
Anonymous Referee #1: 

General comments: 

This manuscript used the weather station data and WRF-SLUCM simulations to analyze the links 

between UHA and CUHI and BUHI across the Suzhou-Wuxi-Changzhou metropolitan area in the 

YRD, China. The manuscript is well-structured and the logic is easy to read, and the results are 

interesting. Therefore, I recommend a Minor Revision before publish this manuscript. 

RESPONSE: We sincerely thank you for the time and effort you devoted to reviewing this 

manuscript. We are grateful for your positive feedback and constructive comments on our 

work. We have addressed them accordingly, which we hope meets with approval. Please find 

our point-by-point responses below. 

 

Specific comments: 

1. Line 16: the authors showed the intensity reaches 0.32°C in Page 8, Line 200. While “…about 

0.3°C” is acceptable for in abstract, please ensure consistency or use the more precise value to match 

the results in the abstract. 

RESPONSE: We thank the reviewer for pointing out this inconsistency. We have revised the 

abstract to ensure consistency as follows:  

Lines 15—16 of the revised manuscript in the abstract:  

“Under northwesterly flow, daily mean UHA intensities increase from negative values in upwind 

regions to 0.32 °C downstream”  

 

 

2. Line 38-41: “Early observations indicated that……show significant heating up to 70 km 

downwind of the city”. This is an interesting comparison. It would be helpful to briefly discuss the 

reasons. Is it caused by urbanization? Higher sensitivity of model simulation and satellite data? Or 

any other reasons? 

RESPONSE: We thank the reviewer for raising this comparison. Both factors are relevant, 

and we elaborate on each below. 

First, rapid urbanization is a critical factor. The difference in urban size (area and 

population) between St. Louis in the 1970s and Chicago in recent years is enormous. Larger 

cities generate larger heat sources, and their influence extends further before thermal 

anomalies decay to background levels. 

Second, there are limitations in the early methodology and spatial scope. Early 

conclusions relied primarily on aircraft observations, which were limited by flight range, 



single observation duration, and fixed flight altitude. Recent research has benefited from 

advancements in tools and simulation enhancements. For example, the latter study utilizes 

Lagrange models to track air mass trajectories, providing three-dimensional data covering 

the entire region. 

In addition, factors such as background meteorological conditions (e.g., moderate wind 

speeds favor the propagation of thermal plumes over longer distances), and the properties of 

downstream underlying surfaces (e.g., downstream lakes reduce the propagation distance of 

heat plumes) also affect the propagation of thermal plumes.  

We have added a brief discussion in the manuscript as follows: 

Lines 39—44 of the revised manuscript in the introduction:  

“Under the background of rapid urbanization, the influence of thermal plumes is further enhanced 

(Moustaoui and Georgescu, 2025). Early observations indicated that urban thermal plumes could 

extend 10–15 km downwind (Dirks, 1974; Wong and Dirks, 1978), while recent modelling results 

show significant heating up to 70 km downwind of the city (Cosgrove and Berkelhammer, 2018). 

Early observational studies were constrained by sparse measurements and primarily captured near-

surface thermal characteristics, whereas recent modelling studies can resolve elevated thermal 

plumes and diagnose their propagation under a wider range of meteorological conditions.” 

 

 

3. Figure 2: the sensitivity experiment was conducted by replacing built-up areas with croplands. I 

suggest the authors mark the replaced areas in Figure 2c for better reading. 

RESPONSE: We appreciate this suggestion and have marked the modified area in Figure 2c 

accordingly. The areas enclosed by solid black lines and marked with diagonal hatching 

indicate the regions where the original LULC was modified. 

Lines 168—171 of the revised manuscript in Section 2.2.3: 

 
Figure 2. (a) The setup of the nested domain over the study area. Land use and land cover within 



the innermost domain for (b) control simulation and (c) sensitivity experiment. In (c), the solid black 

lines and diagonal hatching represent the areas where the land use/land cover was modified. 

 

 

4. Section 2.2.3 Model configuration: the research area is a dense metropolitan area, anthropogenic 

heat flux (AHF) is a major contributor to the initial "heat plume." Can authors clarify in the model 

description whether a fixed AHF profile was used in the SLUCM or if it was dynamically scaled? 

This will provide important context for the results. 

RESPONSE: We are grateful for this comment, which prompted us to clarify how 

anthropogenic heat is treated. The original SLUCM run used a default sensible AHF of 50 W 

m⁻² scaled by the 24-hour multiplication factors: 0.16 0.13 0.08 0.07 0.08 0.26 0.67 0.99 0.89 

0.79 0.74 0.73 0.75 0.76 0.82 0.90 1.00 0.95 0.68 0.61 0.53 0.35 0.21 0.18 (starting at 01 hours 

local time, no latent AHF).  

However, SLUCM systematically overestimates the wind speed in the near-surface layer 

(Avisar et al., 2021; Sun et al., 2021; Yu et al., 2021), and the default AHF input has 

uncertainties. In response to this comment, we have replaced SLUCM with the MLUCM 

BEP+BEM scheme (coupled with a global 1 km spatially continuous urban canopy parameter 

for the WRF model (Liao et al., 2025)), and the PBL scheme was changed from YSU to MYJ 

to meet the requirements of BEM. 

Consequently, rather than relying on a fixed, prescribed diurnal AHF profile (SLUCM), 

AHF from buildings is now computed dynamically. Using the default BEM thermodynamic 

equations, the model dynamically computes the real-time energy required for indoor space 

heating and the subsequent waste heat rejected into the urban atmosphere. This calculation is 

driven by the instantaneous outdoor meteorological conditions (e.g., ambient temperature, 

radiation) and building interior target temperatures. We have supplemented the description 

of model AHF: 

Lines 149—155 of the revised manuscript in Section 2.2.3: 

“The spatial features of UHA were evaluated using the Weather Research and Forecasting (WRF) 

model, version 3.9.1, coupled with a multi-layer urban canopy model (MLUCM). This study utilizes 

the multi-layer Building Effect Parameterization (BEP) coupled with the Building Energy Model 

(BEM), and urban canopy parameters were taken from the global 1 km spatially continuous GloUCP 

dataset (Liao et al., 2025). BEP+BEM can reproduce the intensity and spatiotemporal distribution of 

UHI (Zhu and Ooka, 2023), and it includes a mature parameterization of the air-conditioning system 

and of indoor–outdoor heat exchange and accounts for the vertical distribution of AHF (Salamanca 



et al., 2010)” 

In addition, please see the end of the response for details about the revision of Section 3.3.  

 

 

5. Figure 4: I suggest adding a vertical dashed line at sunset/sunrise hours in the subplots to help 

readers better understand the discussion in Line 193-207. 

RESPONSE: We thank the reviewer for this helpful suggestion on improving the readability. 

We have added vertical dashed lines at sunset/sunrise hours in the subplots for Fig. 4 and Fig. 

5.  

Lines 241—245 in Section 3.1: 

 

Figure 4. Diurnal variation of hourly UHA intensity across different regions under northwest wind 

conditions. The numerical values indicate the daily-averaged UHA intensity for each region. Line 

colours represent the sign of the daily-averaged UHA intensity: red indicates positive values, while 

blue indicates negative values. Gray vertical lines indicate sunrise/sunset times. 

 

Lines 260—262 in Section 3.1: 



 
Figure 5. Same as Figure 4, but under southeast wind conditions. 
 

 

6. Discussion: Given that deep daytime convective boundary layers can reverse the UHA to a 

cooling effect, do you think your findings would change significantly if the study area included a 

mega-city with a much deeper PBL, such as Shanghai, in further downwind areas? 

RESPONSE: We appreciate this comment regarding the role of a deeper-PBL megacity. The 

existing conclusions remain unchanged. Please find our response below for details. 

Under northwest wind conditions, Shanghai, located downstream of the urban 

agglomeration (Fig. R1), experiences enhanced heat transport, resulting in a higher average 

UHA intensity (Fig. R2).  

The average PBLH in this study is the regional (ROI) average, not the PBLH of any single 

city. At the regional scale, a deeper PBL reduces the total advection heat available across the 

entire region (vertical dilution of heat), thus UHA and PBLH are negatively correlated. 

At the local scale, on the one hand, Shanghai receives heat transport from multiple cities, 

which enhances UHA; on the other hand, Shanghai's higher PBLH vertically dilutes its own 

heat generation and upstream transport, thus reducing UHA. The final UHA intensity is the 



net result of both factors. When upstream heat input is sufficient to outweigh the local vertical 

dilution, Shanghai exhibits a net positive UHA. This intensified warming may in turn promote 

further PBL development through enhanced thermal turbulence, although that feedback is 

not directly diagnosed here. 

 
Figure R1. Locations of the automated weather stations, where the yellow and blue circles represent 

urban and rural stations, respectively, and blue asterisks indicate representative stations of the 

regional wind field. Note that pink circles represent the urban stations in the Shanghai area. 

 

 

Figure R2. Diurnal variation of hourly UHA intensity across different regions under northwest wind 



conditions. The numerical values indicate the daily-averaged UHA intensity for each region. Line 

colours represent the sign of the daily-averaged UHA intensity: red indicates positive values, while 

blue indicates negative values. Note that figure R2k represents the Shanghai area. 

 

 

Furthermore, for numerical simulation, we replaced SLUCM with the MLUCM (BEP+BEM) 

scheme, drove the urban morphology with the 1 km GloUCP dataset (Liao et al., 2025), and 

switched the PBL scheme from YSU to MYJ as required by BEM. The entire section 3.3 has 

been modified based on the new simulation results (as described in question 4). Note that the 

MYJ scheme results show the phenomenon of heat anomalies reaching the top of the PBL later 

than YSU, so the displayed times were adjusted. The new results do not affect existing 

conclusions, and the abstract, data, and methods sections have been modified accordingly. 

Line 320—447 in Section 3.3: 

“Model performance was evaluated by comparing simulated 2-m air temperature and 10-m wind 

field of domain 3 against hourly observations from all available meteorological stations within the 

ROI (Fig. 8). For 2-m air temperature, the RMSE and the Pearson correlation coefficient (R) were 

1.80 °C and 0.92 (p < 0.001), respectively (Fig 8a). For 10-m wind field, the RMSE for wind 

direction and wind speed were 34.77° and 2.62 m s⁻¹, respectively (Fig 8b). In addition, the RMSE 

of PBLH between the model and the dataset (Guo et al., 2024) is 262 m. To provide a more 

comprehensive validation of the model's performance, we calculated additional statistical metrics 

for the simulation period. For 2-m air temperature, the Mean Absolute Error (MAE) was 1.29 °C, 

the Mean Bias (MB) was 0.99 °C (indicating a slight warm bias), and the Index of Agreement (IOA) 

was 0.93. For 10-m wind speed, the MAE was 2.01 m s⁻¹ and the MB was +1.70 m s⁻¹ (reflecting a 

typical overestimation of wind speed by WRF in urban areas due to simplified canopy drag 

representations (Yu et al., 2021)), with an IOA of 0.71. For the PBLH, the MB compared to the 

radiosonde-reanalysis merged dataset was –66 m. These quantitative metrics demonstrate that the 

model captures both the diurnal thermal cycle and the wind-driven transport dynamics with 

acceptable accuracy, establishing a solid baseline for the sensitivity experiments. 



 

Figure 8. Comparisons of hourly mean (a) 2-meter temperature and (b) 10-meter wind speed (below 

lines) and wind direction (above lines) from WRF simulations (orange lines) and observations (blue 

lines) within the ROI. 

 

The observation-based UHA intensity was compared with the WRF-simulated horizontal 

temperature advection. Taking Wuxi (U4), which lies downwind of Changzhou (U2) under the 

prevailing northwest wind direction, as an example, the observed daily mean CUHII during the 

simulation period was 2.24 °C (Fig. 9a). The UHA intensity was negative after sunrise, turned 

positive around midday, and continued to intensify, reaching a maximum of 3.15 °C at night before 

declining toward the following morning (Fig. 9b). The daily mean UHA intensity was 1.38 °C, 

indicating that UHA enhances CUHII under the prevailing wind direction. Fig. 9c shows the 

difference in horizontal temperature advection between the control and sensitivity experiments 

(CTRL minus EXP). This difference also exhibited a broadly similar pattern with higher values at 

night and lower values during the day, with a nighttime peak of approximately 0.45 K/h and a daily 

mean of 0.18 K/h (Fig. 9c). Overall, the UHA intensity and the horizontal temperature advection 

showed similar diurnal variations. 



