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Response to Comments from Referee #1 

We thank this reviewer for his/her detailed and insightful comments which are very helpful in 

our revision of the manuscript. We have made every effort to address all the concerns raised 

by this review and we hope our efforts will bring our manuscript closer to being accepted for 

publication on ACP. Our point‐by‐point response is given below. 

General comments: I think that the structure of this paper needs some work. The abstract and 

methodology completely omit any detail about the range of simulations undertaken or the hypothesis 

that is being tested. Some of this detail is found in the results section but this means that it comes as 

something as a surprise when reading. I also think this work could have been presented in a more 

succinct way. Nineteen figures are probably too many and the structure of the work means that there is 

a lot of skipping between figures. For a number of figures only 1 or 2 panels are referred to in the text. 

Specifically, I am unconvinced by the use of 2 m temperature and water vapour mixing ratio. Why not 

use thermodynamic quantities such as equivalent and virtual potential temperature. These give 

information about air masses (including temperature and moisture) and buoyancy and could still have 

important temperature and water vapour contours over plotted as needed. Also, from appearances it 

seems like NCL has been used for the creation of most figures making the calculation of such variables 

easy using pre‐written scripts such as “wrf_eth” and “wrf_virtual_temp”. 

R: We thank the reviewer for the detailed suggestions above, which are mostly adopted in the 

revision. The description of all experiments has now been included in the methodology part, and the 

abstract has been revised to highlight the key findings of this work. We removed Figs. 15, 16, 17, 19 

for the succinctness of the main manuscript.  We chose to use 2‐m temperature and water vapor 

mixing ratio instead of equivalent and virtual potential temperature because these potential variables 

may compound the impacts from radiative heating/cooling versus sources of moisture and transport 

which we seek to distinguish.  

The description of the processes that cause specific features is also lacking in some cases. If the authors 

have not tested what is driving the production of those features it should be made clear, if they have 

then say so. Generally, the written English in the manuscript reads well, however, there are a few 

instances when the wording is slightly odd or does not conform with standard scientific usage. For 

example, simulations are referred to as being “convection‐allowing” when it is more usual to describe 

them as being “convection permitting”. While the intent is clear it should be changed to conform with 

previously published work. I also found the use of acronyms to be confusing “LSB” could just be referred 

to as “land‐breeze”, “DP” could just be “diurnal precipitation” etc. 

R: We added more descriptions of specific physical processes in the revised manuscript per 

recommendation of the reviewer.  All “convection‐allowing” have now been revised as “convection 

permitting” throughout the manuscript. We also reduced the use of acronyms for a better readability, 

for example, “DP” was revised as “diurnal precipitation”.  We chose to keep the “LSB” as an acronym 

of “land sea breeze” because it was mentioned too many times and has been used in many papers. 

For example, 
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Lo, J.C., Lau, A.K., Fung, J.C. and Chen, F., 2006. Investigation of enhanced cross‐city transport and 

trapping of air pollutants by coastal and urban land‐sea breeze circulations. Journal of Geophysical 

Research: Atmospheres, 111(D14). 

Chen, T.C., Yen, M.C., Tsay, J.D., Liao, C.C. and Takle, E.S., 2014. Impact of afternoon thunderstorms on 

the land–sea breeze in the Taipei Basin during summer: an experiment. Journal of Applied 

Meteorology and Climatology, 53(7), pp.1714‐1738. 

Specific comments 

Abstract 

23 and throughout Change “convection‐allowing” to “convection permitting”. 

R: Changed as suggested.  

 

24‐26 Change to “ERA‐interim reanalysis. The simulations have a slight overestimation of rainfall 

amounts and a 1‐h delay in peak rainfall time. The diurnal cycle of precipitation is driven by the 

occurrence of moist convection around noon owing to low‐level convergence associated with the sea‐

breeze circulation” 

R: Revised as suggested in lines 27‐30. 

 

29 Change to “Generally precipitation dissipates quickly in the evening due to …” 

R: Revised as suggested in lines 32‐34.  

 

Introduction 

Be much clearer about the novel nature of your work. You have cited many other pieces of work that 

look into similar processes and use similar models, what do you do that hasn’t been done elsewhere. 

R: The novelty of this current work is that semi‐idealized convection‐permitting simulations with 

climatological mean initial conditions and diurnally averaged periodic lateral boundary conditions 

were used for the first time to study the dynamic and thermodynamic processes (and the impacts of 

land‐sea breeze circulations) that control the rainfall distribution and climatology over a tropical 

island. This uniqueness has been clarified in the revised introduction. 

 

49 What grid‐spacing and model did Hassim et al., (2016) use? Include it here. Hassim looks at the 

importance of the sea breeze in the initiation of rainfall but focusses on large‐scale atmospheric 

properties preferential to the propagation of systems offshore at night. This is not what you have said 

here, much more detail is required here. 

R: The model and grid spacing used by Hassim et al. (2016) have been added here.  We also revised 

the way we cited Hassim et al (2016) in a clearer way as “Hassim et al. (2016) examined the diurnal 

cycle of rainfall over New Guinea with a 4‐km convection‐allowing WRF model. They looked at the 

importance of the sea breeze in the initiation of rainfall but focused on large‐scale atmospheric 

properties preferential to the propagation of systems offshore at night. They also found that 
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orography and the coastline along with gravity waves were beneficial for the longevity and 

maintenance of the convection systems though they were not the fundamental reason for the 

convection initiation.” In Lines 56‐62. 

 

50‐51 Be specific about what was beneficial about orography and gravity waves. This is not enough 

detail. 

R: More detailed description was added here. Please also refer to our response to the last comment. 

 

52‐53 In what way was island size important, how do the findings from these papers relate to the size of 

Hainan island? 

R: This sentence has been removed as our work does not examine impacts of different island sizes. 

 

57 Change to “Diurnal variability is only captured in some places and months where…” 

R: Revised as suggested in lines 68‐69. 

 

61 There is a long list of references here after a very vague statement, please be much more 

specific. 

R: We have revised this sentence for clarity and removed some of references that were not quite 

relevant as “Studies show that the LSB may have different contributions to the diurnal variabilities of 

precipitation at different places (Keenan et al. 1988; Qian 2008; Wapler and Lane 2012; Chen et al. 

2017). Precipitation tends to be initiated by the convergence of land breezes (Wapler and Lane 2012) 

and sea breezes (Qian 2008) over gulf area and islands area, respectively. Interactions between land 

breeze and prevailing wind are likely to produce precipitation over the coast area or tropical islands 

(Keenan et al. 1988; Chen et al. 2017).” in lines 70‐75. 

 

73‐76 This description of Hainan Island seems incongruous. Either remove, or, if this is part of the 

motivation for the work make it clear what impact your work has on Hainan and how these facts relate 

to that impact. 

R: Those sentences have been removed as suggested. 

 

80 replace “rather” with “more” 

R: Revised as suggested in line 91. 

 

87‐96 Highlight why this work is unique. 

R: We have highlighted the novelty as “ This is the first time using semi‐idealized convection‐

permitting simulations with climatological mean initial conditions and diurnally averaged periodic 

lateral boundary conditions were used for the first time to study the dynamic and thermodynamic 
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processes (and the impacts of land‐sea breeze circulations) that control the rainfall distribution and 

climatology over a tropical island.”. We would also highlight the removal of terrain effect, along with 

the further simplification using a perfect oval‐shaped island. In Lines 99‐104. 

 

Observation dataset and methodology 

Don’t describe the distribution of the gauges as homogeneous. Gauges are discrete with gaps in‐

between and so can never be homogeneous. Maybe just say they are “relatively evenly distributed 

across the island” 

R: As suggested, this sentence has been changed to “The gauges are relatively evenly distributed 

across the island.” in lines 115‐116. 

 

100 Why are they suitable for assessing the diurnal precipitation, what is the sampling frequency? Etc. 

R:  The sampling frequency is one hour, which is dense enough to represent the diurnal rainfall cycle 

over the island. We have clarified this in the revised manuscript in lines 116‐117. 

 

102 Give an idea of the time period you are talking about how many stations where built after 1951 and 

say what years new stations became operational. If a single station was built in 1951 and the rest were 

built in 2009 your current description would still be true. Be more specific! 

R:  A table is added in the revised manuscript to show the observation period. 

Table 1  Information of stations used in this work 
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103‐110 Please use present tense e.g. “observations are augmented” not “observations were 

augmented”. 

R: The tense has been revised to present tense in line 122. 

 

105 Define NOAA and CMORPH 

R: NOAA and CMORPH have been defined as “National Oceanic and Atmospheric Administration 

(NOAA) and Climate Prediction Center Morphing Technique (CMORPH)” in lines 122‐123. 

 

105 CMORPH is a retrieval not an analysis. 

R: “...the CMORPH analyses” was changed to “...the CMORPH data” as suggested in line 123. 

 

106‐108 delete “as shown to be valuable in past studies of diurnal precipitation over China (e.g. He and 

Zhang 2010, … Zhang et al., 2014)” 

R: Removed as suggested.  

 

108 Change to “The CMORPH grid with a temporal resolution of 30 minutes. 

R: Revised as suggested in line 125. 

 

111‐121 You need to add a lot more detail about the specific experiments here. What version of WRF is 

used? Advanced Research WRF would be my assumption but it is not specified. A much greater amount 

of detail is needed about the schemes that were used with an explanation of why. If they were used to 

conform to Chen et al (2016) then describe the experiments performed in Chen et al (2016) too. Each of 

your experiments has to be explained too, “A series of convection‐allowing numerical simulations were 

performed” gives absolutely no detail about what you have done or why! 

R: The Advanced Research WRF (ARW) 3.7.1 was used in this study, which has been cited in lines 127‐

128. Detailed description of all numerical simulations was included in the revised manuscript in lines 

133‐138 and Lines 142‐154.  We admit that the choice of WRF schemes is subjective in nature, based 

primarily on many years of experience of the senior authors, and we did not perform exclusively 

sensitivity tests to the choice of numerous combinations of different WRF physical parameterization 

schemes, nor did Chen et al. (2016). However, the realistic rainfall distribution simulated by the 

control simulation in comparison to climatology gives us confidence that the simulations so designed 

are well suited for this study. 

