
AI translation ・View original & related papers at
chinarxiv.org/items/chinaxiv-202510.00140

Water-Heat Flux Variation Characteristics and
Influencing Factors in Typical Desert Ecosystems
of Arid Inland River Basins (Postprint)
Authors: Xu Wentao, Yongjun Du, Zhang Heng, Tian Hao, Chai Wenguang,
Bruce Lee, JIA Weikang, Yang Guang

Date: 2025-10-23T12:01:42+00:00

Abstract
To address the issues of water resource stress and ecological responses in desert
ecosystems of arid inland river basins under climate change, this study focuses
on the typical desert ecosystem in the lower reaches of the Manas River Basin, an
arid inland river in northwestern China. Using the eddy covariance method, we
simultaneously monitored latent heat flux (LE), sensible heat flux (H), Bowen
ratio (B), air temperature (TA), relative humidity (RH), vapor pressure deficit
(VPD), and average wind speed (WS) at the southern edge of the Gurban-
tunggut Desert. Pearson correlation coefficient analysis was employed to in-
vestigate the variation characteristics of water and heat fluxes and their en-
vironmental driving factors in the desert ecosystem from April to October of
2023 and 2024. The results indicate: (1) At the half-hour scale, both LE and
H exhibit fundamentally unimodal patterns, with maximum values occurring
between 13:00 and 15:00, and the LE maximum precedes the H maximum by
1-2 hours. The primary environmental factors influencing LE are TA (0.63) >
VPD (0.62) > WS (0.51); those influencing H are WS (0.73) > VPD (0.61) >
TA (0.56) > RH (-0.33); and the primary factor influencing B is WS, with r =
0.11. (2) At the daily scale, H and LE display pronounced seasonal variation
characteristics, following a trend of initial increase followed by decrease, exhibit-
ing a ‘U-shaped’pattern, while B gradually stabilizes during the mid-growing
season. The primary environmental factors influencing LE are TA and VPD,
while those influencing H are WS and RH. (3) At the monthly scale, water and
heat fluxes show similar trends, with H and LE approximately exhibiting uni-
modal patterns. Mean LE values are highest in July and August, reaching a
minimum in October; mean H values are highest in June and July, also reach-
ing a minimum in October. The primary environmental factors influencing LE
are TA, VPD, and RH, all showing significant positive correlations, with TA
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exhibiting the strongest positive correlation (r = 0.85). The primary environ-
mental factors influencing H are TA, VPD, and WS, with both TA and VPD
showing relatively strong positive correlations (r = 0.85 and 0.83, respectively).
The primary environmental factors influencing B are WS, TA, VPD, and RH,
among which RH shows a negative correlation. The research results provide a
theoretical basis for ecological restoration of desert ecosystems.
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Abstract
To address the challenges of water resource stress and ecological response in
desert ecosystems of arid inland river basins under climate change, this study
focuses on a typical desert ecosystem in the lower reaches of the Manas River
Basin in northwestern China. Using the eddy covariance method, we simultane-
ously monitored latent heat flux (LE), sensible heat flux (H), Bowen ratio (B),
air temperature (TA), relative humidity (RH), vapor pressure deficit (VPD), and
average wind speed (WS) at the southern edge of the Gurbantunggut Desert.
Pearson correlation coefficients were applied to examine the characteristics of
water and heat flux variations and their environmental driving factors across
half-hourly, daily, and monthly scales from April to October in 2023 and 2024.

The results show that: (1) At the half-hourly scale, LE and H exhibited uni-
modal diurnal patterns, with peaks occurring between 13:00–15:00. The LE
peak consistently preceded the H peak by 1–2 hours. The primary environmen-
tal factors influencing LE were TA (r = 0.63) > VPD (r = 0.62) > WS (r =
0.51), while H was mainly affected by WS (r = 0.73) > VPD (r = 0.61) > TA (r
= 0.56) > RH (r = -0.33). The dominant factor for B was WS (r = 0.11). (2) At
the daily scale, H and LE showed distinct seasonal patterns, initially increasing
then decreasing, while B displayed a “U-shaped”trend that flattened during
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the mid-growth period. TA and VPD were the main drivers of LE, whereas WS
and RH primarily influenced H. (3) At the monthly scale, H and LE followed
similar unimodal trends, with LE peaking in July–August and reaching its min-
imum in October, while H peaked in June–July and also minimized in October.
LE showed strong positive correlations with TA, VPD, and RH, with TA ex-
hibiting the strongest correlation (r = 0.85). H was primarily influenced by TA,
VPD, and WS, with TA and VPD showing strong positive correlations (r =
0.85 and 0.83, respectively). The main environmental factors affecting B were
WS, TA, VPD, and RH, with RH showing a negative correlation. These find-
ings elucidate the multi-scale variation characteristics of water and heat fluxes
and their relationships with environmental factors in desert ecosystems of arid
inland river basins, providing a theoretical foundation for ecological restoration
and management.