 

Figure 9. Diurnal variation of hourly (a) CUHII, (b) UHA intensity, and (c) horizontal temperature 

advection difference between the control simulation and the sensitivity experiment (CTRL minus 

EXP) over Wuxi (U4) during the simulation period. Annotated values indicate the respective daily 

means. 

 

“Figure 10 illustrates the spatial distribution of the 2-meter temperature difference between the 

control and sensitivity simulations (CTRL minus EXP), approximately representing the thermal and 

dynamic contributions of upstream urbanization in Changzhou to the downstream canopy 

temperature. During the analysis hours, northwest winds prevailed in domain 3. Influenced by the 

UHI, Changzhou exhibited a pronounced warming, with positive temperature anomalies of 3.58 °C 

and 0.42 °C at 22:00 BST and 15:00 BST, respectively. This phenomenon arises from the coupled 

interplay of thermal and dynamic processes. Thermally, urban materials and anthropogenic heat 

emissions drive a substantial increase in sensible heat flux. Dynamically, the elevated aerodynamic 

roughness length of the urban canopy suppresses near-surface wind speeds and ventilation (Oke et 

al., 2017). Both factors together modulate the local positive temperature anomaly and determine its 

subsequent advection propagation to downstream regions. The simulations show a diurnal variation 

in the 2-meter temperature differences. At night (22:00 BST), lower wind speeds were accompanied 

by a high UHA intensity but with a limited advective distance, and strong warming was concentrated 

in the short distance downstream of the city (Fig. 10a). In contrast, daytime conditions (15:00 BST) 

featured higher wind speeds, which were accompanied by lower UHA intensity but a greater thermal 

influence distance (Fig. 10b). Under the prevailing northwest winds, the U10 region was also 

affected by the thermal forcing of Taihu Lake in addition to UHA. During winter, Taihu Lake 

functions as a daytime heat sink and a nighttime heat source relative to the surrounding environment 

(Fig. S3). Furthermore, Cosgrove and Berkelhammer (2018) utilized a Lagrangian atmospheric 

transport model to demonstrate that the Chicago urban thermal plume caused significant heating at 

100–200 m above ground level, extending up to 70 km downwind. The sensitivity experiments in 



this study show that the downstream canopy region was also heated, with the thermal influence 

beyond 100 km. 

 

Figure 10. Spatial distribution of the 2-meter temperature difference between the control simulation 

and the sensitivity experiment (CTRL minus EXP) at (a) 22:00 BST and (b) 15:00 BST. Vector 

arrows indicate the 10-meter wind field of the CTRL. The three marked locations from northwest 

to southeast correspond to downtown areas of Changzhou (U2), Wuxi (U4), and Suzhou (U6), 

respectively. 

 

Vertical cross-sections of potential temperature and wind vector differences between control 

and sensitivity experiments were analysed (Fig. 11). The cross-section along a northwest-southeast 

direction spans approximately 114 km (Fig. 11a), encompassing cities from Changzhou (U2) 

through Wuxi (U4) to Suzhou (U6). Note that the coordinate rotation was applied to the horizontal 

wind component u to align it with the cross-section direction, with positive values corresponding to 

northwest winds. For example, significant negative horizontal wind components within 

Changzhou's near-surface layer are due to the urban rough surface. At night (22:00 BST), the 

atmospheric stratification is stable, and updrafts and downdrafts induced by the UHI can be 

observed over urban areas, particularly in Wuxi (see the CTRL results in Figure S4b). Thermal 

plume was suppressed within the near-surface layer, and substantial heat within Changzhou 

propagated downstream primarily below 100 m, although the PBLH can reach 750 m (Fig. 11b). 

Following sunrise, solar shortwave radiation enhanced surface heating and buoyancy-driven 

turbulence (Zhang et al., 2023), elevating PBLH to approximately 1600 m by afternoon (15:00 BST, 

Fig. S4c). Compared to nighttime conditions, enhanced ventilation and vertical mixing extended 

thermal influences throughout the entire PBL depth (Fig. 11c), intensifying the BUHI in Wuxi and 

Suzhou. As the thermal plume propagates, vertical heat redistribution may occur through turbulent 

mixing in downstream cities. In addition, the updraft in the downstream area is strengthened, and 

the vertical circulation in Wuxi during the day may be UHA-enhanced UHI circulation (Fig. 11b-c).  



 

Figure 11. (a) Geographical location of the vertical cross-section. (b, c) Vertical cross-sections of 

the potential temperature and wind vector differences between the control simulation and the 

sensitivity experiment (CTRL minus EXP) at (b) 22:00 BST and (c) 15:00 BST. Wind vectors were 

synthesized by rotating u (along the transect axis) and scaling ω (ω multiplied by 50). The black and 

blue solid lines denote the PBLH in the CTRL and EXP simulations, respectively. 

 

The sensitivity experiments quantified UHA contributions from a single upstream city. In 

reality, taking the downstream city of Suzhou as an example, its UHI is influenced by multiple 

upstream heat sources, including weak UHA transport from distant Changzhou superimposed upon 

strong UHA contributions from adjacent Wuxi. When the LULCs in upstream Changzhou and Wuxi 

are simultaneously replaced with croplands in the sensitivity experiment, enhanced cross-city 

thermal plume superposition and greater PBLH differences were shown (Fig. S5). These results 

demonstrate that the intensity and spatial structure of UHA are closely related to diurnal boundary 

layer evolution. 

The CUHII differences of the downstream adjacent city Wuxi (U4) were evaluated between 

two experimental scenarios. Figures 12a show scatter plots of ΔCUHII and both wind speed and 

PBLH across different hours. Nighttime conditions exhibited a higher ΔCUHII (with a maximum 

increase of 0.68°C), accompanied by lower wind speed and shallower PBLH (Fig. 12a1–a2); while 

daytime conditions showed a comparatively lower ΔCUHII (with a minimum increase of 0.17°C), 

accompanied by higher wind speed and deeper PBLH (Fig. 12a3–a4). The relative increase in 

CUHII ranged from 8.1% to 60.4%, with the large proportional amplifications occurring during the 

daytime period. Specifically, the average difference between nighttime and daytime is 0.51 °C 

(14.2%) and 0.27 °C (18.9%), respectively. At night, ΔCUHII exhibited a non-linear response to 

increases in wind speed and PBLH, characterized by an initial amplification followed by a decrease 

(Fig. 12a1–a2). In contrast, daytime ΔCUHII decreased with increasing PBLH, while its correlation 

with wind speed remained ambiguous (Fig. 12a3–a4). In summary, these sensitivity experiments 



provide corroborations for the observational findings, confirming that UHA is regulated by wind 

speed and PBLH non-linearly. 

UHA also contributed to an increase in BUHII in the downstream city of Wuxi (U4, Fig. 12b1–

b4). Specifically, ΔBUHII increased by a maximum of 0.40°C and a minimum of 0.11°C, ranging 

from 4.7% to 41.7%. The average difference between nighttime and daytime is 0.23 °C (7.5%) and 

0.23 °C (23.3%), respectively. It should be noted that uncertainties remain in BUHII due to the 

schemes of PBL and urban canopy (Zhu and Ooka, 2023). In a supplementary sensitivity test 

utilizing the YSU PBL scheme (Hong et al., 2006) coupled with the SLUCM urban scheme (Fig. 

S6), while the absolute change in ΔBUHII remains comparable in magnitude, the relative change of 

ΔBUHII is larger, and its variation characteristics in response to wind speed and PBLH remain 

uncertain. Because the numerical simulation covered a limited time period, the potential moderating 

roles of wind speed and PBLH on BUHI were not further examined.  

 

Figure 12. Scatter plots between ΔCUHII and (a1, a3) 10-meter wind speed, and (a2, a4) PBLH 

between the control simulation and the sensitivity experiment (CTRL minus EXP) over Wuxi (U4) 

at (a1-a2) nighttime and (a3-a4) daytime. (b1-b4) Same as (a1-a4), but for ΔBUHII. Colours 

represent the relative change of CUHII or BUHII. Note that only the moment when the northwest 

wind prevailed in the ROI was reserved. 

 

In addition, the enhancement of downstream UHI (CUHII and BUHII) is primarily contributed 

to by UHA, though it is not entirely attributable to this mechanism; it is concurrently modulated by 

other physical processes. For example, advective transport from upstream urban areas can modify 

local atmospheric conditions (e.g., ambient humidity, stability), which subsequently influence the 



thermal environment of the downstream city. Furthermore, changes in the underlying surface will 

also affect local circulation by thermal (e.g., lake-land breeze circulation) and dynamic (e.g., 

ventilation) effects, which in turn affect wind and temperature in downstream areas. Ultimately, the 

increase in downstream UHI is a combined result of multiple processes.”  

 

 

We sincerely appreciate your thorough review and hope these revisions meet with your 

approval. 

Once again, thank you very much for your comments and suggestions. 
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Referee #2: 1 

This manuscript investigates the regional transmission of Urban Heat Islands via Urban Heat 2 

Advection (UHA) in the Yangtze River Delta, presenting a valuable framework of cross-city thermal 3 

plume superposition. The observational analysis and experimental design are robust. However, there 4 

are space for improvement regarding the quantitative metrics calculation and physically based 5 

discussion of these findings. I recommended a revision. The underlying hypothesis and conceptual 6 

framework are excellent, making this paper a potentially highly impactful contribution to the field 7 

of urban climate. 8 

RESPONSE: We sincerely thank you for the time and effort you devoted to reviewing this 9 

manuscript. We are grateful for your very positive feedback on our work. We have carefully 10 

considered all the constructive comments and revised the manuscript accordingly. Please find 11 

our point-by-point responses below. 12 

 13 

 14 

1. Introduction: There are several key points that need to be emphasized and refined. The cities 15 

reviewed in the fourth paragraph are located in maritime (Netherlands, UK) and semi-arid (Texas) 16 

climates, whereas the YRD is a humid subtropical region. The author is encouraged to state whether 17 

there are existing studies conducted in similar climates. In line 80, the term "urban chain" is 18 

mentioned but is not explicitly defined or explained. The same applies to the "different wind 19 

regime." Since the YRD is significantly influenced by land-sea breeze circulation, the interaction 20 

between the sea breeze and UHA is crucial; the authors should provide a review and introduction 21 

regarding this specific phenomenon. 22 

RESPONSE: We thank the reviewer for these constructive points on the Introduction. First, 23 

we have added a tropical-monsoon example in the fourth paragraph of the Introduction, as 24 

follows: 25 

Lines 66—70 of the revised manuscript in the introduction: 26 

“The observational findings are corroborated by numerical simulation results; for example, 27 

downwind temperatures can be up to 2.5°C higher than upwind during a Birmingham heatwave 28 

event (Heaviside et al., 2015); and in the Kolkata metropolitan area (tropical monsoon climate), 29 

different underlying surfaces (impermeable or permeable) lead to the downwind air temperature 30 

difference of approximately 0.95°C during the day and 1.62°C at night (Dinda and Chatterjee, 31 

2022).” 32 

Secondly, in the fifth paragraph, we have revised the ambiguous descriptions of " urban 33 

chain" and " different wind regime" as follows: 34 



Lines 85—92 of the revised manuscript in the introduction: 35 

“Unlike isolated metropolitan areas, the Suzhou-Wuxi-Changzhou (SuXiChang) agglomeration 36 

features a clustered, near-linear alignment of heat sources that aligns with the prevailing monsoon 37 

winds, so downstream cities may experience a progressive, additive accumulation of thermal plumes 38 

from successive upstream cities. To understand the processes of UHA, the UHI can be vertically 39 

delineated into the canopy-layer UHI (CUHI) and the boundary-layer UHI (BUHI) (Oke, 1976). 40 

Using high-density automatic weather station observations and WRF-MLUCM simulations over the 41 

