (T12.9 = 1.8 K) closely approximates observed AT;
(T12.6 * 6.6 K) for peak oasis effects at 13:30, with an RSME value of
3.11 K (p = 0.057). The model most closely predicts summer AT; at
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Fig. 5. IBPM results for 2013 by season from 9:00 to
19:00 (daylight hours). Red lines, calculated surface

temperature oasis effects; Black dots, observed sur-
face temperature oasis effects; Yellow lines, con-
tribution from radiative forcing; Dark blue lines,
contribution from Bowen ratio change; Pink lines,
contribution from soil heat flux forcing; Light blue
lines, contribution from air temperature difference.
Gray shading denotes times at which there is no
statistical difference between model results and ob-
servations (p > 0.00238). (For interpretation of the
references to colour in this figure legend, the reader

is referred to the Web version of this article.)
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Fig. 6. IBPM theory results at 13:30 by season. Black bars: observed surface
temperature oasis effect; Red bars: calculated average surface temperature oasis
effect; Yellow bars: contribution from radiative forcing; Dark blue bars: con-
tribution from Bowen ratio change forcing; Pink bars, contribution from soil
heat flux change; Light blue bars, contribution from air temperature change.
Error bars are + 1 standard deviation. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)

14:30 and 18:00 (p = 0.56 and 0.98 with RSME values of 4.55 and
4.23 K, respectively), and successfully predicts observational data for
66% of the half-hourly daytime intervals. For fall, the IBPM model is
most successful in mid-morning and mid-afternoon, with no statistical
difference between model and observation between 9:30 and 15:30,
predicting 61% of the daytime half-hourly intervals. For summer and
fall, the hours for which the IBPM is most successful correspond with
the hours of intense insolation, which intensifies latent heat flux. In
spring, the IBPM model successfully predicts 57% of the daytime half-
hourly intervals, the majority of which are in the late afternoon (13:00
to 18:00). The IBPM model is less successful in winter, with only 23% of
model results correctly predicting observed AT;. This may be an effect
of the sun's rising later in the day, and therefore less convection at the
two sites in early morning, and the minimal effect of the Bowen ratio
change. These findings suggest IBPM theory most accurately models AT
during daylight hours, when air temperature differences are less pro-
nounced and evaporative cooling enhances Bowen ratio differences,
and that the coefficient for air temperature differences should be
modified to address diurnal variations in convection. As discussed
below, latent heat flux is a main driver of AT;, and evaporation caused
by insolation is closely related to the success of the model. In summary,
the IBPM theory can closely approximate the sign and magnitude of
average surface temperature oasis effects from 11:30 to 15:30 and
17:00 to 19:00 in summer, 9:30 to 15:30 in fall, 10:00 to 11:00 and
15:30 to 16:00 in winter, and 13:00 to 18:00 in spring.

Fig. 6 shows average individual contributions to the total oasis ef-
fect at 13:30 for each season with standard error. For each season, the
IBPM theory closely approximates the magnitude of AT; at 13:30. In
summer, a positive AS contribution is outweighed by negative 43, AG
and AT, contributions, resulting in a predicted AT; of —12.9 K, which is
very close to the observed value of =12.0 K. Similarly, in fall a positive
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Fig. 7. Comparison of IBPM calculations with the
observed oasis effect at 13:30 on individual days
throughout summer 2013. Red dots: contribution
from radiative forcing; Blue dots, contribution from
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with a predicted AT; of —3.1 K within one standard error of the ob-
served AT;(— 3.9 K). In winter, the larger positive AS and small positive
AG outweigh the negligible A and small negative AT, resulting in a
small positive predicted AT; of 1.8 K, which is slightly greater than the
observed AT; of — 0.20 K. In spring, a large negative A and small ne-
gative AT,, with small positive AS and AG forcings, result in a negative
AT, of —5.3 K, similar to the observed value of — 6.4K. Differences be-
tween the model and observational data are statistically insignificant
for summer, fall, and spring at 13:30, with p-values of 0.057, 0.196, and
0.013, respectively. In summer especially, Bowen ratio changes dom-
inate the oasis effect, resulting in a large negative AT;. The diminished
AB in winter is due to the lack of irrigation in winter months, resulting
in dry conditions and limited latent heat flux over the oasis.

