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Abstract

Against the backdrop of global warming and strong regional land-atmosphere coupling, extreme heat events in Northwest
China are exhibiting a significant increasing trend of being "more frequent, more persistent, and more intense." Based on
a composite diagnosis of 63 summer extreme heat events in Northwest China from 1958 to 2022, and integrating
international and domestic research progress, this paper systematically reviews the spatiotemporal changes,
thermodynamic structure and energy budget, formation and maintenance mechanisms of extreme heat in this region, as
well as its coupling relationships with global warming, large-scale circulation, and underlying surface changes. The results
indicate that diabatic heating in the boundary layer (approx. 800 hPa) often acts as a trigger, which is subsequently
sustained by the synergistic effects of subsidence-induced adiabatic warming and strong zonal warm advection, with
meridional advection playing a significant modulating role. The mid-troposphere (approx. 650 hPa) is co-controlled by
zonal advection, vertical adiabatic heating, and diabatic heating. The upper troposphere (approx. 350 hPa) is dominated by
subsidence-induced adiabatic warming and zonal warm advection, where diabatic heating often acts as a suppression term.
This is fundamentally different from the typical "WPSH + warm-moist airflow" type heatwaves in eastern China. Upper-
level anticyclones, blocking heights, and "heat dome" structures facilitate the accumulation of heat within the boundary
layer through stable stratification and weak ventilation. Global warming elevates the meaning of the temperature distribution
and amplifies the probability of tail events, while sensible-heat amplification and near-surface and boundary-layer heat
accumulation under dry-soil conditions further enhance the intensity and persistence of extremes. CMIP family models
consistently project a significant increase in the number of heatwave days, duration, and cumulative intensity in Northwest
China under 1.5-3°C warming scenarios. This paper identifies key shortcomings such as sparse observations, inadequate
parameterization of the boundary layer and dust-radiation-cloud interactions, and weaknesses in event attribution and
Subseasonal-to-Seasonal (S2S) probabilistic forecasting. It proposes research pathways oriented towards multi-source data
fusion, convection-permitting scale modeling, three-component attribution, and inter-departmental risk governance.
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1. Introduction

It is an established consensus that global warming is predominantly driven by human activities, with a global temperature
increase of about 1.1°C compared to the pre-industrial era, leading to significantly enhanced and compounding risks of
heat extremes in most land regions ['?]. This paper uses TX90p and HWMId as core indices to characterize heatwave
variability, focusing on Northwest China, an arid-semiarid region with enclosed topography. Extreme heat here is
characterized by "warm-dry-subsidence-advection" features, differing from the "humid-heat" mechanism in eastern China,
which is dominated by the WPSH and warm-moist transport; this east-west difference will be detailed in a later section
(341, The data and methods employ JRA-55 reanalysis (1958-2022, 1.25°). Regional events in the area [40°—47.5°N, 92.5°—
102.5°E] are identified using detrended and 8-day low-pass filtered Surface Air Temperature (SAT) (duration >3 days,
determined by a percentile threshold), yielding a total of 63 samples. Composite diagnosis reveals that events are triggered
by diabatic heating in the boundary layer and subsequently maintained primarily by subsidence-induced adiabatic warming
and zonal warm advection in the free atmosphere, forming a typical heat dome structure. Compared to eastern China, the
entire evolution process in the Northwest relies more heavily on advection and subsidence P!, This paper is structured along
the lines of "spatiotemporal changes—thermal structure—driving background—future trends," integrating evidence from
observations, reanalysis, and models to construct a mechanistic framework for extreme heat in Northwest China and to
propose strategies for prediction and risk governance.
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2. Data and Methods

This study primarily uses the JRA-55 reanalysis dataset from the Japan Meteorological Agency (1958-2022, 1.25° grid,
multiple levels from 1000-100 hPa) [¢l. Variables include temperature, geopotential height, wind fields, vertical velocity,
cloud cover, radiation, and surface air temperature (SAT). Summer is defined as June—August, and the study area is [40°—
47.5°N, 92.5°-102.5°E], with regional mean SAT representing the thermal state. All meteorological elements are first
detrended, and low-frequency signals (=8 days) are retained. Anomalies are calculated relative to long-term climatology.
Extreme heat events are identified using a percentile threshold of regional mean SAT: an event is defined when SAT
exceeds the 95th percentile for >3 consecutive days, with an interval of at least 8 days between events to ensure
independence. The thermodynamic diagnosis is based on the temperature tendency equation (Eq. (1)), which decomposes
local temperature change into zonal/meridional advection, a vertical (adiabatic) term, and a diabatic heating term (Q/Cp,
estimated as a residual). All components and the temperature field undergo the same preprocessing. Composite analysis is
performed by averaging key circulation and thermodynamic elements over the event samples to compare the relative
contributions of different thermodynamic processes at various pressure levels and to characterize the overall structure of
"anticyclone-subsidence-warm advection-land surface feedback." Specific time anchors and filtering details are not
discussed. Based on these diagnostic results, a comparative discussion is then conducted with the background of global
climate change and large-scale circulation anomalies.
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Eq. (1) Temperature Tendency Equation and Term Decomposition