YRD, we investigate how UHA links UHIs across cities within an urban agglomeration. Specifically, 42 

we address: (1) how CUHI and BUHI are coupled along the alignment of urban agglomeration under 43 

different prevailing wind directions;” 44 

Third, we added the review of the effect of sea breezes on UHA in the second paragraph 45 

as follows: 46 

Lines 44—46 of the revised manuscript in the introduction: 47 

“Furthermore, under weak synoptic forcing, local circulations can also modulate the downwind air 48 

temperature in urban areas. For instance, sea breezes exert a cooling effect in coastal regions while 49 

a warming effect in farther downwind urban areas (Yang et al., 2023).” 50 

 51 

 52 

2. Section 2.1: Strength: The authors filtered the wind direction for rural stations to effectively avoid 53 

bias in the UHI calculation. However, while "high AHF intensity" is used to define urban stations, 54 

the actual numerical threshold used is missing. Furthermore, while matching rural stations to the 55 

same latitudinal zone is an excellent way to control for incoming solar radiation, the longitude is 56 

equally important in the YRD region because it determines the distance to the ocean. The authors 57 

need to justify that their selection of rural stations does not introduce bias into the UHI calculation 58 

regarding coastal proximity. 59 

RESPONSE: We appreciate the reviewer’s careful attention to the station-classification 60 

criteria. First, “high AHF intensity” was defined as an intensity greater than 5 W/m² in a four-61 

kilometer buffer zone around the observation station: 62 

Lines 107—108 of the revised manuscript in Section 2.1: 63 

“Specifically, urban stations (U1–U10) are characterized by densely built-up areas with high AHF 64 

intensity (> 5 W/m² in a four-kilometer buffer zone);”  65 

In fact, matching rural reference stations is inherently challenging for UHA studies in the 66 

highly urbanized YRD region. Besides considering the low-density built-up area coverage, low 67 

anthropogenic heat flux, and similar latitude and longitude to urban areas around the stations, 68 



it is also necessary to minimize the influence of UHA from single or multiple cities on rural 69 

stations. This is particularly true in coastal areas, where the megacity of Shanghai makes it 70 

difficult to match rural reference stations at different longitudes.  71 

If we add seven new rural reference stations in the coastal area in the northeast of the 72 

study region (Figure R1, northeastern region), Figures R2 and R3 show the UHA intensity 73 

under prevailing northwest and southeast wind conditions, respectively. The results show that 74 

updating rural stations in different regions does not change the qualitative analysis results 75 

(e.g., diurnal variation characteristics, upstream cooling effect and downstream warming 76 

effect, UHA gradually increasing along the wind direction), only affecting the quantitative 77 

analysis values (UHA decreases/increases in all regions under northwest/southeast wind 78 

conditions).  79 

Accordingly, we have added a statement in Section 2.1 noting that the impact is limited. 80 

Lines 108—111 of the revised manuscript in Section 2.1: 81 

“whereas rural reference stations were matched according to the same latitudinal zone as the urban 82 

areas, featuring low impervious surface coverage and flat topography. Sensitivity tests using 83 

alternative rural reference stations located closer to the coast suggest that the potential bias arising 84 

from the limited longitudinal spread of the rural stations is small.” 85 

 86 

 87 
Figure R1. Locations of the automated weather stations, where the yellow and blue circles represent 88 

urban and rural stations, respectively, and blue asterisks indicate representative stations of the 89 

regional wind field. Note that the blue circles in the northeast direction represent the newly added 90 

rural stations. 91 

 92 



 93 
Figure R2. Diurnal variation of hourly UHA intensity across different regions under northwest wind 94 

conditions. The numerical values indicate the daily-averaged UHA intensity for each region. Line 95 

colours represent the sign of the daily-averaged UHA intensity: red indicates positive values, while 96 

blue indicates negative values. 97 

 98 



 99 

Figure R3. Same as Figure R2, but under southeast wind conditions. 100 

 101 

 102 

3. Section 2.2.2, the definition of UHA intensity is effective because it isolates the background UHI 103 

by calculating a seasonal average across all wind directions. However, this remains a statistical 104 

definition rather than a thermodynamic one. Since the authors utilized the WRF model, which 105 

explicitly solves the thermodynamic equations, they are encouraged to compare this statistical proxy 106 

against the physical advection derived from the WRF simulations. 107 

RESPONSE: We are grateful for this suggestion to compare the statistical index against the 108 

model advection term. We have compared the UHA intensity with the horizontal temperature 109 

advection term based on the WRF model as follows:  110 

Lines 183—186 of the revised manuscript in Section 2.2.3: 111 

“In addition, the horizontal temperature advection term in the thermodynamic energy equation was 112 

calculated as follows:  113 

퐴� = −(푈 ��
��

+ 푉 ��
��

),                (4) 114 

where U and V are the horizontal wind components, and T is the air temperature. All variables were 115 



taken from the lowest atmospheric layer of the model.” 116 

Based on comment 9, SLUCM systematically overestimates the wind speed in the near-117 

surface layer (Yu et al., 2021). In order to reduce simulation errors in wind speed, SLUCM 118 

has been replaced with MLUCM (BEP+BEM, coupling a global 1 km spatially continuous 119 

urban canopy parameter for the WRF model), and the PBL scheme was changed from YSU 120 

to MYJ to meet the requirements of BEM. Please see comment 9 for details. 121 

Lines 339—351 of the revised manuscript in Section 3.3: 122 

“The observation-based UHA intensity was compared with the WRF-simulated horizontal 123 

temperature advection. Taking Wuxi (U4), which lies downwind of Changzhou (U2) under the 124 

prevailing northwest wind direction, as an example, the observed daily mean CUHII during the 125 

simulation period was 2.24 °C (Fig. 9a). The UHA intensity was negative after sunrise, turned 126 

positive around midday, and continued to intensify, reaching a maximum of 3.15 °C at night before 127 

declining toward the following morning (Fig. 9b). The daily mean UHA intensity was 1.38 °C, 128 

indicating that UHA enhances CUHII under the prevailing wind direction. Fig. 9c shows the 129 

difference in horizontal temperature advection between the control and sensitivity experiments 130 

(CTRL minus EXP). This difference also exhibited a broadly similar pattern with higher values at 131 

night and lower values during the day, with a nighttime peak of approximately 0.45 K/h and a daily 132 

mean of 0.18 K/h (Fig. 9c). Overall, the UHA intensity and the horizontal temperature advection 133 

showed similar diurnal variations.” 134 

 135 

Figure 9. Diurnal variation of hourly (a) CUHII, (b) UHA intensity, and (c) horizontal temperature 136 

advection difference between the control simulation and the sensitivity experiment (CTRL minus 137 

EXP) over Wuxi (U4) during the simulation period. Annotated values indicate the respective daily 138 

means.  139 

 140 

 141 

4. Section 2.2.4, In Equations (6) and (7), the authors calculated the mean boundary layer potential 142 



temperature as an arithmetic mean. However, the WRF simulation adopts non-uniform sigma levels, 143 

where vertical levels are more densely packed near the surface. For example, there may be 10 levels 144 

within the bottom 200 m and only 4 levels in the upper 800 m. In this case, an arithmetic mean will 145 

be skewed toward the surface. The authors should instead utilize a thickness-weighted or mass-146 

weighted average to ensure an accurate representation of the boundary layer. 147 

RESPONSE: We thank the reviewer for raising the issue of vertical averaging across non-148 

uniform levels. We have revised this issue by using the thickness-weighted average to ensure 149 

an accurate representation of the boundary layer.  150 

Lines 191—202 of the revised manuscript in Section 2.2.4: 151 

퐵푈퐻퐼퐼�(푡) = ⟨휃�⟩��� − ⟨휃�⟩���,           (6) 152 

where ⟨휃�⟩��� and ⟨휃�⟩��� represent the thickness-weighted mean potential temperature within 153 

the boundary layer over urban and rural areas, respectively. Taking the urban area as an example: 154 

⟨휃�⟩��� = �
��

∑  ��
���

∑  
��,�
��� ��,�,�(�)���,�,�

∑  
��,�
��� ���,�,�

,          (7) 155 

Δ푧�,�,� = 푧푠푡푎푔�,�(푘 + 1) − 푧푠푡푎푔�,�(푘),         (8) 156 

where 푁� is the number of grid points in the urban region i; for a given grid point j, 퐾�,� denotes 157 

the number of vertical layers from the lowest model level to the PBLH (output by the model); 158 

and 휃�,�,�(푡) is the potential temperature at time t at the 푘-th layer of grid point 푗. Δ푧�,�,� denotes 159 

the physical thickness of the k-th vertical layer, and 푧푠푡푎푔  denotes the height of vertically 160 

staggered grid. The calculation method for the rural area ⟨휃�⟩��� is similar: 161 

⟨휃�⟩��� = �
��

∑  ��
���

∑  
��,�
��� ��,�,�(�)���,�,�

∑  
��,�
��� ���,�,�

,          (9) 162 

The result of SLUCM is as follows: 163 



 164 
Figure R4. Scatter plots between ΔCUHII and (a1, a3) 10-meter wind speed, and (a2, a4) PBLH 165 

between the control simulation and the sensitivity experiment (CTRL minus EXP) at (a1-a2) 166 

nighttime and (a3-a4) daytime. (b1-b4) Same as (a1-a4), but for ΔBUHII. Colours represent the 167 

relative change of CUHII or BUHII. Note that only the moment when the northwest wind prevailed 168 

in the ROI was reserved. 169 

 170 

The result of MLUCM (BEP+BEM) in section 3.3 is as follows: 171 

Lines 425—430 of the revised manuscript in Section 3.3: 172 

 173 

Figure 12. Scatter plots between ΔCUHII and (a1, a3) 10-meter wind speed, and (a2, a4) PBLH 174 

between the control simulation and the sensitivity experiment (CTRL minus EXP) over Wuxi (U4) 175 



at (a1-a2) nighttime and (a3-a4) daytime. (b1-b4) Same as (a1-a4), but for ΔBUHII. Colours 176 

represent the relative change of CUHII or BUHII. Note that only the moment when the northwest 177 

wind prevailed in the ROI was reserved. 178 

 179 

For ΔCUHII, the results obtained from the two schemes are consistent, and they are 180 

consistent with the conclusions from observation. For ΔBUHII, the absolute magnitude is 181 

comparable between SLUCM (YSU) and BEP+BEM (MYJ), but the response to daytime wind 182 

speed and PBLH differs between the two schemes. Due to the lack of temperature observation 183 

data above the PBL, this study focuses on the magnitude of ΔBUHII variation and does not 184 

explore its relationship with wind speed and PBLH. Furthermore, we have added a discussion 185 

about the uncertainties of ΔBUHII in the results due to different schemes of PBL and urban 186 

models. 187 

Lines 406—440 of the revised manuscript in Section 3.3: 188 

“The CUHII differences of the downstream adjacent city Wuxi (U4) were evaluated between 189 

two experimental scenarios. Figures 12a show scatter plots of ΔCUHII and both wind speed and 190 

PBLH across different hours. Nighttime conditions exhibited a higher ΔCUHII (with a maximum 191 

increase of 0.68°C), accompanied by lower wind speed and shallower PBLH (Fig. 12a1–a2); while 192 

daytime conditions showed a comparatively lower ΔCUHII (with a minimum increase of 0.17°C), 193 

accompanied by higher wind speed and deeper PBLH (Fig. 12a3–a4). The relative increase in 194 

CUHII ranged from 8.1% to 60.4%, with the large proportional amplifications occurring during the 195 

daytime period. Specifically, the average difference between nighttime and daytime is 0.51 °C 196 

(14.2%) and 0.27 °C (18.9%), respectively. At night, ΔCUHII exhibited a non-linear response to 197 

increases in wind speed and PBLH, characterized by an initial amplification followed by a decrease 198 

(Fig. 12a1–a2). In contrast, daytime ΔCUHII decreased with increasing PBLH, while its correlation 199 

with wind speed remained ambiguous (Fig. 12a3–a4). In summary, these sensitivity experiments 200 

provide corroborations for the observational findings, confirming that UHA is regulated by wind 201 

speed and PBLH non-linearly. 202 

UHA also contributed to an increase in BUHII in the downstream city of Wuxi (U4, Fig. 12b1–203 

b4). Specifically, ΔBUHII increased by a maximum of 0.40°C and a minimum of 0.11°C, ranging 204 

from 4.7% to 41.7%. The average difference between nighttime and daytime is 0.23 °C (7.5%) and 205 

0.23 °C (23.3%), respectively. It should be noted that uncertainties remain in BUHII due to the 206 

schemes of PBL and urban canopy (Zhu and Ooka, 2023). In a supplementary sensitivity test 207 

utilizing the YSU PBL scheme (Hong et al., 2006) coupled with the SLUCM urban scheme (Fig. 208 

S6), while the absolute change in ΔBUHII remains comparable in magnitude, the relative change of 209 