Observational analysis 

136‐137 Say that this is the monsoon season. 

R: As suggested, the sentence ”Most of the precipitation falls from April to October and exhibits a 

distinct diurnal cycle during that period” has changed to “Most of the precipitation falls from April to 
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October, which is the monsoon season, and exhibits a distinct diurnal cycle during that period” in lines 

166‐168. 

 

149‐152 Replace with “No heavy rainfall or distinct diurnal variability is observed at stations along the 

southern coastline (blue dots on figure 1 and blue lines on figure 2). 

R: Replaced as suggested in lines 182‐184. 

 

149‐165 What is the criteria for the different dot colours? I would assume that you would group them 

based on some geographical property e.g. southern coast, highlands, plain, northern coast, but it looks 

instead like they are grouped based on their diurnal cycle, which makes the grouping less useful. 

R: We grouped the stations based on their similarity in diurnal variations, which to a large extent are 

correlated with their geographical locations so they are internally consistent.  We chose to keep the 

station coloring unchanged. We have included this reason in lines 180‐182. 

 

157 swap “also are” to “are also” 

R: Revised as “were also” in line 189. 

 

162 change to “These results indicate good agreement between CMORPH data and gauges, in 

particular …” 

R: Revised as suggested in lines 194‐195.  

 

174 change to “for the whole year and over the whole island” 

R: Revised as suggested in line 205.  

 

174‐181 You need to highlight that the precipitation levels for panels a, b, c, d, k and l are so low that 

essentially the diurnal precipitation percentage is meaningless, or, even get rid of those panels. 

R:  Even though low precipitation occurs during those months, their diurnal cycles can still be 

important because the small diurnal precipitation amount can be potentially important for plant and 

vegetation, and air quality. We prefer to keep them for completeness of the annual evolution of 

diurnal cycles. We nevertheless focus on the May and June months that have the highest diurnal 

precipitation amount for the rest of the study. 

 

177‐178 delete “However, the diurnal precipitation… precipitation intensity.” You have just defined this, 

therefore this is obvious and not needed. 

R: Deleted as suggested.  
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178‐181 Even discussing March here seems pointless, March has almost no rainfall, so the magnitude of 

the diurnal component of almost nothing is not interesting at all. What seems more interesting is that 

rainfall amounts fall from May to July, increase in August again and then drop into October. However 

the diurnal percentage drops steadily throughout the season. You mention “physical processes”, what 

are these, be specific! Is it associated with synoptic scale storms, typhoons, prevailing winds? Say what 

and describe the processes too. 

R: For the reasons discussed above, we choose to keep the discussion despite the small amount of 

total precipitation in March. We do keep the discussion on the low precipitation month brief and 

focus primarily on May and June months.  

Besides the processes listed by the reviewer (synoptic scale storms, typhoons, prevailing winds), other 

possible mechanisms include changes in the land sea temperature contrast, atmospheric moisture 

content, which will be explored in our future study. We added a brief discussion giving these physical 

processes in Lines 213‐217. 

 

193 do you mean the Katabatic downhill jet, (which is a component of MPSs) which would happen on 

both sides of mountains. MPSs (to my understanding) are a feature of the lee side of mountain or 

plateaus, and given the direction of the prevailing wind it is unlikely that this would have an impact on 

the southern edge of Hainan. 

R: The mountain plain solenoid circulation has been revised as downhill jet circulation in line 229. 

 

196‐198 Figure 6 discussed here is not every 3 hours as stated as panel (f) shows 1700, if this is due to 

this being the peak rainfall time, say this explicitly. 

R: The sentence “(every 3 h in Fig. 6)” has been revised as “(every 3 h except using 1700 LST as it is the 

peak rainfall time in CMORPH observation in Fig. 6)” in lines 232‐233. 

 

Numerical simulations. 

228‐234 This is very clearly lacking a clear description of the simulations that have been conducted as 

part of this study and the hypotheses that are being tested by performing them. It seems like much of 

the detail is included later, but this structure is confusing and should be changed. 

R: All the description of the simulations has been moved to the observation dataset and methodology 

section.  

 

240‐241 change to “slightly higher peak values of simulated 2‐meter temperature and simulated 

precipitation…” 

R: Changed as suggested in lines 269‐270. 

 

242 Say “the chosen setup of WRF‐ARW has the ability to…” 
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R: Revised as suggested in lines 271‐272. 

 

256 Evening rainfall along southern coast is missing, you should mention this, including why this might 

be. 

R: As suggested, we added a sentence in Lines 286‐289 as “However, the evening rainfall along 

southern coast is missing, which is likely because the resolution we used in this study is still too coarse 

to resolve the convection over the southern coast or the physical process was so complex that the 

model is unable to represent it for now”. 

 

265‐269 This is an experiment setup description and should not be in the results section. 

R: The description of the experimental setup has been moved to the observation dataset and 

methodology section. 

 

310 Fog is not the only potential reason, cold pool air could be colder, what impact does stability have 

on the formation of fog. It needs more detail of discussion. 

R: We agree with the reviewer that fog may not be the only potential reason. Other alternative 

possible reasons are also given here as “The slower warming in the northeastern part of the Hainan 

Island is likely due to the morning fog or cold pool air (Fig. 13b) that commonly forms within the area 

humidified (Fig. 14b) by late‐afternoon precipitation on the preceding day. The cloud over the area 

attenuates solar radiation and subsequently slows the local warming. Moreover, positive horizontal 

temperature advection exists over the southern island (Fig. 15), which helps to increase the 

temperature faster over the area.” (Lines 340‐345). The impact of stability on the formation of fog is 

not quite relevant to the discussion here and thus not included in the revision.  

 

Fig. 15. Horizontal temperature advection (shaded) and horizontal wind (vector) on the first model 

level. 
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311 I’m not sure that 14b does show what is stated. Maybe the colour scale of 14b is not appropriate? 

R:   This figure has been revised with relative humidity (RH) replacing water vapor mixing ratio. Much 

moister air can be easily observed during the evening and early morning, which is beneficial for the 

generation of morning fog, cold pool air or others.  Below shows the revised Figure 14. 

 
Fig. 14. Vertical cross-sections of relative humidity (shading), perturbation wind (vectors;the scale of the 
vertical component is increased by a factor of 5), and temperature (contours) in the south-to-north 
direction (see red line in Fig. 1) averaged over all hours (a) and at 3-h intervals (b–i). The triangles in 
each panel indicate the edges of the island. 
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316‐318 15b and 15c don’t show what you say they do, at 0900 the vectors does show land breezes at 

both coasts but at 0600 LST only one is clear in the figure. 

R: We agree that our original description is not clear. The sentence has been revised as “Two land‐

breeze circulations (LBCs) appear clearly in the vertical direction below 3 km along the coast of the 

island at 0600 LST (Fig. 14b). The southern LBC recedes quickly with the reversal of the temperature 

gradient at around 0900 LST, while the other LBC remains distinct (Fig. 14c).” in lines 348‐351. We 

added arrows marking the locations of the LBCs (below shows the new Fig. 14 with the LBCs in b and 

c). 

 

Fig. 14. Vertical cross-sections of relative humidity (shading), perturbation wind (vectors; the scale of the 
vertical component is increased by a factor of 5), and temperature (contours) in the south-to-north 
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direction (see red line in Fig. 1) averaged over all hours (a) and at 3-h intervals (b–i). The triangles in 
each panel indicate the edges of the island. 

 

319‐325 The region that at 0900 LST had suppressed 2m temperatures has elevated 2 m temperatures 

at 1200 LST. You do not give an explanation for such rapid warming in one part of the domain while 

other areas (also over land have more gradual warming). I cannot work out what the cause might be 

from this work. 

R: The unevenly warming temperature over the island is a result of the horizontal temperature 

advection, which was demonstrated in new Figure 15 showing horizontal temperature advection with 

the horizontal wind on the lowest model level. From the evening to the early morning (2100‐0600 

LST), the temperature over the island is lower than the surrounding ocean, then the temperature 

along the south coastlines will increase faster than the other area as affected by positive horizontal 

temperature advection. After 0900 LST, the temperature over the island is warmer than the 

surrounding ocean, so the temperature will increase slower along the coast as affected by the 

negative horizontal temperature advection. It is just the opposite phenomenon along the north 

coastline areas that affected by negative temperature advection during the evening to early morning 

and positive temperature advection at other times. This reason and the new Figure 15 have been 

added in the revised manuscript in Lines 352‐364.  

 
Figure 15. Horizontal temperature advection (shaded) and horizontal wind (vector) on the first model 

level. 
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338 I don’t believe that the deep prevailing wind is what gives that moisture pattern seen in 11e. This 

looks a lot more like what one would expect from low level convergence of moist air producing 

updraughts. 

R: We agree. The sentence has been revised as “Moisture air is transported from ocean to the island 

persistently by the deep southwesterly prevailing wind throughout the lower troposphere (Fig.11e) 

while low level convergence of moist air generates strong updraughts, which results in an increase of 

the moisture over the midlevels (Fig. 14e).” in lines 377‐380. 

 

354 Quote numbers, specifically the times at which this occurs and rates. 

R: We revised the sentence as “The rate of temperature decrease is fastest in the first several hours 

during this stage, reaching around ‐1.5 K/h during 1800‐1900 LST (red line in Fig. 7d)” in lines 396‐397. 

 

361‐364 Drying at 850 hPa and in cross section seems predominantly driven by downward limb of the 

circulation advecting dry air from aloft. Movement of moisture over the northern coast also seems to be 

much more likely associated with the dominant wind direction than land breezes. 

R:  We agree.  The drying at 850 hPa was attributed to the downward flow as stated in lines 406‐408. 

Movement of moisture over the northern coast was also attributed to the dominant wind direction 

than land breezes as stated in Lines 408‐410. 

377‐382 Description of simulation should not be in results. 

R: Description of simulation has been moved to “Observation dataset and methodology” section. 

 

402‐403 This statement needs investigation, how does the presence of a cold pool enhance inland 

penetration of the sea‐breeze? What are the dynamics of the situation and what have you shown to 

support your assertion. 