Fig. 7 plots component contributions (horizontal axis) against the
observed surface oasis effect (vertical axis). Linear regression lines are
shown in Fig. 7, and the regression statistics are given in Table 2. In this
plot, each data point represents a half-hour observation for 13:30 in the
summer (a total of 92 days). The Bowen ratio contribution most closely
approximates the observed surface temperature oasis effect, both in
slope and intercept, indicating that AT; is most sensitive to the differ-
ence in Bowen ratio between the cropland and the desert site. The
ground heat flux plays a minor role in determining the oasis effect. The
contribution from albedo changes has a small negative slope with re-
spect to the observed oasis effect, indicating once again that the role of
the albedo is to reduce the oasis strength, as the oasis absorbs more
energy from insolation than the desert. This result further confirms that
latent heat flux is the main predictor of the magnitude of the surface
temperature oasis effect in summer.

Table 2

Linear regression details for Fig. 7.
Forcing R? Slope Intercept
Total 0.57 0.86 —1.45
Radiative forcing 0.59 —7.22 —0.58
Bowen ratio changes 0.60 1.00 —0.21
Soil heat flux 0.005 0.23 —11.54
Air temperature changes 0.66 5.26 —8.16
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Fig. 8. Comparison of the surface temperature oasis effect at 13:30 between
two wind direction sectors. Blue bars: southeast wind. Red bars: northeast wind.
Error bars are = one standard deviation. Significance is denoted by stars. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

3.3. Correlation analysis

Figs. 8 and 9 show the results of the wind direction analysis. Wind
direction had a statistically significant effect on the AT; and AT, in
summertime at 13:30, with greater oasis effects observed when wind
blew from the southwest (from the desert towards the oasis) than from
the northwest (from the oasis to the desert). This result confirms our
hypothesis that wind blowing from the cool oasis into the warm desert
depresses desert temperatures and minimizes the oasis effect. Desert
surface and air temperatures were found to be significantly lower when
wind blows from the northeast, with stratified desert surface
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Fig. 9. Comparison of the air temperature oasis effect at 13:30 between two
wind direction sectors. Blue bars: southeast wind. Red bars: northeast wind.
Error bars are *+ one standard deviation. Significance is denoted by stars. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

temperature data sets differing by 11.1 K on average (39.3 and 28.2 K
mean surface temperature for SW and NE wind, respectively). Sum-
mertime oasis temperatures were also depressed with NE wind, al-
though less dramatically than desert surface temperatures. For spring,
fall and winter, wind direction did not have a significant impact on
oasis effects.

Linear regression was used to investigate the impact of wind speed
on the air temperature and surface temperature oasis effect. Fig. 10
shows the results of these analyses, with R? and p-values shown for
significant linear relationships. In summer, fall and winter, wind speed
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Fig. 11. Comparison of the surface temperature oasis effect at 13:30 between
two sky conditions. Blue bars: cloudy conditions (with 0 < k, < 0.5); Yellow
bars: sunny conditions (with 0.65 < k; < 1.0). Error bars are * one standard
deviation. Significance is denoted by stars. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this
article.)

had a significant impact on AT, with stronger wind resulting in more
negative AT;. Wind speed had a significant positive relationship to la-
tent heat flux at the oasis site, implying increased evaporative cooling
with higher wind velocity. In spring and summer, wind speed also had
significant impacts on AT,, with stronger wind resulting in more ne-
gative oasis effects. This result contrasts with the conclusions of Taha
et al. (1991) and Potchter et al. (2008) that high wind velocity de-
creases the oasis effect. This difference may result from local topo-
graphy and the short time scales of the two studies, which took place
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Fig. 10. Linear correlation of 13:30 surface and air temperature oasis effects with wind speed. Significant p-values and R? values are noted in black boxes (when p-

values are significant).
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Fig. 12. Comparison of the air temperature oasis effect at 13:30 between two
sky conditions. Blue bars: cloudy conditions (with 0 < k; < 0.5); Yellow bars:
sunny conditions (with 0.65 < k; < 1.0). Error bars are * one standard
deviation. Significance is denoted by stars. (For interpretation of the references
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article.)

over the course over several days. However, it confirms Hao et al.
(2016)'s findings that diminishing wind speed over northeast China has
resulted in weaker oasis effects.

Figs. 11 and 12 show the results of the atmospheric clarity analysis.
Summer and spring AT; and AT, have significant differences between
cloudy and clear days, with clear days resulting in significantly more
negative oasis effects than cloudy days. This is perhaps due to increased
evaporation with more energy entering the system, and therefore a
larger Bowen ratio forcing. Hao et al. (2016) found a strong correlation
between oasis cold island effects and incoming insolation, defining net
incoming radiation as a key indicator of the intensity of the oasis effect.
Significant differences between AT; also appear in winter, but with
sunny days producing a more positive AT;. This result is likely due to a
larger albedo forcing during winter months, when the desert site is de-
vegetated, resulting in a more positive AS forcing. In fall, there was no
significant impact of cloudy and clear days on AT or AT,.