ΔBUHII is larger, and its variation characteristics in response to wind speed and PBLH remain 210 

uncertain. Because the numerical simulation covered a limited time period, the potential moderating 211 

roles of wind speed and PBLH on BUHI were not further examined.”  212 

 213 

 214 

5. Line 220: The main distinction between SE and NW winds in the YRD region is that the SE flow 215 

originates from the East China Sea. As a marine boundary layer air mass, it naturally exerts a 216 

substantial upwind cooling effect; nonetheless, the SE wind still results in a positive downwind 217 

effect of up to 0.09°C. Furthermore, the urban thermal plumes in summer and winter are driven by 218 

different factors. In the summer, the plume is primarily driven by solar heating and the sensible heat 219 

flux from engineering materials. In contrast, during the winter, it is largely driven by anthropogenic 220 

heat flux (e.g., building heating, vehicle waste heat). I expect more detailed elaboration and 221 

discussion on these seasonal drivers in this section. The day–night asymmetry is also a highlight of 222 

the study. Is this phenomenon related to the lake breeze from Taihu Lake, or is it dominated by the 223 

solar diurnal cycle? 224 

RESPONSE: We appreciate these insightful comments on the seasonal and diurnal drivers of 225 

the plume. First, we added that the main reason why the UHA intensity is lower under 226 

southeast winds than under northwest winds.  227 

Lines 256—258 in Section 3.1: “Northwest winds mainly exacerbate the CUHI across most regions 228 

of the study area, whereas southeast winds exert a more extensive mitigating influence due to the 229 

cooling effect of sea breezes (Yang et al., 2023)”  230 

Secondly, discussion has been supplemented regarding the seasonal drivers between 231 

summer and winter. 232 

Lines 212—216 in Section 3.1: “During summer (June–August), southeast flows prevail under the 233 

influence of the Western Pacific subtropical high (Shi et al., 2025; Zong et al., 2021), and the urban 234 

thermal plumes are primarily driven by solar heating and the sensible heat flux from engineering 235 

materials. Conversely, the frequency of northwest winds increases relatively in winter (December–236 

February), driven by the continental Siberian high (Dai et al., 2025), and anthropogenic heat flux is 237 

a key driver of thermal plumes (Varentsov et al., 2018).” 238 

In addition, diurnal asymmetry is primarily driven by the solar diurnal cycle. The 239 

phenomenon of night-stronger UHA is consistent with the report by Dinda and Chatterjee 240 

(2022). Our results further add that boundary-layer development modulates the asymmetry: 241 

during the day, the weaker CUHII and the deep, well-mixed PBL together dilute the urban 242 

heat plume vertically, weakening UHA; at night, a stronger CUHII coexists with a shallow, 243 



often inversion-capped PBL, which confines heat transport to downstream within a very low 244 

altitude and limits vertical dilution. In addition, Taihu Lake further amplifies the contrast by 245 

acting as a daytime heat sink and a nighttime heat source.  246 

 247 

 248 

6. Line 240: The relationship between WS (wind speed) and PBLH (planetary boundary layer height) 249 

during the nighttime is one of causality rather than simple correlation. At night, in the absence of 250 

solar radiation, the boundary layer is primarily driven by mechanical shear, which is fundamentally 251 

determined by wind speed. Therefore, applying a Pearson correlation in this context is inappropriate. 252 

However, the conclusion regarding the nonlinear modulation of UHA intensity by WS and PBLH 253 

remains sound. The authors should reframe this paragraph to reflect the underlying physical 254 

mechanisms rather than relying solely on statistical metrics. 255 

RESPONSE: Thanks for your constructive suggestion. We have revised the manuscript with 256 

more rigorous wording and have avoided applying Pearson correlation in Section 3.2 and 257 

Section 3.3.  258 

Lines 274—293 in Section 3.2: 259 

“In a stable boundary layer (SBL), the advection term often dominates the surface heat budget (Stull, 260 

1988). Figure 6 presents the nocturnal UHA intensity as a function of wind speed and PBLH across 261 

different regions. For the downstream region with a positive mean UHA (red line in Fig. 6), UHA 262 

intensity generally increases and then decreases with increasing wind speed and PBLH. At night, in 263 

the absence of solar-driven buoyancy flux, mechanical shear generated by wind is the primary 264 

source of turbulent kinetic energy (Stull, 1988), and strong shear forces are beneficial to the 265 

development of deep SBL (Zilitinkevich et al., 2002). The variation in UHA appears closely linked 266 

to boundary layer processes. In a very stable boundary layer, characterized by weak winds, low 267 

PBLH, intermittent and weak turbulence (Sun et al., 2012; Xue et al., 2025; Zhang et al., 2024b), 268 

horizontal heat transport is suppressed and vertical mixing is negligible, limiting the efficiency of 269 

UHA transfer. As wind speed and PBLH increase, horizontal advection and turbulence (driven by 270 

mechanical shear) strengthen (Mahrt, 2014), and UHA intensity reaches its peak (e.g., in region U7, 271 

the mean UHA intensity can reach 0.88°C in the wind speed range of 2–3 m s⁻¹, see Fig. 6g1). This 272 

phenomenon is consistent with observations in Birmingham and Lubbock (Bassett et al., 2016; 273 

Danzig et al., 2025). Consequently, the peak impact of nocturnal UHA typically occurs under 274 

moderate wind speed conditions, and this pattern may be universal across cities with different 275 

climatic backgrounds. When wind speed further increases, and the stable boundary layer transitions 276 

to a neutral boundary layer, vertical turbulent exchange intensifies, promoting vertical dilution of 277 



urban heat, leading to a decrease in UHA, which may even produce negative values in some regions 278 

(e.g., U3–U6; Fig. 6c–f). Furthermore, for upstream regions with negative mean UHA (e.g., U1), 279 

UHA intensity decreases with increasing wind speed and PBLH, demonstrating the mitigating effect 280 

of ventilation on CUHI. In summary, nocturnal UHA intensity is nonlinearly modulated by wind 281 

speed and boundary layer turbulence, with maximum UHA typically occurring under moderate wind 282 

and PBLH conditions.” 283 

 284 

 285 

7. Line 280: The experimental design is excellent and effectively isolates the impact of removing 286 

upwind heat sources. However, converting urban areas into croplands involves more than just 287 

"turning off" anthropogenic and sensible heat; it also significantly alters the surface morphology, as 288 

cities have a high aerodynamic roughness length (z_0). Consequently, the authors should interpret 289 

these results with caution. It remains unclear whether the observed temperature drop is primarily 290 

due to the reduction in urban heat or the increased ventilation resulting from higher wind speeds 291 

over a smoother surface. 292 

RESPONSE: We are grateful for this insightful comment on the thermal-versus-dynamic 293 

interpretation of the experiment. For sensitivity experiments, we agree that the observed 294 

temperature changes are the combined result of a reduction in the upwind heat source 295 

(thermal effect) and enhanced ventilation due to a smoother surface (dynamic effect). This 296 

distinction is crucial for a rigorous interpretation of the model outputs. We have added a 297 

discussion in the revised manuscript to explicitly acknowledge that the temperature anomaly 298 

encompasses both the thermal and dynamic modifications inherent to urbanization, rather 299 

than just thermodynamic changes. 300 

Lines 353—361 in Section 3.3: “Figure 10 illustrates the spatial distribution of the 2-meter 301 

temperature difference between the control and sensitivity simulations (CTRL minus EXP), 302 

approximately representing the thermal and dynamic contributions of upstream urbanization in 303 

Changzhou to the downstream canopy temperature. During the analysis hours, northwest winds 304 

prevailed in domain 3. Influenced by the UHI, Changzhou exhibited a pronounced warming, with 305 

positive temperature anomalies of 3.58 °C and 0.42 °C at 22:00 BST and 15:00 BST, respectively. 306 

This phenomenon arises from the coupled interplay of thermal and dynamic processes. Thermally, 307 

urban materials and anthropogenic heat emissions drive a substantial increase in sensible heat flux. 308 

Dynamically, the elevated aerodynamic roughness length of the urban canopy suppresses near-309 

surface wind speeds and ventilation (Oke et al., 2017). Both factors together modulate the local 310 

positive temperature anomaly and determine its subsequent advection propagation to downstream 311 



regions.”  312 

The objective of this sensitivity experiment is to quantify the net thermal influence of 313 

upstream urbanization on downstream cities, which inherently encompasses both thermal and 314 

dynamic contributions. The observed downstream temperature anomaly is the integrated 315 

outcome of urbanization as a whole, and its spatial propagation is what this study aims to 316 

characterize. Disentangling the relative contributions of thermal versus dynamic effects would 317 

require additional targeted experiments (e.g., modifying roughness alone while holding heat 318 

factors constant, or vice versa), which represents an important direction for future work but 319 

lies beyond the scope of the present study. 320 

 321 

 322 

8. Figure 10: This result is intriguing; however, it confirms my concerns regarding the unweighted 323 

average potential temperature mentioned in Section 2.2.4. Since the wind vectors are more densely 324 

sampled near the ground, the arithmetic mean effectively oversamples the surface compared to the 325 

upper boundary layer. This bias may render the reported ΔBUHII unreliable. 326 

RESPONSE: We thank the reviewer for this follow-up point. We have revised this issue by 327 

using the thickness-weighted average to ensure an accurate representation of the boundary 328 

layer as stated in RESPONSE 4 above. 329 

 330 

 331 

9. Figure 8, since the heat advection is also a dynamic process (-v⋅∇T), there should also have a 332 

validation for wind. 333 

RESPONSE: We appreciate the reviewer’s suggestion to validate the simulated wind field. We 334 

further validated the simulated wind speed and direction (Fig. R5). The RMSE for wind 335 

direction was 35.86°, which reasonably reproduced the wind direction. The RMSE for wind 336 

speed was 4.68 m s⁻¹, R = 0.64 (p < 0.001), which is due to the SLUCM systematically 337 

overestimating near-surface wind speed (Avisar et al., 2021; Sun et al., 2021; Yu et al., 2021). 338 

Accordingly, we replaced SLUCM with the MLUCM (BEP+BEM) scheme, drove the urban 339 

morphology with the 1 km GloUCP dataset (Liao et al., 2025), and switched the PBL scheme 340 

from YSU to MYJ as required by BEM. The wind-speed bias is markedly reduced in the new 341 

configuration (Fig. 8).  342 



 343 

Figure R5. Comparisons of hourly mean 10-meter wind speed (below lines) and wind direction 344 

(above lines) from WRF simulations and observations within the ROI. 345 

 346 

Furthermore, the entire section 3.3 has been modified based on the new simulation results. 347 

Note that the MYJ scheme results show the phenomenon of heat anomalies reaching the top 348 

of the PBL later than YSU, so the displayed times were adjusted. The new results do not affect 349 

existing conclusions, and the abstract, data, and methods sections have been modified 350 

accordingly. 351 

Line 320—447 in Section 3.3: 352 

“Model performance was evaluated by comparing simulated 2-m air temperature and 10-m wind 353 

field of domain 3 against hourly observations from all available meteorological stations within the 354 

ROI (Fig. 8). For 2-m air temperature, the RMSE and the Pearson correlation coefficient (R) were 355 

1.80 °C and 0.92 (p < 0.001), respectively (Fig 8a). For 10-m wind field, the RMSE for wind 356 

direction and wind speed were 34.77° and 2.62 m s⁻¹, respectively (Fig 8b). In addition, the RMSE 357 

of PBLH between the model and the dataset (Guo et al., 2024) is 262 m. To provide a more 358 

comprehensive validation of the model's performance, we calculated additional statistical metrics 359 

for the simulation period. For 2-m air temperature, the Mean Absolute Error (MAE) was 1.29 °C, 360 

the Mean Bias (MB) was 0.99 °C (indicating a slight warm bias), and the Index of Agreement (IOA) 361 

was 0.93. For 10-m wind speed, the MAE was 2.01 m s⁻¹ and the MB was +1.70 m s⁻¹ (reflecting a 362 

typical overestimation of wind speed by WRF in urban areas due to simplified canopy drag 363 

representations (Yu et al., 2021)), with an IOA of 0.71. For the PBLH, the MB compared to the 364 

radiosonde-reanalysis merged dataset was –66 m. These quantitative metrics demonstrate that the 365 

model captures both the diurnal thermal cycle and the wind-driven transport dynamics with 366 

acceptable accuracy, establishing a solid baseline for the sensitivity experiments. 367 



 368 

Figure 8. Comparisons of hourly mean (a) 2-meter temperature and (b) 10-meter wind speed (below 369 

lines) and wind direction (above lines) from WRF simulations (orange lines) and observations (blue 370 

lines) within the ROI. 371 

 372 

The observation-based UHA intensity was compared with the WRF-simulated horizontal 373 

temperature advection. Taking Wuxi (U4), which lies downwind of Changzhou (U2) under the 374 

prevailing northwest wind direction, as an example, the observed daily mean CUHII during the 375 

simulation period was 2.24 °C (Fig. 9a). The UHA intensity was negative after sunrise, turned 376 

positive around midday, and continued to intensify, reaching a maximum of 3.15 °C at night before 377 

declining toward the following morning (Fig. 9b). The daily mean UHA intensity was 1.38 °C, 378 

indicating that UHA enhances CUHII under the prevailing wind direction. Fig. 9c shows the 379 

difference in horizontal temperature advection between the control and sensitivity experiments 380 