Keywords: desert ecosystem; eddy covariance; latent heat flux; sensible heat
flux; Bowen ratio; environmental factors

1. Introduction
Water and heat cycling in terrestrial ecosystems represents the core of material
and energy exchange between the land surface and atmosphere. The eddy co-
variance technique directly measures energy and mass exchange fluxes between
vegetation canopies and the atmosphere by estimating high-frequency covari-
ances of vertical wind speed and scalar fluctuations, offering a more reliable
approach than lysimeter, Bowen ratio, or water balance methods. Due to its
capability for long-term, high-frequency monitoring, this technique has been
widely applied across various ecosystems including urban, wetland, farmland,
and desert environments, effectively revealing water and heat variation charac-
teristics and their driving mechanisms.

The southern edge of the Gurbantunggut Desert represents a typical temperate
desert ecosystem with unique flora and fauna that maintain relative stability
through self-regulation over long timescales, playing crucial roles in ecological
balance, soil conservation, and water resource management. However, climate
change and human activities have diminished its resilience and self-regulation
capacity, making regional ecological security and sustainable development in-
creasingly critical. While previous studies have focused primarily on forests,
farmland, and meadows, the characteristics of water and heat flux variations
and their relationships with environmental factors in typical desert ecosystems
of arid inland river basins remain unclear. Most existing research emphasizes
single environmental factors or specific temporal scales while neglecting interac-
tions among factors across multiple scales.

Building upon micro-meteorological theory and employing eddy covariance
methods, this study analyzes water and heat flux characteristics and their
environmental controls in the Manas River Basin desert ecosystem from April
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to October 2023–2024. The objectives are to: (1) characterize water and
heat flux exchange patterns across multiple temporal scales, and (2) reveal
how environmental factors regulate these fluxes in desert ecosystems, thereby
providing theoretical support for ecological conservation.

2. Materials and Methods
2.1 Study Area

The study site is located at the southern edge of the Gurbantunggut Desert
(45°01�N, 86°06�E) in the Manas River Basin of northwestern China. The re-
gion experiences a typical arid continental climate with scarce rainfall (117 mm
annually) and high evaporation (1979.5 mm). The elevation ranges from 300–
600 m, with an average annual temperature of 6.6 °C. The eddy covariance
system was installed on flat, open terrain without tall buildings or obstructions,
representing a homogeneous underlying surface. The tower height was 4 m,
with dominant desert vegetation including Haloxylon ammodendron, Haloxylon
persicum, and Ephedra sinica.

2.2 Data Sources and Processing

2.2.1 Eddy Covariance System The eddy covariance system (IRGASON,
Campbell Scientific Inc., Logan, USA) integrated an open-path infrared gas an-
alyzer with a three-dimensional sonic anemometer, simultaneously measuring
CO2/H2O concentrations, air temperature, relative humidity, atmospheric pres-
sure, vapor pressure deficit, wind speed, and wind direction at 10 Hz frequency.
The system was oriented toward the prevailing wind direction.

2.2.2 Flux Data Processing The system calculates turbulent fluxes through
direct measurement of covariances between atmospheric variable fluctuations
and vertical wind speed fluctuations. The latent heat flux (LE) and sensible
heat flux (H) were computed as:

𝐿𝐸 = 𝜌𝑎 ⋅ 𝐿𝑣 ⋅ 𝜔′𝑞′

𝐻 = 𝜌𝑎 ⋅ 𝐶𝑝 ⋅ 𝜔′𝑇 ′

where 𝐿𝐸 is latent heat flux (𝑊 ⋅ 𝑚−2), 𝐻 is sensible heat flux (𝑊 ⋅ 𝑚−2), 𝜌𝑎 is
air density (𝑘𝑔 ⋅ 𝑚−3), 𝐿𝑣 is latent heat of vaporization (𝐽 ⋅ 𝑘𝑔−1), 𝐶𝑝 is specific
heat capacity at constant pressure [1004.67𝐽 ⋅ (𝑘𝑔 ⋅ 𝐾)−1], 𝜔′ is vertical wind
speed fluctuation, 𝑞′ is specific humidity fluctuation, and 𝑇 ′ is air temperature
fluctuation.