R: When a cold pool moves toward the island/inland, the pressure gradient should increase which 

drives the flow more inland.  

 

Summary 

Summary needs to include the results above that I have said are lacking. Greater specificity and inclusion 

of the implications of this work in the broader context of previous and ongoing work. 

R: The conclusion part has been revised as suggested. In particular, main findings as summarized by 

this reviewer in his/her general comment are summarized. (1) WRF is capable (in this setup) of 

replicating the important aspects of the mean diurnal cycle compared to rainfall observations, (2) That 

removing the orography and coastal features made little difference to the diurnal cycle during the 

rainiest times of the year, (3) the dominant process that produces the diurnal cycle were shown to be 

the sea/land breezes caused by the relative surface heating/cooling of the island compared to the 

surrounding ocean and (4) that evaporative cooling as part of convective systems also plays an 

important role in the diurnal cycle. Those have been concluded in lines 488‐494. 
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425 Boundary conditions cannot be cyclic, they come from averaged ERA‐Interim data! Do you mean 

lateral boundary conditions? 

R: Thanks for this correction. The “cyclic boundary conditions” has been revised as “cyclic lateral 

boundary conditions” in lines 481‐482. 

 

Figures 

Latitude and Longitude should be marked on all maps and along the cross sections. 

R: All the map and cross section figures have been added with latitude and longitude. 

 

F2 Units should be mm hr‐1  

R: The units has been revised as “mm h‐1” 

 

F3 Units cannot just be mm. This has to be a rate mm hr‐1? The caption is also not clear enough “Diurnal 

cycles of hourly average rainfall accumulations obtained from …” 

R: The units has been revised as “mm h‐1”, and the caption has been revised as “Diurnal cycles of 

hourly average rainfall accumulations obtained from gauges (blue) and CMORPH (red) in each 

month”. 

 

F4 This is a confusing figure given that we know that rainfall totals are inconsequential in panels a,b,c,d,k 

and l. More useful just to show months May‐October when some rain actually falls. Also Caption and 

text refers to percentage, I think the values are not expressed as such given the range between 0.1 and 

0.95. 

R:  As we discussed in response above, even though the rainfall is quite small, the percentage of the 

diurnal precipitation is still quite important. We choose to keep those panels. The caption has been 

revised as “Percentage of the total precipitation that can be attributed to the diurnal cycle…..”.  

 

F5 Units should be mm hr‐1 

R: Revised as suggested. 

 

F6 Units should be mm hr‐1 and numbers on scale are vertically squashed. 

R: The units has been revised as “mm h‐1”. The numbers on scale were revised to have a normal look. 

 

F7 Get rid of the horizontal mean lines, they are not very useful and make the plots more confusing. 
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R: Removed as suggested. 

 

F8,9,10,11,12,13,14,15,16,17 and 19 The comparison between (f) panels with F6 is at a different time. 

This doesn’t have to change but it should be made clearer in the text that this discrepancy in comparison 

is present. 

R: We have clarified this discrepancy in the text. 

 

F13 seems almost entirely pointless as a figure. It seems like the authors have tried out some new 

visualisation software and were very keen to include a figure using the resultant images without 

considering what it is that they were trying to show with such an image. It is difficult to interpret and the 

colours on the only panel referred to (b) are almost impossible to distinguish. 

R:  We chose to keep this figure to give a good big picture of the relationship between multiple 

variables including the 2‐m temperature, wind perturbation, cloud and precipitation feature.  

 

F18 Need to include information about approximate height above the surface of the second model level, 

both in caption and in main text. 

R: The height if the second model level has been added in the caption and main text. The second 

lowest model level is the 0.994‐sigma level, which is about 50 m above the surface. 
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Response to Comments from Referee #2 

We thank this reviewer for his/her detailed and insightful comments which are very helpful in 

our revision of the manuscript. We have made every effort to address all the concerns raised 

by this review and we hope our efforts will bring our manuscript closer to being accepted for 

publication on ACP. Our point‐by‐point response is given below. 

Major comments: 

1. A numerical sensitivity experiment (FakeDry) is used to demonstrate the impact of cold pool on the 

sea breeze. In this FakeDry run, all latent heating and cooling is turned off. This prevents both diabatic 

feedback from the latent heat of condensation in the whole troposphere and cold pool due to rain re‐

evaporation in the lowest 1‐2 km. Both can be responsible for the difference between FakeDry and the 

control run. So, conclusions (e.g., line 28‐29, Line 446‐449) from this FakeDry experiment regarding the 

role of cold pool may be revised. Otherwise, another experiment turning off rain re‐evaporation in the 

lowest 1‐2 km may be conducted to further clarify the exclusive roles of cold pool versus diabatic 

heating throughout the troposphere. 

R: Another sensitivity experiment NOVAP which turns off rain re‐evaporation has been conducted as 

suggested.  Comparing rainfall and the propagation of sea breeze among the experiments IDEAL, 

FakeDry and NOVAP, we found that the propagation speed in NOVAP is in the middle of the IDEAL and 

FakeDry, which means that the cold pool can speed up the propagation. Also, it can be found that the 

precipitation intensity is much greater in NOVAP, indicating that the cold pool can suppress the 

precipitation significantly. The description of NOVAP experiment has been included in the 

“Observation dataset and methodology” part. The results and comparison of the experiments have 

been included in “The impacts of latent heating/cooling on LSB and the related rainfall” part. 

 

Specific comments: 

Line 45: it is stated that “precipitation is usually due to convection”. What else could rain come from 

other than convection? 

R: The sentence has been revised as “Tropical precipitation is usually due to convection” in line 49. 

Line 101: “full” records? 

R: Revised as suggested. The sentence “though records exist ...” has been revised as “though full 

records exist ...” in line 118. 

 

Lines 112‐113: What are the surface boundary conditions? Is surface temperature predicted over both 

land and sea, or just predicted over land? What is the scheme for land processes? 

R: The surface layer option is the revised MM5 Monin‐Obukhov scheme, and the land‐surface option 

is thermal diffusion scheme. Both land and sea surface temperatures are predicted, which has been 

included in lines 136‐137. 
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Lines 178‐179: it is stated that “The precipitation is extremely light in March and somewhat heavy in 

September”. This statement needs some corroborating evidence, as none of the figures shows 

diagnostics of precipitation intensity. 

R: The hourly precipitation averaged over the whole island in each month has been calculated in Fig. 

3. It shows clearly that the hourly precipitation is close to zero in both CMORPH and gauges data in 

March, while it becomes larger than 0.5 mm/h in September. 

 

Line 208: as ‐> at? 

R: “As” was revised as “representing” in line 245. 

Lines 245‐246, 328‐330: Here surface temperature decrease is attributed to precipitation and cold pool. 

From the surface energy budget point of view, surface temperature is controlled by a range of 

processes: surface heat fluxes, both shortwave and long wave radiative processes, diffusion in the soil, 

etc. It is at least equally likely that decrease of surface temperature may be attributed to decreases of 

incoming solar heating and persistent longwave cooling. 

R: Many other reasons that may have contributed to the temperature decrease have been included 

here. This sentence has been revised as “decreases rapidly thereafter owning primarily to the 

development of precipitation (which has its diurnal maximum during this period) and associated 

evaporative cooling. Besides, surface temperature is also controlled by other processes, such as 

surface heat fluxes, both shortwave and long wave radiative processes, diffusion in the soil, etc.” In 

Lines 367‐370. 

 

Lines 393‐394: Here the discussion of cold pool may be revised since the role of diabatic heating in the 

whole troposphere may also be important. 

R: The discussion of cold pool has been revised based on the new experiment NOVAP in lines 434‐443 

as “A weaker sea breeze is observed in the FakeDry experiment than in the IDEAL experiment while 

NOVAP experiment shows the strongest sea breeze.  The NOVAP experiment generated much 

stronger precipitation over the island as the rain evaporation cooling process was turned off. The 

propagation of the LSB is much slower and the inland propagation distance is much shorter in FakeDry 

experiment than that in the IDEAL experiment while the propagation speed in NOVAP experiment is 

between the other two experiments, which suggests that cold pool can accelerate the over the 

tropical island. In the NOVAP experiment, the heavy precipitation does not dissipate after 2100 LST 

but propagates into the northeast out of the island with the land breeze, indicating that cold pool 

plays an important role in dissipating the convection.” 

 

Lines 398‐399: It is stated that the land sea breeze circulations “are confined to lower levels owing to 

weaker vertical motion”. Any evidence to support this statement of causality? 

R: As the latent heating and cooling processes were turned off, the advection in FakeDry was much 

weakened.  At the same time, the sea breeze decreased. In term of land breeze at their peak stage, 

the strong land breeze circulation can reach around 2 km in vertical altitude in IDEAL experiment 
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while it is lower than 1 km in FakeDry experiment (Fig. R1h, i vs. Fig. R2h, i). For sea breeze at their 

peak stage, the sea breeze circulation can extend to 5 km altitude in IDEAL experiment, while it only 

can reach 3 km in FakeDry experiment (Fig. R1e,f vs. Fig. R2e,f). The stronger vertical velocity 

(negative and positive) can extend over 5 km in IDEAL experiment, while it can only reach 2 km in 

FakeDry experiment. We added this evidence in the revised manuscript in Lines 448‐449. Figs. R1 and 

R2 are the original Figs. 15 and 19. For the sake of succinctness, we removed these two figures in the 

revised manuscript. 

 

Fig. R1 Vertical cross-sections of perturbation temperature (shading), perturbation wind (vectors; the scale 
of the vertical component is increased by a factor of 5), and temperature (contours) in the south-to-north 
direction (see red line in Fig. 1) averaged over all hours (a) and at 3-h intervals (b–i) in simulation IDEAL. 
The triangles in each panel indicate the edges of the island. 
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Fig. R2 Vertical cross-sections of perturbation temperature (shading), perturbation wind (vectors; the 
scale of the vertical component is increased by a factor of 5), and temperature (contours) in the south-to-
north direction (see red line in Fig. 1) averaged over all hours (a) and at 3-h intervals (b–i) in simulation 
FakeDry. The triangles in each panel indicate the edges of the island. 