3. Spatiotemporal Distribution Characteristics and Change Trends

Since the 1980s, extreme heat events in Northwest China have significantly increased and accelerated in the 21st century,
with multiple indices (TX90p, WSDI, HWMId, etc.) showing synchronous upward trends. The years 2013, 2017, and 2022
were marked by strong anomalies *78], The event inventory from 1958-2022 indicates a "step-like" enhancement of
regional heatwaves after 2000, becoming more persistent and cumulatively stronger, with peaks often co-occurring with
upper-level anticyclones and blocking patterns. Nighttime extremes (TN90p, tropical nights) have increased more rapidly
in urbanized and oasis-desert transition zones, shifting the risk from "daytime sun exposure" to "continuous day-night
thermal load"™, In terms of drivers, global warming elevates the temperature mean and amplifies tail probabilities, making
thresholds easier to cross [»!%. Dry soil-sensible heat amplification and atmospheric heat accumulation enhance event
persistence ['!. Interannual-to-decadal modulation is closely related to spring soil moisture, antecedent snow cover,
Eurasian blocking frequency, and the phase of the Silk Road Pattern (SRP) wave train ['?l. CMIP family models consistently
project that under SSP1-2.6 to SSP5-8.5 scenarios, the number of heatwave days, duration, and indices like HWMId/HWA
will continue to rise. They are also projected to start earlier, end later, and feature more nighttime extremes, with a
significant increase in the probability of compound extremes (heat-drought, heat-pollution) [1!3141. Taking 2022 as an
example, hotspots were distributed along the Tarim-Turpan basins and the Hexi Corridor, corresponding to enclosed
topography and weak ventilation (see Fig. 1). Extreme heat in the Northwest exhibits a high-value pattern of "basin-
corridor-desert belt": the Tarim, Turpan-Hami, and Hami-Dunhuang-Jiuquan-Zhangye corridors, northern Ningxia, and
western Inner Mongolia are stable high-risk areas. This is due to the combined effects of enclosed topography, leeward
subsidence, and strong solar radiation, which facilitate the convergence and trapping of heat in the boundary layer B4,
Guided by westerlies and topography, a tongue of warm, dry air propagates eastward along the corridor or stagnates
between basins, forming a quasi-stationary high-temperature zone. Anomalous low-level southwesterly (southerly) winds
transport warm advection into the basin-foothill areas, where it superimposes with subsidence, creating significant land-
atmosphere coupled hotspots. The spatial drift is controlled by the relative positions of the blocking center and the
westward extension/northward shift of the WPSH, often featuring a configuration of "Ural blocking—Mongolian high—
subsidence on the northern flank of the Tibetan Plateau.” When the northern edge of the SAH overlaps with the boundary
of the WPSH, the subsidence zone widens, and the high-temperature belt shifts northward or extends westward accordingly
(121, Underlying surface heterogeneity (oases-deserts and urban clusters) reorganizes local circulation and enhances
nighttime longwave radiation trapping, leading to a "patchy" increase in tropical nights and human exposure 2. Both
observations and models consistently indicate that this "basin-corridor" structure will persist and intensify under future
warming scenarios, with extreme centers more likely to expand into the basin interiors and downwind areas in years with
active dust and dry soil (1151,
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Fig. 1 Surface air temperature anomaly (unit: °C) and topography (grayscale, unit: m) for summer 2022. The black dashed box
indicates the study area. The spatial anomaly pattern of this year is representative of the recent "basin-corridor" type high-value
centers. (Source: Author-drawn)

4. Changes in Thermodynamic Elements: Surface Energy Budget and Land-Atmosphere Coupling
4.1 Changes in Thermodynamic Elements: Surface Energy Budget and Land-Atmosphere Coupling