The Bowen ratio (B) was calculated as:
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𝐵 = 𝐻/𝐿𝐸

2.2.3 Data Quality Control To ensure data accuracy and continuity, raw
10 Hz data underwent rigorous quality control including spike removal, trend
correction, coordinate rotation (double rotation), frequency response correction,
sonic virtual temperature correction, and density fluctuation (WPL) correction.
Data were screened using a friction velocity (𝑢∗) threshold of 0.1 𝑚 ⋅ 𝑠−1, with
values below this threshold discarded. Flux footprint analysis using Kormann
and Kljun models indicated that the upwind fetch ranged from 235.92–571.66
m, with mean contribution distances of 387.38 m, ensuring representative mea-
surements.

2.2.4 Gap-Filling Missing data were gap-filled using the marginal distribu-
tion sampling method within the ReddyProc package in the R programming
environment. The growing season was divided into three periods: early growth
(April–May), mid-growth (June–August), and late growth (September–Octo-
ber).

3. Results
3.1 Environmental Factor Variations

3.1.1 Half-Hourly Scale At the half-hourly scale, environmental factors
showed distinct diurnal patterns (Fig. 2). Air temperature (TA) exhibited a
decreasing-increasing-decreasing trend, peaking at 14:00–16:00. Vapor pressure
deficit (VPD) showed similar patterns but with greater variation across growth
stages, with means of 18.21 hPa (early), 29.40 hPa (mid), and 15.09 hPa (late)
in 2023, and 21.31 hPa, 17.64 hPa, and 33.33 hPa in 2024, respectively. Rela-
tive humidity (RH) displayed opposite trends to TA and VPD, while wind speed
(WS) showed a decreasing-increasing-decreasing pattern.

3.1.2 Daily Scale Daily environmental variations showed unimodal seasonal
patterns, increasing then decreasing with maxima in July and minima in January
(Fig. 3). Annual ranges were TA: -2.57–40.99 °C, VPD: 0.2–74.83 hPa, and WS:
0.12–12.85 𝑚 ⋅ 𝑠−1, with annual means of 20.16 °C, 23.48 hPa, and 1.78 𝑚 ⋅ 𝑠−1,
respectively.

3.1.3 Monthly Scale Monthly variations revealed similar unimodal trends
(Fig. 4). TA and VPD peaked in July, while RH decreased during the growing
season. WS showed a“double-peak”pattern, increasing overall then decreasing.
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3.2 Water and Heat Flux Variations

3.2.1 Half-Hourly Scale LE and H exhibited unimodal diurnal patterns
with peaks at 13:00–15:00 (Fig. 5). The LE peak consistently preceded the H
peak by 1–2 hours. In 2023, LE peaked at 213.25 𝑊 ⋅ 𝑚−2 while H reached
78.62 𝑊 ⋅ 𝑚−2; in 2024, LE peaked at 60.50 𝑊 ⋅ 𝑚−2 with H at 52.89 𝑊 ⋅ 𝑚−2.
During early growth, LE dominated energy consumption, while H dominated
during mid- and late-growth periods.

3.2.2 Daily Scale Daily variations showed clear seasonal patterns (Fig. 6).
LE and H increased then decreased, forming a “U-shaped”trend, while B flat-
tened during mid-growth. In 2023, LE ranged from 1.43–81.07 𝑊 ⋅ 𝑚−2 and H
from 0.45–103.72 𝑊 ⋅ 𝑚−2; in 2024, LE ranged 4.88–96.39 𝑊 ⋅ 𝑚−2 and H 2.28–
85.00 𝑊 ⋅ 𝑚−2. The large fluctuation ranges reflect strong turbulent transport
under intense thermal forcing.

3.2.3 Monthly Scale Monthly LE and H showed unimodal patterns (Fig.
7). In 2023, LE ranged 9.81–32.84 𝑊 ⋅ 𝑚−2 (peak in July–August, minimum in
October), while H ranged 17.52–64.94 𝑊 ⋅𝑚−2 (peak in June–July, minimum in
October). In 2024, LE ranged 17.05–64.94 𝑊 ⋅ 𝑚−2 and H 27.00–69.33 𝑊 ⋅ 𝑚−2.
The Bowen ratio (B) showed a “U-shaped”pattern, decreasing during early
growth, stabilizing mid-season, then increasing in late growth.