(CTRL minus EXP). This difference also exhibited a broadly similar pattern with higher values at 381 

night and lower values during the day, with a nighttime peak of approximately 0.45 K/h and a daily 382 

mean of 0.18 K/h (Fig. 9c). Overall, the UHA intensity and the horizontal temperature advection 383 

showed similar diurnal variations. 384 



 385 

Figure 9. Diurnal variation of hourly (a) CUHII, (b) UHA intensity, and (c) horizontal temperature 386 

advection difference between the control simulation and the sensitivity experiment (CTRL minus 387 

EXP) over Wuxi (U4) during the simulation period. Annotated values indicate the respective daily 388 

means. 389 

 390 

“Figure 10 illustrates the spatial distribution of the 2-meter temperature difference between the 391 

control and sensitivity simulations (CTRL minus EXP), approximately representing the thermal and 392 

dynamic contributions of upstream urbanization in Changzhou to the downstream canopy 393 

temperature. During the analysis hours, northwest winds prevailed in domain 3. Influenced by the 394 

UHI, Changzhou exhibited a pronounced warming, with positive temperature anomalies of 3.58 °C 395 

and 0.42 °C at 22:00 BST and 15:00 BST, respectively. This phenomenon arises from the coupled 396 

interplay of thermal and dynamic processes. Thermally, urban materials and anthropogenic heat 397 

emissions drive a substantial increase in sensible heat flux. Dynamically, the elevated aerodynamic 398 

roughness length of the urban canopy suppresses near-surface wind speeds and ventilation (Oke et 399 

al., 2017). Both factors together modulate the local positive temperature anomaly and determine its 400 

subsequent advection propagation to downstream regions. The simulations show a diurnal variation 401 

in the 2-meter temperature differences. At night (22:00 BST), lower wind speeds were accompanied 402 

by a high UHA intensity but with a limited advective distance, and strong warming was concentrated 403 

in the short distance downstream of the city (Fig. 10a). In contrast, daytime conditions (15:00 BST) 404 

featured higher wind speeds, which were accompanied by lower UHA intensity but a greater thermal 405 

influence distance (Fig. 10b). Under the prevailing northwest winds, the U10 region was also 406 

affected by the thermal forcing of Taihu Lake in addition to UHA. During winter, Taihu Lake 407 

functions as a daytime heat sink and a nighttime heat source relative to the surrounding environment 408 

(Fig. S3). Furthermore, Cosgrove and Berkelhammer (2018) utilized a Lagrangian atmospheric 409 

transport model to demonstrate that the Chicago urban thermal plume caused significant heating at 410 

100–200 m above ground level, extending up to 70 km downwind. The sensitivity experiments in 411 



this study show that the downstream canopy region was also heated, with the thermal influence 412 

beyond 100 km. 413 

 414 

Figure 10. Spatial distribution of the 2-meter temperature difference between the control simulation 415 

and the sensitivity experiment (CTRL minus EXP) at (a) 22:00 BST and (b) 15:00 BST. Vector 416 

arrows indicate the 10-meter wind field of the CTRL. The three marked locations from northwest 417 

to southeast correspond to downtown areas of Changzhou (U2), Wuxi (U4), and Suzhou (U6), 418 

respectively. 419 

 420 

Vertical cross-sections of potential temperature and wind vector differences between control 421 

and sensitivity experiments were analysed (Fig. 11). The cross-section along a northwest-southeast 422 

direction spans approximately 114 km (Fig. 11a), encompassing cities from Changzhou (U2) 423 

through Wuxi (U4) to Suzhou (U6). Note that the coordinate rotation was applied to the horizontal 424 

wind component u to align it with the cross-section direction, with positive values corresponding to 425 

northwest winds. For example, significant negative horizontal wind components within 426 

Changzhou's near-surface layer are due to the urban rough surface. At night (22:00 BST), the 427 

atmospheric stratification is stable, and updrafts and downdrafts induced by the UHI can be 428 

observed over urban areas, particularly in Wuxi (see the CTRL results in Figure S4b). Thermal 429 

plume was suppressed within the near-surface layer, and substantial heat within Changzhou 430 

propagated downstream primarily below 100 m, although the PBLH can reach 750 m (Fig. 11b). 431 

Following sunrise, solar shortwave radiation enhanced surface heating and buoyancy-driven 432 

turbulence (Zhang et al., 2023), elevating PBLH to approximately 1600 m by afternoon (15:00 BST, 433 

Fig. S4c). Compared to nighttime conditions, enhanced ventilation and vertical mixing extended 434 

thermal influences throughout the entire PBL depth (Fig. 11c), intensifying the BUHI in Wuxi and 435 

Suzhou. As the thermal plume propagates, vertical heat redistribution may occur through turbulent 436 

mixing in downstream cities. In addition, the updraft in the downstream area is strengthened, and 437 

the vertical circulation in Wuxi during the day may be UHA-enhanced UHI circulation (Fig. 11b-c).  438 



 439 

Figure 11. (a) Geographical location of the vertical cross-section. (b, c) Vertical cross-sections of 440 

the potential temperature and wind vector differences between the control simulation and the 441 

sensitivity experiment (CTRL minus EXP) at (b) 22:00 BST and (c) 15:00 BST. Wind vectors were 442 

synthesized by rotating u (along the transect axis) and scaling ω (ω multiplied by 50). The black and 443 

blue solid lines denote the PBLH in the CTRL and EXP simulations, respectively. 444 

 445 

The sensitivity experiments quantified UHA contributions from a single upstream city. In 446 

reality, taking the downstream city of Suzhou as an example, its UHI is influenced by multiple 447 

upstream heat sources, including weak UHA transport from distant Changzhou superimposed upon 448 

strong UHA contributions from adjacent Wuxi. When the LULCs in upstream Changzhou and Wuxi 449 

are simultaneously replaced with croplands in the sensitivity experiment, enhanced cross-city 450 

thermal plume superposition and greater PBLH differences were shown (Fig. S5). These results 451 

demonstrate that the intensity and spatial structure of UHA are closely related to diurnal boundary 452 

layer evolution. 453 

The CUHII differences of the downstream adjacent city Wuxi (U4) were evaluated between 454 

two experimental scenarios. Figures 12a show scatter plots of ΔCUHII and both wind speed and 455 

PBLH across different hours. Nighttime conditions exhibited a higher ΔCUHII (with a maximum 456 

increase of 0.68°C), accompanied by lower wind speed and shallower PBLH (Fig. 12a1–a2); while 457 

daytime conditions showed a comparatively lower ΔCUHII (with a minimum increase of 0.17°C), 458 

accompanied by higher wind speed and deeper PBLH (Fig. 12a3–a4). The relative increase in 459 

CUHII ranged from 8.1% to 60.4%, with the large proportional amplifications occurring during the 460 

daytime period. Specifically, the average difference between nighttime and daytime is 0.51 °C 461 

(14.2%) and 0.27 °C (18.9%), respectively. At night, ΔCUHII exhibited a non-linear response to 462 

increases in wind speed and PBLH, characterized by an initial amplification followed by a decrease 463 

(Fig. 12a1–a2). In contrast, daytime ΔCUHII decreased with increasing PBLH, while its correlation 464 

with wind speed remained ambiguous (Fig. 12a3–a4). In summary, these sensitivity experiments 465 



provide corroborations for the observational findings, confirming that UHA is regulated by wind 466 

speed and PBLH non-linearly. 467 

UHA also contributed to an increase in BUHII in the downstream city of Wuxi (U4, Fig. 12b1–468 

b4). Specifically, ΔBUHII increased by a maximum of 0.40°C and a minimum of 0.11°C, ranging 469 

from 4.7% to 41.7%. The average difference between nighttime and daytime is 0.23 °C (7.5%) and 470 

0.23 °C (23.3%), respectively. It should be noted that uncertainties remain in BUHII due to the 471 

schemes of PBL and urban canopy (Zhu and Ooka, 2023). In a supplementary sensitivity test 472 

utilizing the YSU PBL scheme (Hong et al., 2006) coupled with the SLUCM urban scheme (Fig. 473 

S6), while the absolute change in ΔBUHII remains comparable in magnitude, the relative change of 474 

ΔBUHII is larger, and its variation characteristics in response to wind speed and PBLH remain 475 

uncertain. Because the numerical simulation covered a limited time period, the potential moderating 476 

roles of wind speed and PBLH on BUHI were not further examined.  477 

 478 

Figure 12. Scatter plots between ΔCUHII and (a1, a3) 10-meter wind speed, and (a2, a4) PBLH 479 

between the control simulation and the sensitivity experiment (CTRL minus EXP) over Wuxi (U4) 480 

at (a1-a2) nighttime and (a3-a4) daytime. (b1-b4) Same as (a1-a4), but for ΔBUHII. Colours 481 

represent the relative change of CUHII or BUHII. Note that only the moment when the northwest 482 

wind prevailed in the ROI was reserved. 483 

 484 

In addition, the enhancement of downstream UHI (CUHII and BUHII) is primarily contributed 485 

to by UHA, though it is not entirely attributable to this mechanism; it is concurrently modulated by 486 

other physical processes. For example, advective transport from upstream urban areas can modify 487 

local atmospheric conditions (e.g., ambient humidity, stability), which subsequently influence the 488 



thermal environment of the downstream city. Furthermore, changes in the underlying surface will 489 

also affect local circulation by thermal (e.g., lake-land breeze circulation) and dynamic (e.g., 490 

ventilation) effects, which in turn affect wind and temperature in downstream areas. Ultimately, the 491 

increase in downstream UHI is a combined result of multiple processes.”  492 

 493 

 494 

We sincerely appreciate your thorough review and hope these revisions meet with your 495 

approval. 496 

Once again, thank you very much for your comments and suggestions. 497 

 498 

 499 
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Anonymous Referee #3: 

General comments: 

This paper investigates whether urban heat islands in a dense metropolitan corridor should be treated 

as separate local phenomena, or as a connected thermal system linked by urban heat advection. 

Using five years of station observations and WRF-SLUCM experiments over the Suzhou–Wuxi–

Changzhou region, the authors show that heat is transported from upwind to downwind cities, that 

this effect is much stronger at night than during the day, and that wind speed and boundary-layer 

depth jointly regulate both the magnitude and even the sign of the advection signal. The paper is 

interesting because it moves the discussion from single-city UHI toward inter-city thermal coupling, 

and the combined use of long-term observations and targeted sensitivity tests gives the study a solid 

basis. At the same time, several aspects of the analysis need to be treated more carefully. 

RESPONSE: We sincerely thank you for the time and effort you devoted to reviewing this 

manuscript. We are grateful for your very positive feedback on our work. We have carefully 

considered all the constructive comments and revised the manuscript accordingly. Please find 

our point-by-point responses below. 

 

Specific comments: 

1. The paper at times attributes the downstream warming too directly to UHA. In the sensitivity 

experiment, changing urban land to cropland also changes surface roughness, moisture flux, and 

local circulation. I suggest the authors use slightly more careful language and clarify that the 

downstream response cannot be treated as pure advection alone. 

RESPONSE: We thank the reviewer for these constructive comments on attributing the 

downstream response. Indeed, the downstream temperature increase cannot be entirely 

attributed to UHA. We have enhanced the statement and added a paragraph to discuss the 

simulation results. 

Lines 441—447 of the revised manuscript in Section 3.3: 

“In addition, the enhancement of downstream UHI (CUHII and BUHII) is primarily 

contributed to by UHA, though it is not entirely attributable to this mechanism; it is concurrently 

modulated by other physical processes. For example, advective transport from upstream urban areas 

can modify local atmospheric conditions (e.g., ambient humidity, stability), which subsequently 

influence the thermal environment of the downstream city. Furthermore, changes in the underlying 

surface will also affect local circulation by thermal (e.g., lake-land breeze circulation) and dynamic 

(e.g., ventilation) effects, which in turn affect wind and temperature in downstream areas. Ultimately, 

the increase in downstream UHI is a combined result of multiple processes.” 



In addition, we added the discussion about changing urban LULC to cropland also 

changes surface roughness, and the downstream temperature anomaly encompasses both the 

thermal and dynamic modifications inherent to urbanization. 