 

Lines 425: Some discussion may be needed to justify using cyclic boundary conditions since none of the 

flow or surface boundary condition (SST) are cyclic in the horizontal. 
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R: Sorry for the confusion. We actually used the cyclic lateral boundary conditions rather than cyclic 

boundary conditions. 

 

Lines 450‐455: Model resolution may be a convenient culprit responsible for the 1‐hour delay of the 

rainfall (which in my opinion should be not a concern). On the other hand, there can be many other 

factors causing this delay, for example, biases in ECMWF reanalysis data used for boundary conditions to 

drive the numerical simulations, biases in physical processes (microphysics, surface processes, radiative 

process, etc.). It is difficult to rule out these possibilities. 

R: More possible reasons for the 1‐hour delay have been included in the summary part in lines 518‐

521. 

 

Figures 14,15,18, and 19: It makes more sense to label the horizontal axis with kilometers instead of grid 

points. 

R: We have changed all the horizontal axis label to latitude and longitude. 
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Abstract 14 

This study examines the diurnal variation of precipitation over Hainan Islandisland in the 15 

South China Sea using gauge observations from 1950 to 2010 and CMORPH satellite estimates 16 

from 2006 to 2015, as well as numerical simulations. which is the first time to use climatological 17 

mean initial conditions and diurnally averaged periodic lateral boundary conditions to study the 18 

dynamic and thermodynamic processes (and the impacts of land-sea breeze circulations) that 19 

control the rainfall distribution and climatology. Precipitation is most significant from April to 20 

October, and exhibits a strong diurnal cycle resulting from land/sea breeze circulations.  More than 21 

60% of the total annual precipitation over the island is attributable to the diurnal cycle, with a 22 

significant monthly variability as well. The CMORPH and gauge datasets agree well, except that 23 

the CMORPH data underestimates precipitation and has a 1-h delay of peaks. The diurnal cycle of 24 

the rainfall and the related land/sea breeze circulations during May and June were well captured 25 

by convection-allowingpermitting numerical simulations with WRF, which were initiated from 10-26 

year average ERA-interim reanalysis, despite . The simulations have a slightly overall 27 

overestimation of rainfall amounts and a 1-h delay of the rainfall in peak. rainfall time. The diurnal 28 

cycle of precipitation is due to a diurnal cycledriven by the occurrence of moist convection, which 29 

initiates around noontime owing to low-level convergence associated with the sea breeze 30 

circulationcirculations. The precipitation intensifies rapidly thereafter and peaks in the afternoon 31 

with the collisions of sea breeze fronts from different sides of the island. Cold pools of the 32 

convective storms contribute to the inland propagation of the sea breeze. TheGenerally, 33 

precipitation dissipates quickly in the evening owingdue to the cooling and stabilization of the 34 

lower troposphere and decrease of boundary-layer moisture. Interestingly, the rather high island 35 

orography is not a dominant factor in the diurnal variation of the precipitation over the island.  36 
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1. Introduction 38 

On tropical islands, the diurnal precipitation cycle tends to be driven by the land-sea breeze 39 

(LSB), as well as mountain-valley wind systems (Mapes et al. 2003; Qian 2008; Crosman and 40 

Horel 2010; Qian 2008; Mapes et al. 2003). ). Both rain gauge and satellite observations indicate 41 

that rainfall peaks in the late afternoon over inland regions, and in the early morning or evening 42 

offshore (Yang and Slingo 2001).  43 

The emergence of high temporal and spatial resolution satellite-estimated precipitation 44 

observations, such as those provided by  Tropical Rainfall Measuring Mission (TRMM (, Huffman 45 

et al. 2007) and Climate Prediction Center Morphing Technique (CMORPH (, Joyce et al. 2004), 46 

has greatly improved our understanding of tropical precipitation. Precipitation amounts are much 47 

higher over tropical islands than their surrounding oceans (Qian 2008).  More than 34% of the total 48 

precipitation in the tropics is attributable to precipitation over land (Ogrino et al. 2016). Moreover, 49 

the tropical precipitation is usually due to convection (Dai 2001), and tropical convection is well 50 

known to have an important influence on the large-scale atmospheric circulation (Neale and Slingo 51 

2003; Sobel et al. 2011).   52 

Many efforts have been made to understand the mechanisms behind the diurnal precipitation 53 

cycle over tropical islands. With CMORPH data and regional climate model simulation, Qian 54 

(2008) found that sea-breeze convergence, mountain-valley winds and cumulus merger process 55 

are the predominant reasons for the diurnal precipitation cycles while the underrepresentation of 56 

islands and terrain results in the precipitation underestimate. Hassim et al. (2016) examined the 57 

diurnal cycle of rainfall over New Guinea with a 4-km convection-allowingpermitting WRF model.  58 

They found the importance of the sea breeze in the initiation of rainfall but focused on large-scale 59 

atmospheric properties preferential to the propagation of systems offshore at night. They also 60 
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found that orography and the coastline along with gravity waves were beneficial for the diurnal 61 

cycle. Other studies have found that precipitation over tropical islands is strongly influenced by 62 

the size of the islands (Sobel et al. 2011; Cronin et al. 2014).longevity and maintenance of the 63 

convection systems though they are not the fundamental reasons for the convection initiation.  64 

The diurnal cycle of tropical rainfall is usually poorly captured by most global climate 65 

models (GCMs),) and even cloud-resolving models (CRMs), owing to model uncertainties in 66 

depicting the physical mechanisms that underlie the diurnal precipitation cycle (Yang and Slingo 67 

2001; Qian 2008; Nguyen et al. 2015; Hassim et al. 2016). Sometimes diurnal variability can only 68 

be2015). Yang and Slingo (2001) found that the deficiency of model’s physical parameterizations 69 

may be the main reason for the difficulty in capturing the observed phase of diurnal cycle in 70 

convection. Diurnal variability is only captured in some places or months where the signals are 71 

strong, while at other times, the diurnal signals are captured, but with a large timing error of the 72 

maxima and minima. Studies show that the LSB may have different contributions to the diurnal 73 

variabilities of precipitation at different places (Yin et al. 2009; Jeong et al. 2011; Zhang et al. 74 

2014; Zhang et al. 2016a, 2016b).Keenan et al. 1988; Qian 2008; Wapler and Lane 2012; Chen et 75 

al. 2017). Precipitation tends to be initiated by the convergence of land breezes (Wapler and Lane 76 

2012) and sea breezes (Qian 2008) over gulf area and islands area, respectively. Interactions 77 

between land breeze and prevailing wind are likely to produce precipitation over the coast area or 78 

tropical islands (Keenan et al. 1988; Chen et al. 2017). Recent studies (Bao et al. 2013; Chen et al. 79 

2016, 2017) also have found that convectively driven cold pools and latent cooling, as well as 80 

environmental wind and moisture, may play important roles in the propagation and maintenance 81 

of diurnal rainfall in coastal regions. How cold pools and latent cooling affect the diurnal cycle of 82 

rainfall and related LSB over a tropical island has not been studied extensively.  83 
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This current work is aimed at examining the diurnal cycle of precipitation and the related 84 

LSB over Hainan Island in the South China Sea. Hainan Island is a tropical island located off the 85 

southern coast of China (Fig.1). It is one of the rainiest areas in China, and is influenced by a 86 

variety of synoptic-scale and mesoscale weather systems, such as a monsoon, tropical cyclones, 87 

LSB, and a mountain-plain solenoid (MPS).solenoids. The island’s topography features mountains 88 

in the southwest, with peak altitudesaltitude of approximately 1000 mmeter above the sea level 89 

(shaded in Fig. 1), and plains in the northeast. Hainan Island is the largest of the so-called “Special 90 

Economic Zones” in China.  Tourism is an important part of Hainan’s economy because of its 91 

beautiful beaches and lush forests. Hainan Island is frequently referred to as “Chinese Hawaii.” 92 

More than nine million residents and tourists live on the island.   93 

The characteristics of the precipitation and LSB over Hainan Island have been examined via 94 

statistical methods based on either surface observation or modeling simulations (Tu et al. 1993; 95 

Zhai et al. 1998; Zhang et al. 2014; Liang and Wang 2016). Based on nine station-based wind 96 

observations, Zhang et al. (2014) found that LSB occurs rathermore frequently in summer and 97 

autumn, though their findings are limited in using observations in only one month of one season. 98 

Most recently, Liang and Wang (2016) examined the relationship between the sea breeze and 99 

precipitation of Hainan Island using surface wind and precipitation observations along with the 100 

global reanalysis over several years. They hypothesized that the seasonal precipitation is due to 101 

the initiation of convection by the LSB, but they did not provide thorough investigation on how 102 

the LSB circulations trigger and enhance the precipitation over Hainan Island.  103 

The objective of this study is to investigate the diurnal precipitation variation over Hainan 104 

Island and the detailed physical mechanisms related to LSB forcing and variability. This is the first 105 

time using semi-idealized convection-permitting simulations with climatological mean initial 106 
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conditions and diurnally averaged periodic lateral boundary conditions to study the dynamic and 107 

thermodynamic processes (and the impacts of land-sea breeze circulations) that control the rainfall 108 

distribution and climatology over a tropical island.  We would also highlight the removal of terrain 109 

effect, along with a further simplification using a perfect oval shaped island. The study relies on 110 

rain gauge observations and satellite-derived precipitation estimates, as well as convection-111 

allowingpermitting numerical simulations. Section 2 describes the dataset and the methodology. 112 

Section 3 documents the diurnal precipitation variation in each month, as well as the percentage 113 

of the total precipitation that can be attributed to the diurnal cycle.  The relationship between the 114 

precipitation and surface winds during the first rainy season [May and June, which is defined 115 

relative to the second rainy season (July through September) of southern China when precipitation 116 

is mainly caused by typhoons] are also are analyzed. The model configuration and results of the 117 

simulations are presented in Section 4. Conclusions are presented in Section 5. 118 