The formation of extreme heat is primarily constrained by the surface energy budget. Under clear-sky, low-cloud
conditions, incoming shortwave radiation is strong, and net radiation peaks in the afternoon. The high heat capacity and
low soil moisture content of deserts and Gobi landscapes lead to strong heat storage during the day and slow release at
night, thereby raising nighttime minimum temperatures and increasing human heat stress ['!. In water-limited areas, latent
heat is suppressed while sensible heat is significantly enhanced, increasing the Bowen ratio. This strengthens turbulent
mixing and dry convection between the land and atmosphere, making the boundary layer more susceptible to heating and
thickening, and facilitating the development of a thermal low. This, in turn, attracts surrounding warm, dry air masses,
forming a positive feedback loop of "dry soil—enhanced sensible heat—boundary layer warming—further suppression of
evapotranspiration"!'3], Diabatic heating in the boundary layer (approx. 800 hPa), originating from surface sensible heat
flux input and turbulent mixing dissipation, is the trigger for most events. As the event develops, strong subsidence and
warm advection take over as the dominant factors, and the diabatic term may transition to a suppressive or secondary
maintenance role in some phases. Irrigation and oases have a certain peak-shaving effect on daily maximum temperatures,
but they often increase the probability of tropical nights by enhancing nighttime humidity and inversions, creating a
bidirectional effect of "daytime cooling, nighttime warming"!'®, Dust and aerosols have a dual impact on maximum
temperatures that depend on the region and time period by modulating shortwave scattering and longwave absorption.
During the development phase, reduced cloud cover (i.e., clearer skies) lowers the effective shortwave albedo and increases
net radiation. During the termination phase, an increase in cloud cover corresponds to shortwave suppression and
convective triggering (see Fig. 2). The net effect under strong solar radiation and a clean, dry atmosphere tends to be
warming, whereas complex scenarios with high dust loads and cloud-aerosol interactions may exhibit coexisting
"warming-cooling" effects [!l. In summary, the surface energy partitioning during extreme heat events in the Northwest is
characterized by sensible heat dominance, limited latent heat, and enhanced nighttime downward longwave radiation,
which are crucial underlying conditions for heatwave maintenance.
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Fig. 2 Diurnal cycle of regional mean anomalies of total and layered cloud cover (unit: %) in Northwest China during the lifecycle of
extreme heat events. Black dashed lines mark the start and end days. Dots indicate times passing the 95% confidence test. (Source:
Author-drawn)

4.2 Changes in Atmospheric Thermal Structure: Layered Heating Terms and Vertical Coherence

A decomposition based on the temperature tendency equation reveals a clear division of labor—"trigger-maintenance-
suppression"—in the vertical structure of extreme heat events in the Northwest (see Fig. 3). In the boundary layer (approx.
800 hPa), diabatic heating (surface sensible heat and turbulent mixing) triggers warming, which is then maintained by
subsidence-induced adiabatic warming and strong zonal warm advection. Meridional advection provides either warming
or cooling modulation depending on the circulation phase. In the mid-troposphere (approx. 650 hPa), zonal warm advection
and vertical adiabatic heating are dominant, with diabatic heating acting as a secondary positive term, collectively forming
a stable warm lid that suppresses deep convection and cloud formation, thereby favoring surface net radiation accumulation.
In the upper troposphere (approx. 350 hPa), subsidence-induced adiabatic warming and zonal warm advection are the main
drivers. Coupled with positive geopotential height anomalies and a weak vorticity region maintaining an anticyclonic
circulation, this increases the thickness of the entire atmospheric column and widens the subsidence zone. The diabatic
term is often suppressive, reflecting the capping effect of a "heat dome"['73], The physical reasons are mainly threefold.
First, clear skies with few clouds and dry, cold upper-level air make outgoing longwave radiation more efficient; near 350
hPa the infrared optical thickness is small and the temperature contrast with space is large, enhancing clear-sky longwave
radiative cooling, which makes Q/Cp systematically negative and partially offsets subsidence-induced adiabatic warming.
Second, deep convection is suppressed by anticyclonic subsidence, greatly reducing upper-level latent heatrelease from
condensation; even when sporadic cirrus/anvil clouds are present, their cloud-top outgoing longwave radiation is relatively
strong, so cloud-top longwave cooling exceeds the greenhouse warming of the cloud layer, yielding a net diabatic cooling
effect aloft. Third, subsidence-induced drying weakens the absorption and re-emission of longwave radiation by water
vapor and clouds, sustaining a negative “radiation—drying—cooling” feedback aloft, which keeps the diabatic term negative
throughout the event. Together, these mechanisms mean that although the total temperature tendency aloft is positive (with
adiabatic warming and warm advection being stronger), the diabatic term acts as a persistent damping that offsets the
warming, enhances static stability, suppresses the redevelopment of convection, and couples with the maintenance of the
anticyclonic circulation. Compared to eastern China, the entire evolution in the Northwest is dominated by adiabatic
heating due to u and w, with the relative contribution of u generally being greater than that of w. In contrast, in eastern
China, w is stronger during the development phase, and the roles of v and the diabatic term are enhanced during the decay
phase Bl. This difference stems from fundamental distinctions in circulation backgrounds and underlying surfaces: the
Northwest is controlled by Eurasian blocking and inland-type warm-dry transport, emphasizing zonal advection and
subsidence; eastern China is influenced by the WPSH and warm-moist airflow, emphasizing subsidence and latent heat
release. The appearance of an upper-level block or anticyclone and a subsidence zone serves as a precursor signal. The
intensity of mid-level warm advection and the warm lid determines sustainability, while the Bowen ratio and the magnitude
of the diabatic term in the boundary layer determine the triggering and nighttime heat load.
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Fig. 3 Diurnal cycle of temperature tendency (dt) and its heating components (ut, vt, wt, dia) on different pressure surfaces during
extreme heat events in Northwest China (unit: °C-d-1). Black dashed lines mark the average start and end days of the events. Dots
indicate times passing the 95% confidence test. (Source: Author-drawn)