Lines 353—361 in Section 3.3: “Figure 10 illustrates the spatial distribution of the 2-meter 

temperature difference between the control and sensitivity simulations (CTRL minus EXP), 

approximately representing the thermal and dynamic contributions of upstream urbanization in 

Changzhou to the downstream canopy temperature. During the analysis hours, northwest winds 

prevailed in domain 3. Influenced by the UHI, Changzhou exhibited a pronounced warming, with 

positive temperature anomalies of 3.58 °C and 0.42 °C at 22:00 BST and 15:00 BST, respectively. 

This phenomenon arises from the coupled interplay of thermal and dynamic processes. Thermally, 

urban materials and anthropogenic heat emissions drive a substantial increase in sensible heat flux. 

Dynamically, the elevated aerodynamic roughness length of the urban canopy suppresses near-

surface wind speeds and ventilation (Oke et al., 2017). Both factors together modulate the local 

positive temperature anomaly and determine its subsequent advection propagation to downstream 

regions.” 

 

 

2. The discussion of PBLH may need a more cautious interpretation. The observational PBLH 

product is relatively coarse, and the model also has known uncertainty in wind speed and PBLH. 

Since PBLH is central to the main argument, the related uncertainty should be acknowledged more 

clearly. 

RESPONSE: We are grateful for the reviewer’s call for a more cautious treatment of the 

PBLH uncertainty. Different data sources, such as ceilometer lidar, satellite, radiosonde, and 

reanalysis datasets, can reach quite different estimates of PBLH (Saha et al., 2022). ERA5 is 

the most promising reanalysis data source in terms of characterizing the evolution of PBLH, 

with an underestimation of daytime PBLH of around 130 m when compared to high-resolution 

radiosonde (Guo et al., 2021). The dataset (A merged continental planetary boundary layer 

height dataset based on high-resolution radiosonde measurements, ERA5 reanalysis, and 

GLDAS) uses machine learning to correct systematic biases in the ERA5 reanalysis data (Guo 

et al., 2024). Therefore, we use this dataset to represent regional PBLH, and we have 

supplemented the uncertainty of this dataset as follows: 

Lines 123—125 of the revised manuscript in Section 2.1: 

“The mean bias between the dataset and the PBLH recovered from radiosonde observations is −0.9 

m, and the root mean square error (RMSE) of the training set and the test set is 243 m and 370 m, 



respectively.” 

We added comparisons of the RMSE and mean bias (MB) between WRF and the PBLH 

dataset. Compared to the dataset, the PBLH obtained from the WRF is lower during the day 

and higher at night. 

Lines 323—331 of the revised manuscript in Section 3.3: 

“In addition, the RMSE of PBLH between the model and the dataset (Guo et al., 2024) is 262 m. … 

For the PBLH, the MB compared to the radiosonde-reanalysis merged dataset was –66 m.” 

In addition, we further validated the simulated wind speed and direction (Fig. R1). The 

RMSE for wind direction was 35.86°, which reasonably reproduced the wind direction. The 

RMSE for wind speed was 4.68 m s⁻¹, R = 0.64 (p < 0.001), which is due to the SLUCM 

systematically overestimating near-surface wind speed (Avisar et al., 2021; Sun et al., 2021; 

Yu et al., 2021). Therefore, we replaced SLUCM with MLUCM (BEP+BEM) and coupled a 

global 1 km spatially continuous urban canopy parameter for the WRF model (Liao et al., 

2025). Furthermore, to meet the configuration requirements of BEM, the PBL scheme was 

replaced by MYJ instead of YSU. The results show that the improved BEP effectively improves 

the wind speed overestimation (Fig. 8).  

 

Figure R1. Comparisons of hourly mean 10-meter wind speed (below lines) and wind direction 

(above lines) from WRF simulations and observations within the ROI. 

 



 
Figure 8. Comparisons of hourly mean (a) 2-meter temperature and (b) 10-meter wind speed (below 

lines) and wind direction (above lines) from WRF simulations (orange lines) and observations (blue 

lines) within the ROI. 

 

Line 320—333 in Section 3.3: 

“Model performance was evaluated by comparing simulated 2-m air temperature and 10-m wind 

field of domain 3 against hourly observations from all available meteorological stations within the 

ROI (Fig. 8). For 2-m air temperature, the RMSE and the Pearson correlation coefficient (R) were 

1.80 °C and 0.92 (p < 0.001), respectively (Fig 8a). For 10-m wind field, the RMSE for wind 

direction and wind speed were 34.77° and 2.62 m s⁻¹, respectively (Fig 8b). In addition, the RMSE 

of PBLH between the model and the dataset (Guo et al., 2024) is 262 m. To provide a more 

comprehensive validation of the model's performance, we calculated additional statistical metrics 

for the simulation period. For 2-m air temperature, the Mean Absolute Error (MAE) was 1.29 °C, 

the Mean Bias (MB) was 0.99 °C (indicating a slight warm bias), and the Index of Agreement (IOA) 

was 0.93. For 10-m wind speed, the MAE was 2.01 m s⁻¹ and the MB was +1.70 m s⁻¹ (reflecting a 

typical overestimation of wind speed by WRF in urban areas due to simplified canopy drag 

representations (Yu et al., 2021)), with an IOA of 0.71. For the PBLH, the MB compared to the 

radiosonde-reanalysis merged dataset was –66 m. These quantitative metrics demonstrate that the 

model captures both the diurnal thermal cycle and the wind-driven transport dynamics with 

acceptable accuracy, establishing a solid baseline for the sensitivity experiments.” 

Furthermore, Section 3.3 has been comprehensively revised based on the new simulation 

results. Please refer to the end of this response for details. 



 

 

3. The observational UHA index is useful, but it is still a statistical proxy rather than a direct physical 

estimate of heat advection. It would strengthen the paper if the authors explain this point more 

clearly, and, if possible, compare it briefly with the advection term from the WRF results. A simple 

validation of the model wind field would also help. 

RESPONSE: We appreciate this suggestion to compare the observational index with the model 

advection term and to validate the wind field. We have compared the UHA intensity with the 

horizontal temperature advection term based on the WRF model as follows:  

Lines 183—186 of the revised manuscript in Section 2.2.3: 

“In addition, the horizontal temperature advection term in the thermodynamic energy equation was 

calculated as follows:  

퐴� = −(푈 ��
��

+ 푉 ��
��

),                (4) 

where U and V are the horizontal wind components, and T is the air temperature. All variables were 

taken from the lowest atmospheric layer of the model.” 

 

Lines 339—351 of the revised manuscript in Section 3.3: 

“The observation-based UHA intensity was compared with the WRF-simulated horizontal 

temperature advection. Taking Wuxi (U4), which lies downwind of Changzhou (U2) under the 

prevailing northwest wind direction, as an example, the observed daily mean CUHII during the 

simulation period was 2.24 °C (Fig. 9a). The UHA intensity was negative after sunrise, turned 

positive around midday, and continued to intensify, reaching a maximum of 3.15 °C at night before 

declining toward the following morning (Fig. 9b). The daily mean UHA intensity was 1.38 °C, 

indicating that UHA enhances CUHII under the prevailing wind direction. Fig. 9c shows the 

difference in horizontal temperature advection between the control and sensitivity experiments 

(CTRL minus EXP). This difference also exhibited a broadly similar pattern with higher values at 

night and lower values during the day, with a nighttime peak of approximately 0.45 K/h and a daily 

mean of 0.18 K/h (Fig. 9c). Overall, the UHA intensity and the horizontal temperature advection 

showed similar diurnal variations.” 

 



 

Figure 9. Diurnal variation of hourly (a) CUHII, (b) UHA intensity, and (c) horizontal temperature 

advection difference between the control simulation and the sensitivity experiment (CTRL minus 

EXP) over Wuxi (U4) during the simulation period. Annotated values indicate the respective daily 

means.  

Furthermore, we have added validations of wind speed and direction as stated in 

RESPONSE 2 above. 

 

 

4. The BUHI calculation needs a little more methodological clarification. The current method 

appears to use a arithmetic mean, while the WRF vertical levels are unevenly spaced. This may give 

too much weight to the near-surface layers. The authors may clarify whether a thickness-weighted 

or mass-weighted average would be more appropriate, or note the possible sensitivity. 

RESPONSE: We thank the reviewer for raising the issue of vertical averaging across non-

uniform levels. We have revised this issue by using the thickness-weighted average (by 

introducing the height of the vertically staggered grid) to ensure an accurate representation 

of the boundary layer.  

Lines 191—202 of the revised manuscript in Section 2.2.4: 

퐵푈퐻퐼퐼�(푡) = ⟨휃�⟩��� − ⟨휃�⟩���,           (6) 

where ⟨휃�⟩��� and ⟨휃�⟩��� represent the thickness-weighted average potential temperature within 

the boundary layer over urban and rural areas, respectively. Taking the urban area as an example: 

⟨휃�⟩��� = �
��

∑  ��
���

∑  
��,�
��� ��,�,�(�)���,�,�

∑  
��,�
��� ���,�,�

,          (7) 

Δ푧�,�,� = 푧푠푡푎푔�,�(푘 + 1) − 푧푠푡푎푔�,�(푘),         (8) 

where 푁� is the number of grid points in the urban region i; for a given grid point j, 퐾�,� denotes 

the number of vertical layers from the lowest model level to the PBLH (output by the model); 

and 휃�,�,�(푡) is the potential temperature at time t at the 푘-th layer of grid point 푗. Δ푧�,�,� denotes 



the physical thickness of the k-th vertical layer, and 푧푠푡푎푔  denotes the height of vertically 

staggered grid. The calculation method for the rural area ⟨휃�⟩��� is similar: 

⟨휃�⟩��� = �
��

∑  ��
���

∑  
��,�
��� ��,�,�(�)���,�,�

∑  
��,�
��� ���,�,�

,          (9) 

The result of SLUCM is as follows: 

 
Figure R4. Scatter plots between ΔCUHII and (a1, a3) 10-meter wind speed, and (a2, a4) PBLH 

between the control simulation and the sensitivity experiment (CTRL minus EXP) at (a1-a2) 

nighttime and (a3-a4) daytime. (b1-b4) Same as (a1-a4), but for ΔBUHII. Colours represent the 

relative change of CUHII or BUHII. Note that only the moment when the northwest wind prevailed 

in the ROI was reserved. 

 

The result of MLUCM (BEP+BEM) in section 3.3 is as follows: 

Lines 425—430 of the revised manuscript in the Section 3.3: 



 

Figure 12. Scatter plots between ΔCUHII and (a1, a3) 10-meter wind speed, and (a2, a4) PBLH 

between the control simulation and the sensitivity experiment (CTRL minus EXP) over Wuxi (U4) 

at (a1-a2) nighttime and (a3-a4) daytime. (b1-b4) Same as (a1-a4), but for ΔBUHII. Colours 

represent the relative change of CUHII or BUHII. Note that only the moment when the northwest 

wind prevailed in the ROI was reserved. 

 

For ΔCUHII, the results obtained from the two schemes are consistent, and they are 

consistent with the conclusions from observation. For ΔBUHII, the absolute magnitude is 

comparable between SLUCM (YSU) and BEP+BEM (MYJ), but the response to daytime wind 

speed and PBLH differs between the two schemes. Due to the lack of temperature observation 

data above the PBL, this study focuses on the magnitude of ΔBUHII variation and does not 

explore its relationship with wind speed and PBLH. Furthermore, we have added a discussion 

about the uncertainties of ΔBUHII in the results due to different schemes of PBL and urban 

models. 

Lines 406—440 of the revised manuscript in Section 3.3: 

“The CUHII differences of the downstream adjacent city Wuxi (U4) were evaluated between 

two experimental scenarios. Figures 12a–d show scatter plots of ΔCUHII and both wind speed and 

PBLH across different hours. Nighttime conditions exhibited a higher ΔCUHII (with a maximum 

increase of 0.68°C), accompanied by lower wind speed and shallower PBLH (Fig. 12a1–a2); while 

daytime conditions showed a comparatively lower ΔCUHII (with a minimum increase of 0.17°C), 

accompanied by higher wind speed and deeper PBLH (Fig. 12a3–a4). The relative increase in 

CUHII ranged from 8.1% to 60.4%, with the large proportional amplifications occurring during the 



daytime period. Specifically, the average difference between nighttime and daytime is 0.51 °C 

(14.2%) and 0.27 °C (18.9%), respectively. At night, ΔCUHII exhibited a non-linear response to 

increases in wind speed and PBLH, characterized by an initial amplification followed by a decrease 

(Fig. 12a1–a2). In contrast, daytime ΔCUHII decreased with increasing PBLH, while its correlation 

with wind speed remained ambiguous (Fig. 12a3–a4). In summary, these sensitivity experiments 

provide corroborations for the observational findings, confirming that UHA is regulated by wind 

speed and PBLH non-linearly. 