 119 

2.   Observation dataset and methodology 120 

Rainfall was analyzed using 19 rain gauges on Hainan Island (Fig. 1). The distribution of the 121 

gauges isare relatively homogeneous, and suitable for assessingevenly distributed across the island. 122 

The sampling frequency is one hour, which is dense enough to represent the diurnal precipitation 123 

variation over the entire island.  The dataset spans 60 years (1951–2010), though full records exist 124 

for only a subset of this period at some of the stations, owing to the fact that the stations were built 125 

at different times.  (the detailed dataset periods for each station are shown in Table 1). Surface 126 

temperature and wind observations obtained at the same locations over a four-year period (2007–127 

2010) were used to investigate the land and sea breezes. The surface precipitation observations 128 

wereare augmented by National Oceanic and Atmospheric Administration (NOAA ) and Climate 129 
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Prediction Center Morphing Technique (CMORPH analyses) data derived from low-Earth orbiting 130 

and geostationary satellites (Joyce et al. 2004) as shown to be valuable in past studies of diurnal 131 

precipitation over China (e.g., He and Zhang 2010; Bao et al. 2011; Sun and Zhang 2012; Bao et 132 

al. 2013; Zhang et al. 2014).2004). The spatial andCMORPH  grid with a temporal resolutions of 133 

the CMORPH analyses areresolution of 30 minutes is 0.7277 degree by 0.7277 degree 134 

(approximately 8 km by 8 km) and 30 min, respectively. ). Ten years of CMORPH analysesdata 135 

(2006–2015) were used.  136 

A series of convection-allowingpermitting numerical simulations were performed with the 137 

Advanced Research Weather Research and Forecasting (WRFARW, Skamarock et al. 2008) model 138 

version 3.7.1 to investigate dynamical features of the diurnal cycle of precipitation and its physical 139 

mechanisms, in particular with regards to the LSB forcing. Initial and lateral boundary conditions 140 

were provided by the European Center for Medium-Range Weather forecast Interim (ERA-interim) 141 

reanalysis data (Dee et al. 2011) of 0.75 × 0.75 grid spacing. Only one domain was used with 142 

225 × 205 grid points and a horizontal grid spacing of 2 km. A total of 5350 vertical levels were 143 

used with the model top at 1050 hPa. The physical schemes that were used were the same as those 144 

in Chen et al. (2016), such as theThe Yonsei University (YSU) boundary scheme (Hong et al. 2006) 145 

and 2006), Dudhia shortwave radiation (Dudhia 1989), the Rapid Radiative Transfer Model 146 

longwave radiation scheme (Iacono et al. 2008), the single-moment 5-class microphysics scheme 147 

(Hong et al. 2004), except thatfive-layer thermal diffusion land surface and Revised MM5 surface 148 

layer schemes were used, while no cumulus parameterization was used in this study.  149 

The initial conditions of all simulations were the average of ERA-interim reanalysis data at 150 

0000 UTC in May and June of 2006–2015. The lateral boundary conditions were obtained in the 151 

same way as the initial conditions, cycled from 0000 to 0600, 1200, 1800 and 0000 UTC. 152 
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Experiment REAL was initiated with the unmodified initial and lateral boundary conditions to 153 

simulate the diurnal characteristics. Experiment NoTER is the same as REAL except that the 154 

orography over Hainan Island is removed in the initial conditions in order to isolate the influence 155 

of the island’s terrain. Simplifying the influences of land category and coastline, experiment 156 

IDEAL was constructed with an idealized elliptical island to replace the real Hainan Island in the 157 

initial condition. The idealized island has a similar size and orientation, and is located at the same 158 

place as Hainan Island (Fig. 1), covered with uniform grassland (LU_INDEX=7 in WRF model) 159 

while other areas of the model domain are set as ocean. In order to examine the impact of latent 160 

heating/cooling on the LSB and related rainfall, sensitivity experiment FakeDry was performed 161 

similar to the IDEAL experiment, except for turning off latent heating and cooling in the model 162 

(no_mp_heating=1 in WRF model). Another sensitivity experiment NOVAP was performed 163 

similar to IDEAL experiment except for turning off the evaporation of liquid water, which prevents 164 

the cold pool generation from moisture convection process. A similar methodology has been used 165 

to study diurnal cycle of precipitation in many different regions (Trier et al. 2010; Sun and Zhang 166 

2012; Bao and Zhang 2013; Chen et al. 2016, 2017). The biggest advantage of this method is that 167 

it is able to capture the general characteristics of the diurnal cycle of precipitation and the related 168 

dynamical processes instead of just focusing on a single case. All simulations were integrated for 169 

one month.  The mean over the last 26 days was used for the analyses in order to alleviate the spin-170 

up issue and day-to-day variability. 171 

 172 

3. Observation analysis 173 

3.1. Diurnal variation of precipitation and its seasonal-dependent features 174 
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Diurnal variations of precipitation were examined at each single station in each month based 175 

on the hourly gauge precipitation observation averaged over the period from 1951 to 2010. The 176 

hourly precipitation evolution shows a significant seasonal cycle over the island. Most of the 177 

precipitation falls from April to October, which is the monsoon season, and exhibits a distinct 178 

diurnal cycle during that period, whereas less precipitation and lack of a strong diurnal cycle 179 

characterize the other months (Fig. 2).  The seasonal variability is related to the annual cycle of 180 

the East Asian Monsoon. April and September are the two transitional periods of the low-level 181 

prevailing wind; the prevailing wind strongly influences the transport of water vapor and 182 

precipitation.  183 

The diurnal precipitation cycle has itsthe maximum precipitation at 1500 local standard time 184 

(LST, LST=UTC+8) in most months during the warm season, except at 1600 LST in April and 185 

July. No second precipitation peak is observed, which is different from studies of other tropical 186 

islands in which a second peak between midnight and early morning has been noted (Kishtawal 187 

and Krishnamurti 2001; Wapler and Lane 2012; Chen et al. 2016).). The second nocturnal peak 188 

was found to be closely related to convection caused by the MPSmountain-plains solenoid that 189 

propagates offshore and coincides with the land breeze during the night or early morning. 190 

The diurnal precipitation cycle shows location-dependent features (Fig. 2). No distinct We 191 

grouped the stations with different colors based on their similarity in diurnal variations which to a 192 

large extent are correlated with their geographical locations. No heavy rainfall or distinct 193 

variability of rainfall is observed at stations denoted by blue lines. These stations, denoted by blue 194 

dots in Fig.1, are located along the southern coastline where there is no heavy (blue dots on Fig. 1 195 

and diurnal precipitation.blue lines on Fig. 2).  All the rest of the island stations share similar 196 

diurnal peak precipitation times with the red-dot stations (in red lines) having the highest peak 197 
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values from April to July, while in August and September both the red-dot and black-dot stations 198 

(mostly inland) share the strongest peaks. 199 

Even though the distribution of gauge-based precipitation stationsstation is rather 200 

homogeneousrelatively even across the island, the observations are still too sparse to analyze the 201 

detailed rainfall pattern in detail over the island. For this reason, satellite-derived precipitation 202 

CMORPH data were also are used to examine the diurnal rainfall variation for each of the 19 gauge 203 

stations. The hourly diurnal precipitation variation derived from the CMORPH analysesdata agrees 204 

well with the rain gauge observations in each month (Fig. 3), though the CMORPH amounts are 205 

slightly smaller. The time of peak precipitation in the warm season (from May to August) is 206 

delayed by one hour in most months in the CMORPH analysesdata (maximum at 1600 LST) 207 

relative to the peak in the gauge-based observations. These results indicate thatgood agreement 208 

between the CMORPH data are able to expose the diurnal precipitation cycle over this tropical 209 

island well in comparison with theand gauges, in particular for the warm-season months that are 210 

the focus of this study.  211 

The percentage of the diurnal precipitation (DP) in the total precipitation over the island in 212 

each month was examined with the CMORPH data (Fig. 4). Similar to He and Zhang (2010) and 213 

Bao et al. (2011), the diurnal precipitation percentage was defined as the mean rainfall rate at each 214 

1-hour interval by DP =
∑ |ሺ௥೟ି௥̅ሻ|
మయ
೟సబ

௥೏
,  diurnal precipitation percentage =

∑ |ሺ௥೟ି௥̅ሻ|
మయ
೟సబ

௥೏
, in which, ݎ௧ is 215 

the mean hourly precipitation at each hour t (0–23), ̅ݎ is the mean hourly precipitation at all hours, 216 

and the ݎௗ  is the daily mean precipitation. The diurnal precipitation percentage represents a large 217 

percentage of the total precipitation over the island in most months (Fig. 4). In particular, the total 218 

precipitation in May is almost entirely attributable to the diurnal cycle (Fig. 4e). The diurnal 219 

contribution of the total precipitation exceeds 60% averaged for the whole year and over the whole 220 
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island, although the magnitude is smaller in September and October. The diurnal precipitation 221 

percentage value exceeds 20% in August and September (Figs. 4h and i). Moreover, the area 222 

exhibiting a large magnitude of diurnal precipitation roughly coincides with the region also having 223 

the most accumulated precipitation. However, the diurnal precipitation percentage is not quite 224 

related to the precipitation intensity. The precipitation is extremely light in March and somewhat 225 

heavy in September.  However, the diurnal precipitation percentages are reversed (lessersmaller 226 

percentages in September, highergreater percentages in March), which is likely related to different 227 

physical processes of the precipitation in those months. The detailed physical processes that lead 228 

to the steady decrease of diurnal precipitation percentage from May to October before increasing 229 

again are beyond the scope of the current study. The possible reasons could be attributed to the 230 

synoptic scale storms, typhoons, prevailing winds, the land sea temperature contrast and 231 

atmospheric moisture content, which will be explored in our future study. 232 

 233 

3.2. The diurnal cycle of precipitation, land breezes, and sea breezes in May and June  234 

A more detailed analysis of the diurnal rainfall variation in May and June was carried out 235 

because of the intense hourly mean rainfall and high DPdiurnal precipitation percentage. In May, 236 

the prevailing warm and wet southwest monsoon airflow transports abundant moisture from the 237 

ocean to Hainan Island. A distinct diurnal cycle of precipitation, with a single peak between 1200 238 