4.3 Thermodynamic Processes of Heatwave Formation and Maintenance: Heat Dome, Topography, and Turbulent

Mixing

In a typical event, an upper-level anticyclone and blocking establish a positive geopotential height anomaly in the middle
and upper troposphere. With weak low-level winds and a small horizontal temperature-pressure gradient, heat in the
boundary layer cannot easily dissipate through advection. This, combined with adiabatic compressional warming from
large-scale subsidence and increased downward longwave radiation at night, forms a "capping" heat dome, leading to
multi-day, persistent heat accumulation at the surface and in the boundary layer [!”3]. This "warm lid + subsidence + weak
ventilation" structure of the heat dome is clearly visible in vertical cross-sections: a thick layer of warm anomalies is
superimposed with positive geopotential height anomalies, and a subsidence zone is located directly over the study area
(see Fig. 4). The topography of the Northwest significantly amplifies this structure: orographic lifting on the windward
side and subsidence on the leeward side of the Tianshan, Qilian, and Altai mountains, along with dry féhn wind processes,
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can cause local temperature jumps of 5-10°C along foothills and basin edges, contributing to record-breaking high
temperatures. The Hexi Corridor, acting as a climatic channel, facilitates the eastward propagation and "corridor
stagnation" of a warm-dry tongue under a westerly background. Afternoon dry convection and turbulent mixing deepen,
efficiently transporting surface sensible heat upward and redistributing it into a thicker boundary layer, while
simultaneously suppressing cloud formation and precipitation. At night, weakened turbulent mixing and strengthened
inversions make it easier for tropical nights to persist, leading to sleep disruption and cumulative health risks [''-?, The heat
dome is disrupted when cold advection intrudes, pre-trough lifting occurs, and cloud cover increases, leading to enhanced
diabatic cooling and latent heat release, which rapidly terminates the extreme event. If precipitation replenishes soil
moisture, the energy partitioning shifts from sensible to latent heat, the Bowen ratio decreases, and the land-atmosphere
system transitions to be dominated by "evaporative cooling," thereby prolonging the interval between events ['%. Overall,
the coupled chain of "anticyclone—subsidence—warm advection—dry soil—turbulent mixing" is the core process for the
formation and maintenance of extreme heat in Northwest China.
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Fig. 4 Composite vertical cross-sections during the lifecycle of extreme heat events: a) Temperature anomaly (°C), b) Geopotential
height anomaly (gpm), ¢) Vertical velocity anomaly (m-s-1, positive downward). The cross-section is along 42.5°N, with purple
shading representing topography. (Source: Author-drawn)

5. Changes in Atmospheric Thermal Structure: Layered Heating Terms and Vertical Coherence
5.1 The Background Role of Global Warming