3.3 Correlation Analysis

3.3.1 Half-Hourly Scale Pearson correlations revealed that LE was signif-
icantly positively correlated with TA (r = 0.63), VPD (r = 0.62), and WS (r
= 0.51). H showed strong positive correlations with WS (r = 0.73), VPD (r =
0.61), and TA (r = 0.56), and negative correlation with RH (r = -0.33). B was
primarily influenced by WS (r = 0.11) (Fig. 8).

3.3.2 Daily Scale At the daily scale, LE was significantly positively corre-
lated with TA and VPD (r = 0.85 and 0.83). H showed strong positive correla-
tions with TA (r = 0.85) and VPD (r = 0.83), and moderate correlation with
WS (r = 0.56). B was positively correlated with WS (r = 0.71) and negatively
with RH (r = -0.45) (Fig. 9).

3.3.3 Monthly Scale Monthly correlations showed LE strongly positively
correlated with TA (r = 0.85), VPD (r = 0.83), and RH (r = 0.81). H was
primarily influenced by TA (r = 0.85), VPD (r = 0.83), and WS (r = 0.56). B
showed positive correlations with WS (r = 0.71) and TA (r = 0.45), but negative
correlation with RH (r = -0.45) (Fig. 10).
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4. Discussion
Water and heat fluxes represent the conversion of available energy into surface
energy flux components, with land-atmosphere interactions propagating surface
property changes into the atmosphere. Our eddy covariance measurements re-
veal distinct multi-scale patterns in this desert ecosystem.

The unimodal diurnal patterns of LE and H align with previous desert studies,
though the LE peak preceding H by 1–2 hours reflects rapid surface energy
exchange in response to net radiation. The large diurnal ranges (LE: -10.69–
165.99 𝑊 ⋅ 𝑚−2; H: -14.31–221.88 𝑊 ⋅ 𝑚−2) indicate strong turbulent transport
and intermittent fluxes. Nighttime positive LE and negative H values result
from temperature inversions common in desert environments, where nocturnal
surface temperatures drop below air temperature.

The dominance of H over LE (Bowen ratio > 1) throughout the growing season
is consistent with studies in the Taklamakan Desert and Central Asian deserts,
attributable to low soil moisture, high surface albedo, and low heat capacity
that convert absorbed radiation primarily into sensible heat. The seasonal “U-
shaped”pattern of B reflects energy partitioning shifts: early growth instability
with frequent energy exchange, mid-season equilibrium, and late-season deteri-
oration reducing environmental controls.

Environmental factors showed scale-dependent influences. At half-hourly and
daily scales, TA, VPD, and WS significantly promoted LE and H through en-
hanced turbulence and evapotranspiration. At monthly scales, RH became neg-
atively correlated with LE as high temperatures accelerated evaporation, drying
surface soils. The consistent positive correlation between TA and both fluxes
across all scales confirms temperature as the primary driver of energy exchange.

Vegetation development modulated these relationships. During early growth,
limited leaf area and surface moisture reduced LE’s response to environmental
factors. Mid-growth increases in leaf area index enhanced canopy conductance
and photosynthetic activity, strengthening LE-VPD correlations. Late-season
senescence weakened these relationships, particularly for B.

5. Conclusion
This study, based on eddy covariance measurements, investigated multi-scale
variations of LE, H, and B and their responses to environmental factors in a
desert ecosystem of an arid inland river basin. Key conclusions are:

1. Half-hourly scale: LE and H showed unimodal diurnal patterns peaking
at 13:00–15:00, with LE preceding H by 1–2 hours. Early growth was
LE-dominated, while mid- and late-growth were H-dominated. LE was
primarily driven by TA, VPD, and WS; H by WS, VPD, TA, and RH;
and B by WS.
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2. Daily scale: Clear seasonal patterns emerged, with LE and H increas-
ing then decreasing and B showing a “U-shaped”trend. TA and VPD
dominated LE, while WS and RH primarily influenced H.

3. Monthly scale: Unimodal seasonal patterns peaked in summer (LE:
July–August; H: June–July) and minimized in October. LE correlated
strongly with TA (r = 0.85), VPD, and RH; H with TA (r = 0.85), VPD,
and WS; and B with WS, TA, VPD, and negatively with RH.

These findings elucidate the complex multi-scale dynamics of water and heat
fluxes in desert ecosystems, highlighting the dominant role of sensible heat
flux and the scale-dependent influences of environmental factors. Future re-
search should further investigate radiation and soil moisture effects and explore
coupling between carbon and water fluxes to enhance understanding of desert
ecosystem functioning under climate change.
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