and 2000 LST, is evident in both the gauge-based and CMORPH data (Fig. 5). The datasets agree 239 

well with each other at each surface station, except that the CMORPH data exhibit larger peak 240 

values at the red and green stations. Four gauge-based stations in blue have a much weaker daytime 241 

peak. These stations, however, have an apparent nocturnal peak, whereas other stations do not 242 

exhibit a nocturnal peak. The nocturnal precipitation is possibly attributable to the convergence 243 
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between the low-level prevailing wind and MPSdownhill jet circulations, which are to be 244 

examined with the numerical simulations in section 4. The average over all stations (thick black 245 

line in Fig. 5) also exhibits an obvious diurnal cycle.  246 

The horizontal distribution of precipitation was analyzed using the CMORPH data (every 3 h 247 

in Fig.except for using 1700 LST as it is the strongest rainfall time in CMORPH data in Fig. 6) 248 

along with the perturbation surface wind at gauge stations, which was obtained by subtracting the 249 

daily mean from the total wind to highlight the diurnal cycle. The precipitation averaged over all 250 

times shows that the precipitation mainly appears in the northeast in the lee-side of mountainous 251 

area (Fig. 6a). The gauge-based stations with significant diurnal cycle (in red dots) are located over 252 

the heaviest rainfall region while the gauge-based stations with non-distinctive diurnal feature (in 253 

blue dots) are located in the weakest precipitation area. Hourly variation of precipitation shows 254 

that there is little precipitation over the island in the early to mid-morning (0000 to 0900 LST), 255 

which is on average less than that over the surrounding ocean. At 0600 LST, the perturbation 256 

surface wind at gauge stations has an offshore direction in coastal area, a signature of nighttime 257 

land breeze (Fig. 6b). Three hours later at 0900 LST, the perturbation wind strengthens and turns 258 

to the right of its previous direction, particularly along the coast (Fig. 6c). At 1200 LST, the wind 259 

has changed to onshore direction asrepresenting the beginning of sea breeze, along with the start 260 

of weak inland precipitation where the sea breeze converges (Fig. 6d). In the next several hours 261 

(Figs. 6e–f), the rainfall intensifies rapidly, reaching to the peak at around 1700 LST. The heaviest 262 

precipitation concentrates in the northeast island corresponding to strong convergence of sea 263 

breeze (Fig. 6f). The precipitation dissipates rapidly thereafter and there is almost no precipitation 264 

by 0300 LST (Figs. 6g–i). The perturbation wind also weakens quickly and turns to offshore along 265 

the northern coast. The magnitude of the perturbation wind is close to zero over the island at 2100 266 
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LST (Fig. 6g). The land breeze intensifies slowly and nocturnal precipitation initiates along the 267 

southeast coast of the island (Fig. 6h). The nocturnal precipitation intensifies to the peak and 268 

expands to a larger area at 0300 LST, whereaswhile the precipitation decreases to a minimum (near 269 

zero) over the central island (Fig. 6i).  270 

Although the analyses on the precipitation and surface wind observation can efficiently 271 

reflect general features of the diurnal rainfall variation and the LSB, they cannot be used to 272 

examine the detailed dynamics and thermodynamics processes of the diurnal precipitation cycle 273 

and the related LSB over the tropical island. The three-dimensional structures of the LSB, as well 274 

as the mechanism of how the LSB triggers and enhances the diurnal precipitation cannot be 275 

resolved by the surface observation alone. These aspects were examined using a numerical model, 276 

as discussed in the next sessionsection. 277 

 278 

4.  Numerical simulationssimulation results 279 

As described in the methodology section, all numerical simulations were initiated at 0000 280 

UTC with the same diurnally cycled boundary conditions, both derived from a 10-year 281 

climatological mean represented by the ERA-interim reanalysis for May and June during 2006–282 

2015. The initial conditions were modified for different purposes. Experiment REAL was initiated 283 

with the unmodified initial conditions. Experiment NoTER is the same as REAL, except that the 284 

orography over Hainan Island is removed in the initial conditions in order to isolate the influence 285 

of the island’s terrain.  286 

 287 

4.1. The simulated diurnal cycle and the influence of the orography 288 
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The REAL simulation reproduces the diurnal cycle of precipitation and the associated LSB. 289 

The diurnal variations of the 2-meter temperature, 2-meter temperature tendency, and precipitation 290 

averaged over the last 26 daysday of the WRF simulations atand all stations over the island (Fig. 291 

7) show generally good agreement with the observations except for slightly higher peak values of 292 

simulated 2-meter temperature and greater simulated precipitation (cf. Figs. 7a and 7b). The overall 293 

process of the diurnal variation over the island was well simulated, suggesting that the adopted 294 

numerical model havechosen setup of WRF-ARW has the ability to capture the radiative effect 295 

due to solar insolation well. The surface temperature begins to increase at 0600 LST and peaks at 296 

1300 LST, coincident with the increase of solar heating. With the rainfall evaporation cooling rate 297 

becoming larger than the solar heating rate and/or the radiative cooling later on, the temperature 298 

starts to decrease thereafter. After sunset, the temperature drops continuously, reaching its 299 

minimum near 0600 LST.   300 

The horizontal distribution of precipitation averaged in REAL (Fig. 8a) also has reasonably 301 

good agreement with that of the CMORPH data at all hours (Fig. 6a), although the simulated 302 

precipitation is slightly larger. The area of heavy precipitation at the center of the island is well 303 

captured by the WRF simulation, although the magnitude is noticeably overestimated. The diurnal 304 

precipitation cycle is also well revealed by the variation in the horizontal distribution of the 305 

simulated precipitation although with a slightly larger magnitude and a 1-hour delay in peak time. 306 

The evolution of the simulated surface perturbation wind (on the second lowest model level for 307 

horizontal wind, which is the 0.994-sigma level, about 50 meters above the surface) is also 308 

consistent with the observation despite some discrepancy in magnitude (Figs. 6 and 8), suggesting 309 

that the LSB is well captured as well. However, the evening rainfall along the southern coast is 310 

missing, which is likely because the resolution we used in this study was still too coarse to resolve 311 
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the convection over the southern coast or the physical process was so complex that the model is 312 

unable to represent it for now. 313 

The results of the NoTER simulation (with removal of island orography) are highly consistent 314 

with those of REAL in terms of both the magnitude and timing of each variable averaged over the 315 

whole analysis period and at all stations (Figs. 7b and c). Similar results are also found in the 316 

horizontal distribution features (FigsFig. 8 and Fig. 9). Neither the pattern nor the magnitude is 317 

altered meaningfully between the two simulations. These results suggest that the diurnal cycle 318 

characteristics are not sensitive to the orography over Hainan Island, although many previous 319 

studies demonstrated that the orography can play an important role in the precipitation over other 320 

islands (Sobel et al. 2011; Hassim et al. 20162016; Barthlott and Kirshbaum 2013). 321 

In order to simplify the influences of land category and coastline, experiment IDEAL was 322 

further constructed with an idealized elliptical island to replace the real Hainan Island in the initial 323 

condition. The idealized island has a similar size and orientation, and is located at the same place 324 

as Hainan Island (Fig. 1), covered with uniform grassland while other areas of the model domain 325 

are set as ocean. The diurnal variation of the 2-meter temperature (blue), 2-meter temperature 326 

tendency (red) and hourly accumulated precipitation (green) in IDEAL (Fig. 7d) are nearly 327 

identical to those in REAL (Fig. 7b) and the station observation (Fig. 7a) except for their larger 328 

magnitudes which could be related to the modified surface land category and the smoothed 329 

ellipsoidal coastlines. The diurnal variations of the hourly accumulated precipitation and 330 

perturbation wind on the second lowest model level for horizontal wind (Fig. 10) in IDEAL 331 

simulation show that the timing of the LSB transitions and the precipitation location are quite 332 

similar to those in REAL and the observation with much smoother distribution in the horizontal 333 

perturbation wind and precipitation over the island. The relationship between the diurnal variation 334 
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of precipitation and LSB will be further examined in details based on the results of IDEAL in the 335 

next section. 336 

 337 

4.2. Diurnal variation of precipitation and the related LSB in IDEAL 338 

The mean fields for averaged over all hourly model output times during the last 26 days of the 339 

simulation depict a southerly low-level prevailing flow over the whole domain, which transports 340 

warm moist air to the island from the South China Sea (Fig. 10a). Greater moisture appears in the 341 

northern island over the heavy precipitation area under the influence of southwesterly low-to-mid-342 

level flow (850 hPa, Fig. 11a). Higher surface temperature appears over the southern side than that 343 

in the northern side (Fig. 12a).  344 

Based on the different phases of surface temperature and perturbation wind, we divided the 345 

diurnal cycle process into four stages to elucidate the mechanisms in each stage. The four stages 346 

are the establishment of a sea breeze (06001200 LST), peak sea breeze and peak precipitation 347 

(12001800 LST), establishment of a land breeze (18000000 LST), and peak land breeze phase 348 

(00000600 LST), respectively. More detailed analyses will be focused on the two middle stages.  349 

These are the most complicated stages, but are also the most pertinent to the heavy diurnal 350 

precipitation (and are therefore most interesting). 351 

 352 

a. Stage 1. Establishment of a sea breeze (06001200 LST) 353 

This stage commences with the onset of surface heating following sunrise. Because ocean and 354 

land have different heat capacities, the island is heated faster than the surrounding ocean. The 355 

temperature gradient between the island and the surrounding ocean gradually reverses from 356 
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offshore to onshore, which results in the weakening and demise of land breeze, and the 357 

establishment of a sea breeze over the island.  358 

In the early morning hours when the sun is just about to rise, surface air temperatures over the 359 

island attain their lowest readings, with air temperatures being a few degrees lower than over the 360 

surrounding ocean (Fig. 12b). Owing to persistent solar heating, the surface air temperature over 361 

most part of the island exceeds that over the ocean by 0900 LST (Fig. 12c). Meanwhile, the surface 362 

air temperature gradient is directed from offshore to onshore, although the land breeze still persists 363 

over the island at this time.  364 

The local rate of warming is inhomogeneous over the island. Surface temperaturesThe surface 365 

temperature in the northeastern part of the island are considerably lower than that in other regions 366 

where the temperatures surpass the surrounding ocean by 0900 LST. The slower warming in the 367 

northeastern part of the Hainan Island is likely due to the morning fog or cold pool air (Fig. 13b) 368 

that commonly forms overnight within the area humidified (Fig. 14b) by late-afternoon 369 

precipitation on the preceding day (Fig. 14b).. The fogcloud over the area attenuates solar radiation 370 

and subsequently slows the local warming. Moreover, positive horizontal temperature advection 371 

exists over the southern island (Fig. 15a and b), which helps to increase the temperature faster over 372 

the area. The sea breeze begins to develop along the southwestern coastline owing to the weakest 373 

land breeze and the highest warming rate, while other areas of the island are still under the control 374 

of the land breeze with an offshore temperature gradient (Fig. 12c). Two land- breeze circulations 375 