Global warming significantly increases the probability and intensity of heatwaves through a dual mechanism of "mean
shift + tail amplification." The upward shift in the mean of the temperature distribution makes it easier to cross fixed
thresholds (e.g., 35°C), while changes in variance and skewness cause an exponential increase in the probability of extreme
tail events, making previously rare extremes more common in the present and future 919181 For arid-semiarid regions,
warming combined with water limitation further amplifies the proportion of sensible heat, making the temperature response
more sensitive to the same magnitude of radiation anomalies. This makes Northwest China one of the land-based
"amplification zones"!' 13, Attribution studies show that anthropogenic forcing has significantly increased the logarithmic
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odds ratio and attributable fraction of heatwave occurrences in East Asia and the Eurasian continent ['>2, Multi-model
results further indicate that under various SSP scenarios, regardless of the intensity of emission reductions, the number of
heatwave days, duration, cumulative intensity, and nighttime extremes in Northwest China will increase in the coming
decades. Furthermore, the probability of compound extremes (heat-drought, heat-pollution) will continue to rise 314,
Warming also alters the diurnal heat balance by increasing atmospheric water vapor and downward longwave radiation,
making tropical nights more frequent. Simultaneously, rising temperatures lead to reduced mountain snow cover and earlier
melt, which weakens the spring surface albedo and cold source, exerting a memory-based warming effect on the summer
land-atmosphere thermal state and enhancing the predictability of heatwaves in advance ['. Together, this evidence forms
the scientific basis for "climate background uplift—event probability leap."

5.2 Large-Scale Circulation and Regional Climate Response

As shown in Fig. 5, starting from day -6, an upper-level anticyclone gradually forms and moves eastward or stagnates. A
low-level warm-dry tongue is guided along the corridor and coordinates with the subsidence zone, peaking on day 0, and
weakening from day +2 to +4. Extreme heat in Northwest China is primarily modulated by the interplay of three key
systems: mid-to-high latitude Eurasian blocking highs, the Silk Road Pattern (SRP) wave train, and the Western Pacific
Subtropical High (WPSH) (including its coupling with the South Asian High (SAH)). When a blocking high appears over
the Urals-Western Siberia or east of Lake Baikal, the SRP along the Central Asia-Northwest China pathway facilitates the
maintenance of an anticyclone and subsidence overhead, which easily forms and consolidates a "heat dome"[!712], An
anomalous westward extension and northward shift of the WPSH, superimposed with the northern edge of the SAH, can
establish a dry-warm subsidence zone on the northern flank of the Tibetan Plateau and enhance low-level warm advection
31 ENSO, NAO, IOD, and other phenomena indirectly affect seasonal heatwave risk by altering the Eurasian waveguide
and the frequency of blocking events, exhibiting interdecadal non-stationarity modulated by seasonal phase and land
surface initial conditions ?1. The significant contribution of blocking to heatwaves has been quantitatively confirmed in
multiple regions ['); in Northwest China, it can be considered a "maintainer," while pre-trough cold advection and jet
stream reconfiguration often act as "terminators." A synthesis of observations and reanalysis indicates that strong events
are often preceded by a triadic signature of "upper-level anticyclone and positive geopotential height anomaly, low-level
warm advection/dry-warm tongue, and negative vertical velocity anomaly."
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Fig. 5 200 hPa geopotential height anomaly (contours, gpm) and 800 hPa wind anomaly (vectors, m-s-1) at key times during the
lifecycle of extreme heat events. Gray shading indicates areas passing the 95% confidence test. The green box represents the study
area in Northwest China. (Source: Author-drawn)
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5.3 Impacts of Human Activities and Underlying Surface Changes

Human activities significantly modify the underlying surface and energy partitioning through two main pathways:
urbanization and oasis irrigation. Urbanization increases impervious surfaces and weakens ventilation, enhancing heat
capacity and nighttime downward longwave radiation trapping. This leads to a superposition of the "urban heat island" and
"heatwave" effects, significantly elevating tropical nights and human heat exposure [, Qasis irrigation, by substituting latent
for sensible heat during the day, has a certain "peak-shaving" effect on extreme maximum temperatures. However, at night,
it often raises minimum temperatures and the feeling of stuffiness by increasing humidity and strengthening near-surface
inversions. Furthermore, the thermal circulation between oases and deserts reconfigures local wind and temperature fields,
exhibiting a typical bidirectional impact of "daytime cooling, nighttime warming"[!®!!), Meanwhile, land use/cover change
(LUCC) and dust-aerosols can either enhance or suppress maximum temperatures under different weather patterns by
altering albedo, roughness, evapotranspiration, and radiation scattering/absorption. Over the long term and at regional
scales, these factors reshape the spatial pattern and interannual predictability of extreme heat '3, In summary, human
activities exacerbate asymmetric day-night warming and amplify health risks, but their impacts are highly dependent on
specific temporal and spatial conditions.