UHA also contributed to an increase in BUHII in the downstream city of Wuxi (U4, Fig. 12b1–

b4). Specifically, ΔBUHII increased by a maximum of 0.40°C and a minimum of 0.11°C, ranging 

from 4.7% to 41.7%. The average difference between nighttime and daytime is 0.23 °C (7.5%) and 

0.23 °C (23.3%), respectively. It should be noted that uncertainties remain in BUHII due to the 

schemes of PBL and urban canopy (Zhu and Ooka, 2023). In a supplementary sensitivity test 

utilizing the YSU PBL scheme (Hong et al., 2006) coupled with the SLUCM urban scheme (Fig. 

S6), while the absolute change in ΔBUHII remains comparable in magnitude, the relative change of 

ΔBUHII is larger, and its variation characteristics in response to wind speed and PBLH remain 

uncertain. Because the numerical simulation covered a limited time period, the potential moderating 

roles of wind speed and PBLH on BUHI were not further examined.” 

 

 

5. Some parts of the physical interpretation may be presented more clearly. The discussion of CUHI, 

BUHI, and UHA is sometimes mixed together, so the mechanism is not always easy to follow. It 

would also help to briefly clarify the station classification and rural reference choice, and to note 

the possible influence of other regional factors such as surface effects, southeast marine air, aerosols, 

and anthropogenic heat assumptions in the model. 

RESPONSE: We thank the reviewer for these suggestions on sharpening the physical 

interpretation. First, we have revised the discussion of CUHI, BUHI, and UHA as follows: 

Lines 454—472 of the revised manuscript in the Discussions: 

“When background winds are present, UHA propagates heat downstream and strengthens 

downstream CUHI and BUHI. Particularly with urban agglomeration development and decreasing 

inter-city distances, spatial clustering of heat sources amplifies regional thermal risks.  

Based on observations and numerical simulations, Figure 13 presents a conceptual diagram of 

UHA impacts on downwind UHI in the YRD urban agglomeration. Under nocturnal SBL conditions, 

UHA is confined to a relatively low vertical extent (Cosgrove and Berkelhammer, 2018), with 

substantial heat propagating downstream primarily within the near‑surface layer (orange arrow in 



Fig. 13). Under these conditions, the amplification of downstream CUHII is greater than that of 

BUHII. Vertical mixing of shallow PBL and weak turbulence is detrimental to the cooling of the 

built-up area environment (Haeffelin et al., 2024). Under daytime CBL conditions, buoyancy-driven 

turbulence is vigorous, UHA impacts can extend throughout the entire PBL depth (Fig. 11c). As 

urban thermal plumes are transported downstream over long distances within the PBL, they can be 

vertically mixed with the lower-level air of downstream cities through turbulence (above the 

downstream city in Fig. 13). Ultimately, thermal plumes from successive cities coalesce and 

facilitate further heat transport (Fig. 13). 

 

Figure 13. Conceptual diagram showing the impact of UHA on downstream UHI within the Yangtze 

River Delta urban agglomeration. Modified from Oke (1976) and Cosgrove and Berkelhammer 

(2018). 

Secondly, we further clarified the selection criteria for urban reference stations, and the 

impact of selecting rural reference stations at different longitudes is limited. 

Lines 107—111 of the revised manuscript in Section 2.1: 

“Specifically, urban stations (U1–U10) are characterized by densely built-up areas with high AHF 

intensity (> 5 W/m² in a four-kilometer buffer zone); whereas rural reference stations were matched 

according to the same latitudinal zone as the urban areas, featuring low impervious surface coverage 

and flat topography. Sensitivity tests using alternative rural reference stations located closer to the 

coast suggest that the potential bias arising from the limited longitudinal spread of the rural stations 

is small.” 

Third, we have supplemented the possible influence of surface effects as stated in 

RESPONSE 1 above.  

Fourth, we added a discussion of the cooling effect of the southeast sea breeze on the 

upstream UHA in Section 3.1. 



Lines 256—258 in Section 3.1: “Northwest winds mainly exacerbate the CUHI across most regions 

of the study area, whereas southeast winds exert a more extensive mitigating influence due to the 

cooling effect of sea breezes (Yang et al., 2023)” 

Fifth, in the Section discussion, we explained that the potential impact of aerosols is worth 

further exploring. 

Lines 474—477 in Section 4: “Additionally, downstream cities receive not only heat but also aerosol 

inputs from upwind urban sources (Baklanov et al., 2016). These aerosols may modulate the CUHII 

of downstream cities through radiative forcing (Wang et al., 2020; Xue et al., 2023; Yang et al., 

2020), and this feedback process warrants further investigation.” 

Finally, the model AHF from buildings in this study is dynamically calculated by BEM. 

Using the default BEM thermodynamic equations, the model dynamically computes the real-

time energy required for indoor space heating and the subsequent waste heat rejected into the 

urban atmosphere. This calculation is driven by the instantaneous outdoor meteorological 

conditions (e.g., ambient temperature, radiation) and building interior target temperatures. 

We have revised the description of AHF: 

Lines 149—155 of the revised manuscript in Section 2.2.3: 

“The spatial features of UHA were evaluated using the Weather Research and Forecasting (WRF) 

model, version 3.9.1, coupled with a multi-layer urban canopy model (MLUCM). This study utilizes 

the multi-layer Building Effect Parameterization (BEP) coupled with the Building Energy Model 

(BEM), and urban canopy parameters were taken from the global 1 km spatially continuous GloUCP 

dataset (Liao et al., 2025). BEP+BEM can reproduce the intensity and spatiotemporal distribution of 

UHI (Zhu and Ooka, 2023), and it includes a mature parameterization of the air-conditioning system 

and of indoor–outdoor heat exchange and accounts for the vertical distribution of AHF (Salamanca 

et al., 2010)” 

The original SLUCM run used a default sensible AHF of 50 W m⁻² scaled by the 24-hour 

multiplication factors: 0.16 0.13 0.08 0.07 0.08 0.26 0.67 0.99 0.89 0.79 0.74 0.73 0.75 0.76 0.82 

0.90 1.00 0.95 0.68 0.61 0.53 0.35 0.21 0.18 (starting at 01 hours local time, no latent AHF).  

 

 

Furthermore, for numerical simulation, we replaced SLUCM with the MLUCM (BEP+BEM) 

scheme, drove the urban morphology with the 1 km GloUCP dataset (Liao et al., 2025), and 

switched the PBL scheme from YSU to MYJ as required by BEM. The entire section 3.3 has 

been modified based on the new simulation results (as described in RESPONSE 2). Note that 

the MYJ scheme results show the phenomenon of heat anomalies reaching the top of the PBL 



later than YSU, so the displayed times were adjusted. The new results do not affect existing 

conclusions, and the abstract, data, and methods sections have been modified accordingly. 

Line 320—447 in Section 3.3: 

“Model performance was evaluated by comparing simulated 2-m air temperature and 10-m wind 

field of domain 3 against hourly observations from all available meteorological stations within the 

ROI (Fig. 8). For 2-m air temperature, the RMSE and the Pearson correlation coefficient (R) were 

1.80 °C and 0.92 (p < 0.001), respectively (Fig 8a). For 10-m wind field, the RMSE for wind 

direction and wind speed were 34.77° and 2.62 m s⁻¹, respectively (Fig 8b). In addition, the RMSE 

of PBLH between the model and the dataset (Guo et al., 2024) is 262 m. To provide a more 

comprehensive validation of the model's performance, we calculated additional statistical metrics 

for the simulation period. For 2-m air temperature, the Mean Absolute Error (MAE) was 1.29 °C, 

the Mean Bias (MB) was 0.99 °C (indicating a slight warm bias), and the Index of Agreement (IOA) 

was 0.93. For 10-m wind speed, the MAE was 2.01 m s⁻¹ and the MB was +1.70 m s⁻¹ (reflecting a 

typical overestimation of wind speed by WRF in urban areas due to simplified canopy drag 

representations (Yu et al., 2021)), with an IOA of 0.71. For the PBLH, the MB compared to the 

radiosonde-reanalysis merged dataset was –66 m. These quantitative metrics demonstrate that the 

model captures both the diurnal thermal cycle and the wind-driven transport dynamics with 

acceptable accuracy, establishing a solid baseline for the sensitivity experiments. 

 

Figure 8. Comparisons of hourly mean (a) 2-meter temperature and (b) 10-meter wind speed (below 

lines) and wind direction (above lines) from WRF simulations (orange lines) and observations (blue 



lines) within the ROI. 

 

The observation-based UHA intensity was compared with the WRF-simulated horizontal 

temperature advection. Taking Wuxi (U4), which lies downwind of Changzhou (U2) under the 

prevailing northwest wind direction, as an example, the observed daily mean CUHII during the 

simulation period was 2.24 °C (Fig. 9a). The UHA intensity was negative after sunrise, turned 

positive around midday, and continued to intensify, reaching a maximum of 3.15 °C at night before 

declining toward the following morning (Fig. 9b). The daily mean UHA intensity was 1.38 °C, 

indicating that UHA enhances CUHII under the prevailing wind direction. Fig. 9c shows the 

difference in horizontal temperature advection between the control and sensitivity experiments 

(CTRL minus EXP). This difference also exhibited a broadly similar pattern with higher values at 

night and lower values during the day, with a nighttime peak of approximately 0.45 K/h and a daily 

mean of 0.18 K/h (Fig. 9c). Overall, the UHA intensity and the horizontal temperature advection 

showed similar diurnal variations. 

 

Figure 9. Diurnal variation of hourly (a) CUHII, (b) UHA intensity, and (c) horizontal temperature 

advection difference between the control simulation and the sensitivity experiment (CTRL minus 

EXP) over Wuxi (U4) during the simulation period. Annotated values indicate the respective daily 

means. 

 

“Figure 10 illustrates the spatial distribution of the 2-meter temperature difference between the 

control and sensitivity simulations (CTRL minus EXP), approximately representing the thermal and 

dynamic contributions of upstream urbanization in Changzhou to the downstream canopy 

temperature. During the analysis hours, northwest winds prevailed in domain 3. Influenced by the 

UHI, Changzhou exhibited a pronounced warming, with positive temperature anomalies of 3.58 °C 

and 0.42 °C at 22:00 BST and 15:00 BST, respectively. This phenomenon arises from the coupled 

interplay of thermal and dynamic processes. Thermally, urban materials and anthropogenic heat 



emissions drive a substantial increase in sensible heat flux. Dynamically, the elevated aerodynamic 

roughness length of the urban canopy suppresses near-surface wind speeds and ventilation (Oke et 

al., 2017). Both factors together modulate the local positive temperature anomaly and determine its 

subsequent advection propagation to downstream regions. The simulations show a diurnal variation 

in the 2-meter temperature differences. At night (22:00 BST), lower wind speeds were accompanied 

by a high UHA intensity but with a limited advective distance, and strong warming was concentrated 

in the short distance downstream of the city (Fig. 10a). In contrast, daytime conditions (15:00 BST) 

featured higher wind speeds, which were accompanied by lower UHA intensity but a greater thermal 

influence distance (Fig. 10b). Under the prevailing northwest winds, the U10 region was also 

affected by the thermal forcing of Taihu Lake in addition to UHA. During winter, Taihu Lake 

functions as a daytime heat sink and a nighttime heat source relative to the surrounding environment 

(Fig. S3). Furthermore, Cosgrove and Berkelhammer (2018) utilized a Lagrangian atmospheric 

transport model to demonstrate that the Chicago urban thermal plume caused significant heating at 

100–200 m above ground level, extending up to 70 km downwind. The sensitivity experiments in 

this study show that the downstream canopy region was also heated, with the thermal influence 

beyond 100 km. 

 

Figure 10. Spatial distribution of the 2-meter temperature difference between the control simulation 

and the sensitivity experiment (CTRL minus EXP) at (a) 22:00 BST and (b) 15:00 BST. Vector 

arrows indicate the 10-meter wind field of the CTRL. The three marked locations from northwest 

to southeast correspond to downtown areas of Changzhou (U2), Wuxi (U4), and Suzhou (U6), 

respectively. 