(LBCs) appear clearly in the vertical direction below 3 km along the coast of the island at 0600 376 

LST (Fig. 15b14b). The southern LBC recedes quickly with the reversal of the temperature 377 

gradient at around 0900 LST, while the other LBC remains distinct (Fig. 15c14c). 378 
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By 1200 LST, the temperature gradient reverses to the onshore direction, while the sea breeze 379 

has fully established along the entire coastal line (Fig. 12d). Unevenly warming speeds over the 380 

island with much more rapid warming over the north while slower warming over the south, which 381 

is a result of a high negative horizontal temperature advection over the southern island along the 382 

coastlines (Fig. 15d). A sea-breeze front appears at the leading edge of the sea breeze along the 383 

coastline, particularly along the northernmost coast where the maximum near-surface temperature 384 

gradient lies (Fig. 12d). At the same time, copious water vapor is transported inland from the ocean 385 

owing to the low-to-midlevelmid level prevailing wind (Fig. 11d) and upward motions (Fig. 14d). 386 

Clouds initially form along the sea-breeze front (Fig. 13c) and subsequently produce rainfall (Fig. 387 

10d(Fig. 13c) and subsequently produces rainfall (shaded in Fig. 10d and green lines in Fig. 13d). 388 

Noticeably, more rapid warming during this period happens over the northwest of the island while 389 

it is much slower over the other areas (Fig. 12d), which is because of the horizontal gradient and 390 

advection of the temperature over the whole island (Fig. 15). 391 

 392 

b. Stage 2. Peak sea breeze and peak precipitation (12001800 LST) 393 

Surface temperature is a maximum from 1200 to 1400 LST over most of the island, then 394 

decreases rapidly thereafter owingowning primarily to the development of precipitation (which 395 

has its diurnal maximum during this period) and associated evaporative cooling. Besides, surface 396 

temperature is also controlled by other processes, such as surface heat fluxes, both shortwave and 397 

long wave radiative processes, diffusion in the soil, etc. The sea breeze also reaches its peak 398 

intensityintensify in the 1200–-1400 LST time period.   399 

At 1500 LST, surface temperature decreases over the rainfall area owing to 400 

evaporativeevaporation cooling, and slightly increases over other areas because of continuous 401 
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solar heating (Fig. 12e). There is significant enhancement in upward motions in the low to middle 402 

troposphere (Fig. 15e14e).  The sea breeze reaches its peak strength and greatest inland penetration 403 

(Fig. 12e). Two distinct sea breeze circulations (SBCs) are clearly seen in the vertical cross section, 404 

with the stronger one over the northern flank of the island (Fig. 15e14e). Moisture air is transported 405 

from ocean to the northern part of the island persistently by the deep southwesterly prevailing wind 406 

throughout the lower troposphere (Fig. 11e). At the same time, enhanced vertical motions transport 407 

the) while low-level convergence of moisture to air generating strong updraughts, which results in 408 

an increase of the moisture over the midlevels (Fig.14e).  These factors favor the development of 409 

deep convection over the northern flank of the island (Fig. 13e). . As a result, precipitation 410 

increases significantly along the sea breeze front (Fig. 10e).  411 

By 1800 LST, the strongest rainfall falls over the island (Fig. 10f) owning to strongest low-412 

level convergence and subsequent lifting of warm moist air (Fig. 14f). The sea breeze fronts move 413 

further inland and collide with each other near the center of the island (Fig. 12f), with a deep layer 414 

of moisture over the northern side of the island that fuels the strong precipitation (Figs. 11f and 415 

14f). Cold pools form due to the evaporativeevaporation cooling of the precipitation, contributing 416 

to the formationpropagation and organizationenhancement of new convection, which further adds 417 

to the precipitation, which will be further examined with two other sensitivity experiments in the 418 

next part. The precipitation pattern (Fig. 10f) exhibits a horseshoe shape aligned with the prevailing 419 

wind direction, which is similar to the result of the urban heat island study by Han and Baik (2008).  420 

 421 

c. Stage 3. Establishment of a land breeze (18000000 LST) 422 

During this period, the convection quickly dissipates and the sea breeze is replaced by a land 423 

breeze (Figs. 10g and h) after sunset. The surface temperature decreases continuously throughout 424 
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this stage over the island. The rate of temperature decrease is fastest in the first several hours (Fig., 425 

reaching around -1.5 K h-1 at 1800-1900 LST (red line in Fig. 7d) due to the sudden loss of solar 426 

heating. The horizontal temperature gradient begins to reverse, which eventually leads to the 427 

establishment of the land breeze (Figs. 12g and h). By 2100 LST, approximately two hours after 428 

sunset, temperature over the island is decreasing rapidly both at the surface (Fig. 12g) and 429 

throughout the boundary layer (Fig. 15g).. Meanwhile, subsidence becomes dominant over the 430 

island (Fig. 15g14g). The subsidence dries the lower levels and rainfall has ceased over the whole 431 

island (Fig. 14g13g).  432 

By 0000 LST, with the continuous decreasing of temperature and amplifying of the offshore 433 

temperature gradient, the land breeze circulations are well established in particular across the shore 434 

of the northern island (Fig. 15h14h). Further drying is seen in mid-to-low levels as the much 435 

stronger downward flow occurs over the island, which transports dry air from aloft to the mid-to-436 

low levels (Figs. 11h and 14h). At the same time, under the influence of the prevailing wind, much 437 

more moisture air is concentrated over the northern island, so the moisture over the northern island 438 

is much moister than the southern island. Clouds vanish quickly and precipitation dissipates almost 439 

completely by this time (Fig. 13h).. 440 

 441 

d. Stage 4. Peak land breeze (00000600 LST) 442 

The land breeze reaches its maximum intensity during this period. Nighttime radiative cooling 443 

results in the minimum temperature being attained at approximately 0500 LST. From 0000 to 0300 444 

LST, the land breeze intensifies rapidly along the northwest coast, becoming nearly perpendicular 445 

to the coastline and parallel with the low-level prevailing wind as the surface temperature over 446 

land decreases (Fig. 12i). Two LBCs are evident in the vertical cross section (Fig. 15i13i). 447 
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Subsidence extends over the entire island (Fig. 14i). The peak land breeze is established at 0600 448 

LST  (Fig. 12b). The strong subsidence also leads to further midlevel drying (Fig. 11b). Near the 449 

surface, the cooling is associated with an increase in the relative humidity, which leads toinduces 450 

the formation of low clouds and fog (FigsFig. 13b and 14b). 451 

 452 

4.3. The impacts of latent heating/cooling on the LSB and the related rainfall 453 

In order to examine the impact of latent heating/cooling on the LSB and related rainfall, a 454 

“FakeDry” simulation was performed similar to the IDEAL experiment, except for turning off 455 

latent heating and cooling in the model. Surface temperature in the FakeDry experiment agrees 456 

well with the IDEAL over the island (cf. Figs. 12 and 16),, which indicates that the solar heating 457 

rather than the latent heating/cooling is primarily responsible for the temperature variability. 458 

Although the precipitation is decreased significantly (cf. Figs. 10 and 17),, light rainfall still occurs 459 

in the late afternoon in conjunction with the sea breeze front, but with an approximate 3-h delay 460 

in convectionconvective initiation. The precipitation attains its maximum at 1800 LST, which 461 

along with the peak sea breeze, also lags that in the IDEAL experiment by approximately three 462 

hours (cf. Figs. 10e and 17f)..  463 

The impact of cold pool and latent cooling on the sea breeze and rainfall was further examined 464 

using the Hovmöller diagrams of zonal wind perturbationperturbations on the second lowest model 465 

level for horizontal wind and hourly precipitation along the red line in Fig. 1 for both experiments 466 

IDEAL and, FakeDry and NOVAP (Fig. 1816). A weaker sea breeze is observed in the FakeDry 467 

experiment than in the IDEAL experiment. while NOVAP experiment shows the strongest sea 468 

breeze. The NOVAP experiment generated much stronger precipitation over the island as the rain 469 

evaporation cooling process was turned off. The propagation of the LSB is much slower and the 470 



23 
 

inland propagation distance is much shorter in FakeDry experiment than that in the IDEAL 471 

experiment while the propagation speed in NOVAP experiment is between the other two 472 

experiments, which suggests that the cold pool can accelerate the propagation and intensification 473 

of the sea breezeprecipitation over the tropical island. In the NOVAP experiment, the heavy 474 

precipitation does not dissipate after 2100 LST but propagates into the northeast out of the island 475 

with the land breeze, indicating that cold pool plays an important role in dissipating the convection. 476 

Moreover, given precipitation varies precisely with the convergence and divergence of horizontal 477 

winds due to LSB in bothall simulations, it is evident that the LSB is the primarily forcing for the 478 

diurnal precipitation variability over the island.  479 

The LSB circulations in the FakeDry experiment are similar to those in the IDEAL experiment, 480 

even consistent with NOVAP experiment, except that they are confined to lower levels (around 2 481 

km) owing to weaker vertical motion (Fig. 19).Strong vertical velocity can extend over 5 km in 482 