6. Research Gaps and Future Directions

Despite a deepening overall understanding of extreme heat in Northwest China, significant scientific and technical
shortcomings remain, requiring systematic efforts to address them. First, in terms of observations, there are spatial
inhomogeneities and a lack of data types. Long-term, continuous observations of turbulent fluxes and boundary layer
profiles are scarce in mountain-basin transition zones, desert interiors, and oasis boundaries. Coordinated high-tower,
airborne, and satellite observations are still insufficient, limiting the quantification of diabatic heating closure and dust-
radiation-cloud interactions ', Second, regarding mechanistic quantification, a unified methodology is still needed for
reproducible statistics on boundary layer turbulent mixing, dry convection, and fohn warming, as well as for diagnosing
energy fluxes from upper- and mid-level warm advection and subsidence. The decomposition of diabatic term sources
(radiation/turbulence/phase change) and the assessment of error propagation are not yet robust ('], Third, in modeling and
prediction, global and regional models exhibit systematic biases in parameterizing highly complex terrain, oasis irrigation,
urbanization, and dust processes, leading to an underestimation of the peak intensity and nighttime structure of extreme
heat. It is imperative to develop convection-permitting scale (CPS) regional Earth system models with multi-source data
assimilation to explicitly resolve key underlying surface processes, and to use machine learning to improve extreme
probability post-processing and bias correction 32, Fourth, concerning attribution and S2S predictability, a "three-
component" event attribution framework—"external forcing—Ilarge-scale circulation—underlying surface initial
conditions"—should be established to quantify the contribution range of each component to event probability and intensity.
For forecasting, a segmented probabilistic prediction system should be constructed, using blocking precursors, jet stream
oscillations, and SRP energy fluxes as trigger signals; soil moisture and Bowen ratio as maintenance monitors; and pre-
trough cold advection as termination indicators ['?]. Finally, in risk governance, meteorological indices should be coupled
with UTCI/labor limits, electricity load, crop yield, and ecological vulnerability to form an inter-departmental, closed-loop
system of "monitoring—forecasting—warning—response—assessment."

7. Conclusion

Extreme heat in Northwest China has shown a significant upward trend in recent decades. Spatially, a stable high-risk belt
has formed along the Tarim-Turpan basins and the Hexi Corridor-northern Ningxia-western Inner Mongolia region, with
a notable increase in day-night asymmetry and compound extremes “7#]. Thermodynamically, the structure involves
triggering by boundary layer diabatic heating, maintenance by subsidence-induced adiabatic warming and zonal warm
advection in the mid- and upper-levels, and suppression by the diabatic term in the upper layers, forming a three-
dimensional structure of "anticyclone—subsidence—warm lid—heat dome." Compared to the "WPSH + warm-moist"
type in eastern China, the "warm-dry—subsidence—advection" dominance in the Northwest is more prominent, with the
contribution of the u-term often exceeding that of the w-term, while the v-term and diabatic term may be offsetting in some
phases [°l. Global warming increases the probability of extremes through mean shift and tail amplification. This, combined
with dry soil-sensible heat amplification and atmospheric heat accumulation, makes heatwaves stronger and longer-lasting
(1911 The phasing of Eurasian blocking, SRP wave trains, the WPSH, and the SAH determines the location and
sustainability of events, while urbanization, irrigation, and LUCC reshape energy partitioning and nighttime structure at
local-to-regional scales !'7-1?]. Looking ahead, CMIP family models consistently point to a continued increase in the
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frequency, intensity, duration, and compound risk of heatwaves in Northwest China under various warming scenarios, with
earlier onsets, later cessations, and more frequent nighttime extremes requiring particular attention ['3-'4], Therefore, future
efforts should focus on filling observational gaps with multi-source data, strengthening constraints with process-based
mechanisms, clarifying responsibilities with three-component attribution, enhancing predictability with CPS and S2S
forecasting, and deeply coupling meteorological risks with energy, agriculture, and public health governance to build a
systematic response framework for extreme heat in Northwest China under a warming climate.
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