 

Vertical cross-sections of potential temperature and wind vector differences between control 

and sensitivity experiments were analysed (Fig. 11). The cross-section along a northwest-southeast 

direction spans approximately 114 km (Fig. 11a), encompassing cities from Changzhou (U2) 

through Wuxi (U4) to Suzhou (U6). Note that the coordinate rotation was applied to the horizontal 



wind component u to align it with the cross-section direction, with positive values corresponding to 

northwest winds. For example, significant negative horizontal wind components within 

Changzhou's near-surface layer are due to the urban rough surface. At night (22:00 BST), the 

atmospheric stratification is stable, and updrafts and downdrafts induced by the UHI can be 

observed over urban areas, particularly in Wuxi (see the CTRL results in Figure S4b). Thermal 

plume was suppressed within the near-surface layer, and substantial heat within Changzhou 

propagated downstream primarily below 100 m, although the PBLH can reach 750 m (Fig. 11b). 

Following sunrise, solar shortwave radiation enhanced surface heating and buoyancy-driven 

turbulence (Zhang et al., 2023), elevating PBLH to approximately 1600 m by afternoon (15:00 BST, 

Fig. S4c). Compared to nighttime conditions, enhanced ventilation and vertical mixing extended 

thermal influences throughout the entire PBL depth (Fig. 11c), intensifying the BUHI in Wuxi and 

Suzhou. As the thermal plume propagates, vertical heat redistribution may occur through turbulent 

mixing in downstream cities. In addition, the updraft in the downstream area is strengthened, and 

the vertical circulation in Wuxi during the day may be UHA-enhanced UHI circulation (Fig. 11b-c).  

 

Figure 11. (a) Geographical location of the vertical cross-section. (b, c) Vertical cross-sections of 

the potential temperature and wind vector differences between the control simulation and the 

sensitivity experiment (CTRL minus EXP) at (b) 22:00 BST and (c) 15:00 BST. Wind vectors were 

synthesized by rotating u (along the transect axis) and scaling ω (ω multiplied by 50). The black and 

blue solid lines denote the PBLH in the CTRL and EXP simulations, respectively. 

 

The sensitivity experiments quantified UHA contributions from a single upstream city. In 

reality, taking the downstream city of Suzhou as an example, its UHI is influenced by multiple 

upstream heat sources, including weak UHA transport from distant Changzhou superimposed upon 

strong UHA contributions from adjacent Wuxi. When the LULCs in upstream Changzhou and Wuxi 

are simultaneously replaced with croplands in the sensitivity experiment, enhanced cross-city 

thermal plume superposition and greater PBLH differences were shown (Fig. S5). These results 



demonstrate that the intensity and spatial structure of UHA are closely related to diurnal boundary 

layer evolution. 

The CUHII differences of the downstream adjacent city Wuxi (U4) were evaluated between 

two experimental scenarios. Figures 12a show scatter plots of ΔCUHII and both wind speed and 

PBLH across different hours. Nighttime conditions exhibited a higher ΔCUHII (with a maximum 

increase of 0.68°C), accompanied by lower wind speed and shallower PBLH (Fig. 12a1–a2); while 

daytime conditions showed a comparatively lower ΔCUHII (with a minimum increase of 0.17°C), 

accompanied by higher wind speed and deeper PBLH (Fig. 12a3–a4). The relative increase in 

CUHII ranged from 8.1% to 60.4%, with the large proportional amplifications occurring during the 

daytime period. Specifically, the average difference between nighttime and daytime is 0.51 °C 

(14.2%) and 0.27 °C (18.9%), respectively. At night, ΔCUHII exhibited a non-linear response to 

increases in wind speed and PBLH, characterized by an initial amplification followed by a decrease 

(Fig. 12a1–a2). In contrast, daytime ΔCUHII decreased with increasing PBLH, while its correlation 

with wind speed remained ambiguous (Fig. 12a3–a4). In summary, these sensitivity experiments 

provide corroborations for the observational findings, confirming that UHA is regulated by wind 

speed and PBLH non-linearly. 

UHA also contributed to an increase in BUHII in the downstream city of Wuxi (U4, Fig. 12b1–

b4). Specifically, ΔBUHII increased by a maximum of 0.40°C and a minimum of 0.11°C, ranging 

from 4.7% to 41.7%. The average difference between nighttime and daytime is 0.23 °C (7.5%) and 

0.23 °C (23.3%), respectively. It should be noted that uncertainties remain in BUHII due to the 

schemes of PBL and urban canopy (Zhu and Ooka, 2023). In a supplementary sensitivity test 

utilizing the YSU PBL scheme (Hong et al., 2006) coupled with the SLUCM urban scheme (Fig. 

S6), while the absolute change in ΔBUHII remains comparable in magnitude, the relative change of 

ΔBUHII is larger, and its variation characteristics in response to wind speed and PBLH remain 

uncertain. Because the numerical simulation covered a limited time period, the potential moderating 

roles of wind speed and PBLH on BUHI were not further examined.  



 

Figure 12. Scatter plots between ΔCUHII and (a1, a3) 10-meter wind speed, and (a2, a4) PBLH 

between the control simulation and the sensitivity experiment (CTRL minus EXP) over Wuxi (U4) 

at (a1-a2) nighttime and (a3-a4) daytime. (b1-b4) Same as (a1-a4), but for ΔBUHII. Colours 

represent the relative change of CUHII or BUHII. Note that only the moment when the northwest 

wind prevailed in the ROI was reserved. 

 

In addition, the enhancement of downstream UHI (CUHII and BUHII) is primarily contributed 

to by UHA, though it is not entirely attributable to this mechanism; it is concurrently modulated by 

other physical processes. For example, advective transport from upstream urban areas can modify 

local atmospheric conditions (e.g., ambient humidity, stability), which subsequently influence the 

thermal environment of the downstream city. Furthermore, changes in the underlying surface will 

also affect local circulation by thermal (e.g., lake-land breeze circulation) and dynamic (e.g., 

ventilation) effects, which in turn affect wind and temperature in downstream areas. Ultimately, the 

increase in downstream UHI is a combined result of multiple processes.”  

 

 

We sincerely appreciate your thorough review and hope these revisions meet with your 

approval. 

Once again, thank you very much for your comments and suggestions. 

 

 

 



References (For RESPONSE and newly added references in the manuscript): 

Avisar, D., Pelta, R., Chudnovsky, A., and Rostkier‐Edelstein, D.: High Resolution WRF 
Simulations for the Tel‐Aviv Metropolitan Area Reveal the Urban Fingerprint in the Sea‐Breeze 
Hodograph, JGR Atmospheres, 126, e2020JD033691, https://doi.org/10.1029/2020JD033691, 2021. 

Baklanov, A., Molina, L. T., and Gauss, M.: Megacities, air quality and climate, Atmospheric 
Environment, 126, 235–249, https://doi.org/10.1016/j.atmosenv.2015.11.059, 2016. 

Cosgrove, A. and Berkelhammer, M.: Downwind footprint of an urban heat island on air and lake 
temperatures, npj Clim Atmos Sci, 1, 46, https://doi.org/10.1038/s41612-018-0055-3, 2018. 

Guo, J., Zhang, J., Yang, K., Liao, H., Zhang, S., Huang, K., Lv, Y., Shao, J., Yu, T., Tong, B., Li, J., 
Su, T., Yim, S. H. L., Stoffelen, A., Zhai, P., and Xu, X.: Investigation of near-global daytime 
boundary layer height using high-resolution radiosondes: first results and comparison with ERA5, 
MERRA-2, JRA-55, and NCEP-2 reanalyses, Atmos. Chem. Phys., 21, 17079–17097, 
https://doi.org/10.5194/acp-21-17079-2021, 2021. 

Guo, J., Zhang, J., Shao, J., Chen, T., Bai, K., Sun, Y., Li, N., Wu, J., Li, R., Li, J., Guo, Q., Cohen, 
J. B., Zhai, P., Xu, X., and Hu, F.: A merged continental planetary boundary layer height dataset 
based on high-resolution radiosonde measurements, ERA5 reanalysis, and GLDAS, Earth Syst. Sci. 
Data, 16, 1–14, https://doi.org/10.5194/essd-16-1-2024, 2024. 

Haeffelin, M., Ribaud, J.-F., Céspedes, J., Dupont, J.-C., Lemonsu, A., Masson, V., Nagel, T., and 
Kotthaus, S.: Impact of boundary layer stability on urban park cooling effect intensity, Atmos. Chem. 
Phys., 24, 14101–14122, https://doi.org/10.5194/acp-24-14101-2024, 2024. 

Hong, S.-Y., Noh, Y., and Dudhia, J.: A New Vertical Diffusion Package with an Explicit Treatment 
of Entrainment Processes, Monthly Weather Review, 134, 2318–2341, 
https://doi.org/10.1175/MWR3199.1, 2006. 

Liao, W., Li, Y., Liu, X., Wang, Y., Che, Y., Shao, L., Chen, G., Yuan, H., Zhang, N., and Chen, F.: 
GloUCP: a global 1 km spatially continuous urban canopy parameters for the WRF model, Earth 
Syst. Sci. Data, 17, 2535–2551, https://doi.org/10.5194/essd-17-2535-2025, 2025. 

Oke, T. R., Mills, G., Christen, A., and Voogt, J. A.: Urban Climates, 1st ed., Cambridge University 
Press, https://doi.org/10.1017/9781139016476, 2017. 

Saha, S., Sharma, S., Kumar, K. N., Kumar, P., Lal, S., and Kamat, D.: Investigation of Atmospheric 
Boundary Layer characteristics using Ceilometer Lidar, COSMIC GPS RO satellite, Radiosonde 
and ERA-5 reanalysis dataset over Western Indian Region, Atmospheric Research, 268, 105999, 
https://doi.org/10.1016/j.atmosres.2021.105999, 2022. 

Salamanca, F., Krpo, A., Martilli, A., and Clappier, A.: A new building energy model coupled with 
an urban canopy parameterization for urban climate simulations—part I. formulation, verification, 
and sensitivity analysis of the model, Theor Appl Climatol, 99, 331–344, 
https://doi.org/10.1007/s00704-009-0142-9, 2010. 



Sun, Y., Zhang, N., Miao, S., Kong, F., Zhang, Y., and Li, N.: Urban Morphological Parameters of 
the Main Cities in China and Their Application in the WRF Model, J Adv Model Earth Syst, 13, 
e2020MS002382, https://doi.org/10.1029/2020MS002382, 2021. 

Wang, L., Fan, S., Hu, F., Miao, S., Yang, A., Li, Y., Liu, J., Liu, C., Chen, S., Ho, H. C., Duan, Z., 
Gao, Z., and Yang, Y.: Vertical Gradient Variations in Radiation Budget and Heat Fluxes in the 
Urban Boundary Layer: A Comparison Study Between Polluted and Clean Air Episodes in Beijing 
During Winter, JGR Atmospheres, 125, e2020JD032478, https://doi.org/10.1029/2020JD032478, 
2020. 

Xue, J., Zong, L., Yang, Y., Bi, X., Zhang, Y., and Zhao, M.: Diurnal and interannual variations of 
canopy urban heat island (CUHI) effects over a mountain–valley city with a semi-arid climate, 
Urban Climate, 48, 101425, https://doi.org/10.1016/j.uclim.2023.101425, 2023. 

Yang, Y., Zheng, Z., Yim, S. Y. L., Roth, M., Ren, G., Gao, Z., Wang, T., Li, Q., Shi, C., Ning, G., 
and Li, Y.: PM 2.5 Pollution Modulates Wintertime Urban Heat Island Intensity in the Beijing‐
Tianjin‐Hebei Megalopolis, China, Geophysical Research Letters, 47, 
https://doi.org/10.1029/2019GL084288, 2020. 

Yang, Y., Guo, M., Wang, L., Zong, L., Liu, D., Zhang, W., Wang, M., Wan, B., and Guo, Y.: 
Unevenly spatiotemporal distribution of urban excess warming in coastal Shanghai megacity, China: 
Roles of geophysical environment, ventilation and sea breezes, Building and Environment, 235, 
110180, https://doi.org/10.1016/j.buildenv.2023.110180, 2023. 

Yu, M., Chen, X., Yang, J., and Miao, S.: A new perspective on evaluating high-resolution urban 
climate simulation with urban canopy parameters, Urban Climate, 38, 100919, 
https://doi.org/10.1016/j.uclim.2021.100919, 2021. 

Zhu, D. and Ooka, R.: WRF-based scenario experiment research on urban heat island: A review, 
Urban Climate, 49, 101512, https://doi.org/10.1016/j.uclim.2023.101512, 2023. 

 