Table 3 shows the results of a two-variable correlation between
oasis effects, wind speed, and clarity index for each season. In every
season, stronger winds and clear conditions produce a significantly
stronger surface temperature oasis effect. In summer, this relationship
is strongest, with an R? value of 0.648, and is highly determined by
clarity index with a coefficient of —19.24. Further analysis showed that
stronger wind increased sensible heat flux at the desert site. This finding
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suggests that the magnitude of summertime AT; is largely driven by the
Bowen ratio partitioning. Under clear conditions, latent heat flux in-
creases, producing a cooling effect in the oasis. In winter, clarity index
has little impact on surface temperature oasis effect, with a small
coefficient of —0.47, roughly 40 times smaller than in summer. During
winter, dry conditions prevent intensive evaporation and limit the
cooling effects of latent heat flux in the oasis. The positive offsets in
each season, that is positive AT; if k, and U are both set to 0, seems to
confirm that latent heat flux driven by insolation and sensible heat flux
driven by wind result in a temperature depression within the oasis.

In each season, clarity and wind speed have weaker effects on AT,
than on AT;. In summer and spring, clear conditions and higher wind-
speed produce a stronger AT, with R? values of 0.535 and 0.515 re-
spectively. In fall, this relationship is more scatted, with an R? value of
0.215, and windspeed has almost no effect on AT,. In winter, the re-
lationship between clarity, windspeed and AT, is not significant.

4. Conclusions

With rising temperatures around the world and the ever-increasing
threat of desertification, understanding the mechanisms of fragile oasis
ecosystems is critical to sustainable management. This paper shows that
latent heat flux is the driver behind a large cooling effect during day-
light hours in summer, spring and fall in the Zhangye oasis. A novel
contribution of this study to the oasis literature is a quantitative attri-
bution of the oasis effect to individual biophysical factors through the
IBPM theory. A largely successful mechanistic model of AT; for daylight
hours in a desert/oasis environment is produced by the IBPM theory,
showing that the theory is applicable in contexts beyond which it was
developed. Correlation analysis provides insights into the meteor-
ological variables that influence the oasis effect. As Hao et al. (2016)
found, diminishing oasis effects in northwest China are linked with
diminishing wind speeds. Our results confirm that higher winds pro-
ducer stronger AT; in every season and diminishing winds result in
significantly weaker surface temperature oasis effects.

This paper also shows that:

1. A significant surface temperature oasis effect is observed between
the two field sites during afternoon hours in summer, spring and fall.

2. Air and surface temperature oasis effects follow opposite diurnal
trends, with AT, being more negative at night and AT; more negative
during daylight hours for summer, spring and fall. This difference is
likely due to intense vertical convection at the oasis site during
daylight hours.

3. IBPM theory successfully models average AT; throughout the year
during the majority of daylight hours for summer, fall, and spring,
with Bowen ratio changes being most predictive of observed surface
oasis effects in summer months.

4. Wind direction significantly impacts AT; and AT, during the
summer, with wind from the NE depressing desert surface tem-
peratures and therefore minimizing oasis effects.

5. Wind speed and atmospheric clarity have a significant impact on AT
in every season, with clear conditions and high wind speeds

Table 3
Multi-variate correlation of wind speed, clarity and oasis effect.
Season Oasis effect Equation (U wind speed (m s™1) and k, clarity index) R? RMSE P-value
Summer Surface ATy = —-13U —19.24k; + 3.71 0.648 3.77 6.59e-21
Air AT, = —049U — 1.66 k; + 0.60 0.535 0.667 1.57e-15
Fall Surface ATy = —1.80U — 20.17 k; + 13.12 0.496 3.76 1.15e-13
Air AT, = —0.003U + 2.66 k; — 3.75 0.215 0.72 2.64e-05
Winter Surface ATy = —099U — 0.47 k; + 1.93 0.148 3.15 0.0046
Air AT, = 0.04 U + 0.40 k; — 2.90 0.013 0.747 0.649
Spring Surface ATy = —047U — 11.50 k¢ + 2.58 0.367 3.37 1.45e-8
Air AT, = —-033U — 1.61 k; + 0.29 0.515 0.563 4e-13
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increasing the magnitude of the effect. Atmospheric clarity has a
significant impact on AT; and AT, in summer and spring by in-
creasing AT; on sunny days, while clear days result in more positive
AT in winter.

This study is limited in that the data used are only from 2013 and
from two sites. Therefore, future studies should incorporate data from
other years and sites to determine whether the trends observed in this
study are similar to other locations. Future research should also take
into account surface roughness in calculating IBPM theory energy dis-
tribution. Finally, more in-depth analysis of meteorological conditions
that impact the oasis effect is needed.
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