IDEAL experiment, while it can only reach 2 km in FakeDry experiment. Figures omitted). The 483 

latent heating can strengthen vertical motionsmovement and extend the LSB circulations to higher 484 

altitudes. The latent heating feedback can also lead to stronger and earlier convection initiation 485 

and precipitation along the sea- breeze fronts. In turn, the cold pool further promotes the inland 486 

penetration of the sea-breeze front and enhances the precipitation (cf. Figs. 18a and 18b). dissipates 487 

the precipitation (Fig. 16), which is because the pressure gradient increases and drives the sea 488 

breeze flow more inland when cold pool moves toward the island/inland. 489 

 490 

5. Summary 491 

Diurnal cycle of precipitation over tropical area is poorly captured by numerical models, 492 

owing to model uncertainties in depicting the physical mechanisms that underlie the diurnal 493 
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precipitation cycle, which is considered to be closely linked with the land-sea breeze. This study 494 

explored the diurnal precipitation variation and its relationship with the land/sea breeze 495 

circulations on Hainan Island, a tropical island located off the southern coast of China, based on 496 

gauge observation and satellite-estimated precipitation, as well as convection-allowingpermitting 497 

numerical simulations. The diurnal cycle of precipitation in each month over the island was 498 

analyzed with 19 gauge observations during 1951–2010. Most precipitation fellfall during the 499 

warm season (from April to October) and exhibitedexhibit a significant diurnal cycle, whereas 500 

much lesser precipitation fellfall in other months. Precipitation is a maximum between 1500–1700 501 

LST in the warm season at almost all stations except for four stations along the southern coastline 502 

of the island.  503 

The satellite-derived CMORPH precipitation estimates from 2006–2015 were further used to 504 

validate the diurnal precipitation variation. The CMORPH data agrees well with gauge 505 

observationsobservation except for a smaller magnitude of precipitation and a 1-hour delay in the 506 

timing of the daily precipitation maximum during the warm season. The analyses on CMORPH 507 

data analyses show that about 60% of the total annual precipitation over the island is attributable 508 

to diurnal variations, with the largest proportion in May and the smallest proportion in September 509 

and October. For May and June, precipitation begins around local noon time, intensifying quickly 510 

thereafter, and reaching a peak at ~1500 LST based on station observations. This diurnal rainfall 511 

cycle is, for the most part, consistent with the diurnally varying low-level wind convergence and 512 

divergence.  513 

A series of numerical simulations (REAL, NoTER, IDEAL, FakeDry and NOVAP) using a 514 

convection-allowingpermitting configuration of the WRF model (2-km horizontal grid spacing) 515 

were conducted to understand the underlying mechanisms of the diurnal precipitation variations. 516 
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The initial and cyclic lateral boundary conditions were generated using a 10-year (2006–2015) 517 

average of ERA-interim data for May and June. It is foundResults show that the orography of 518 

Hainan Island may be of only secondary influence on the diurnal precipitation cycle, which is 519 

different from past studies on other hilly islands. Similar diurnal cycles of precipitation and related 520 

land/sea breeze circulations were simulated between simulations with and without orography over 521 

the island.  Even with an idealized island, which is an elliptical flat island located at the same place 522 

with similar area and orientation, but only grassland land cover, the diurnal cycle characteristics 523 

can still be fairly well captured. Those results show that: (1) WRF is capable of replicating the 524 

important aspects of the mean diurnal cycle compared to rainfall observations, (2) removing the 525 

orography and coastal features made little difference to the diurnal cycle during the rainiest times 526 

of the year, (3) the dominant process that produces the diurnal cycle were shown to be the sea/land 527 

breezes caused by the relative surface heating/cooling of the island compared to the surrounding 528 

ocean,  and (4)  evaporative cooling as part of convective systems also plays an important role in 529 

the diurnal cycle. 530 

The simulated diurnal cycle of precipitation and related land/sea breeze circulations based on 531 

the idealized flat-island simulation were divided into four stages in terms of the evolutions of 532 

temperature, winds and precipitation. Stage 1 is from 0600 to 1200 LST, during which time the 533 

land breeze is replaced by a sea breeze as solar heating warms the interior of the island. Abundant 534 

moisture is transported to the low to middle troposphere over the island, resulting in 535 

convectionconvective initiation and precipitation along the sea-breeze front. Stage 2 is from 1200 536 

to 1800 LST, during which time sea breeze attains to its peak intensity and precipitation is a 537 

maximum. The sea breezes from opposite sides of the island eventually penetrate all the way to 538 

the island’s center and collide, which results in the maximum precipitation being located there. 539 
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Stage 3 is from 1800 to 0000 LST, during which time a land breeze is established as a result ofthe 540 

cooling over the island.  The cooling is due primarily to the sudden loss of solar heating. 541 

Subsidence from the land breeze prevents further precipitation by early evening. The last stage 542 

covers the peak of the land breeze, which is observed near sunrise.  543 

The FakeDry experiment showsand NOVAP experiments show that the latent cooling and cold 544 

pool have a small impact on the land/sea breeze circulations but can apparently enhance 545 

precipitation. Strong convection can enhance the sea breeze, and the augmentation of the sea 546 

breeze by the evaporatively driven cold pool helps to accelerate the inland propagation of the sea 547 

breeze. and weakens the convection.  548 

Finally, it is worth mentioning that the 1-hour delay in the timing of the maximum 549 

precipitation in the simulation is probably caused by the 2-km horizontal resolution, which may 550 

not be high enough to resolve explicit underlying physical processprocesses. It is likely for the 551 

same reason that the weak nocturnal precipitation is not captured by the simulations. Much higher 552 

horizontal and vertical resolution might be needed in the future work to resolve more detailed 553 

processes related to the diurnal rainfall cyclescycles. On the other hand, there are many other 554 

factors like biases in ERA-Interim reanalysis data used for the initial and boundary conditions to 555 

drive the numerical simulations and biases in physical  processes (microphysics, surface processes, 556 

radiative process, etc), which will be studied in follow-on work. Moreover, the rainfall for different 557 

seasons shows quite different patterns, owing to various underlying dynamic and thermodynamic 558 

physics. In addition to May and June that were mainly examined in this current work, the diurnal 559 

rainfall variation in other months needs to be explored in further studies. 560 

 561 
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Figure  Captions 711 

 712 
FIG. 1. Configuration of model domain, gauge-based station points (color dots correspond to the 713 
time series shown in Fig. 2) over Hainan Island and the terrain height (shading, m). The red ellipse 714 
is the idealized representation of the island (used for the idealized simulations), and the red vertical 715 
line indicates the location of the vertical cross-sections shown in Figs. 14– and 16. 716 
 717 
FIG. 2. Average rainfall accumulations by hour, each month of the year, obtained from the rain 718 
gauge network. The color is consistent with the color dots over the island in Fig. 1. LST means the 719 
Local Standard Time. 720 
 721 
FIG. 3. Average station rainfall accumulations obtained from gauges (blue) and CMORPH (red) 722 
in each month. 723 
 724 
FIG. 4. Fraction of the total precipitation that can be attributed to the diurnal cycle, by month 725 
(shading), along with average hourly precipitation accumulations (black contours every 0.05 mm, 726 
starting at 0.25 mm). 727 
 728 
FIG. 5. Average rainfall accumulations by hour in May and June (a) from rain gauges and (b) 729 
derived from CMORPH. 730 
 731 
FIG. 6.  Ten-year average, hourly rainfall accumulations at 3-h intervals for May and June derived 732 
from CMORPH (shading) except used 1700 LST as it is the strongest rainfall time in CMORPH 733 
observation. Three-year average wind velocity (vectors) is also shown. Rain gauge locations are 734 
indicated in (a). 735 
 736 
FIG. 7. The average of 2-meter temperature (T2_avg), 2-meter temperature tendency 737 
(T2_tendency, temperature difference between two neighboring hours), and hourly rainfall 738 
accumulation over the island based on (a) gauge observations, (b) simulation REAL, (c) simulation 739 
NoTER, (d) and simulation IDEAL. Horizontal colored lines indicate means over all hours. 740 
 741 
FIG. 8. Hourly precipitation accumulation (shading) and average perturbation wind (vectors) on 742 
the second lowest model level for horizontal wind in simulation REAL every 3 h. The averages 743 
over all hours are shown in (a). 744 
 745 
FIG. 9. As in FIG. 8, but for simulation NoTER. 746 
 747 
FIG. 10. As in FIG. 8, but for simulation IDEAL. 748 
 749 
FIG. 11. Water vapor mixing ratio (shading) and horizontal wind (vectors) at 850 hPa, and hourly 750 
precipitation accumulations > 0.1 mm (thick purple contours), (b–i) every 3 h and (a) averaged 751 
over all times. 752 
 753 
FIG. 12. (a) 2-meter mean temperature (shading) and horizontal wind (vectors) on the second 754 
lowest model level for horizontal wind; (b–i) 2-meter mean temperature perturbation (shading) 755 
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and mean perturbation horizontal wind (vectors) on the second lowest model level every 3 h. The 756 
right color bar is used for (a). 757 
 758 
FIG. 13. Cloud water mixing ratio (red shading), 2-meter temperature (grey shaded), perturbation 759 
horizontal wind on the second lowest model level for horizontal wind (yellow vectors), and hourly 760 
precipitation accumulation (green contour lines) every 3 h. 761 
 762 
FIG. 14. Vertical cross-sections of water vapor mixing ratiorelative humidity (shading), 763 
perturbation wind (vectors; the scale of the vertical component is increased by a factor of 5), and 764 
temperature (contours) in the south-to-north direction (see red line in Fig. 1) averaged over all 765 
hours (a) and at 3-h intervals (b–i). The triangles in each panel indicate the edges of the island. 766 
 767 
FIG. 15. Vertical cross-sections of perturbation temperature (shading), perturbation wind 768 
(vectors; the scale of the vertical component is increased by a factor of 5), and temperature 769 
(contours) in the south-to-north direction (see red line in Fig. 1) averaged over all hours (a) and 770 
at 3-h intervals (b–i). The triangles in each panel indicate the edges of the islandHorizontal 771 
temperature advection (shaded) and horizontal wind (vector, m s-1) on the first model level in 772 
simulation IDEAL. 773 
 774 
FIG. Fig. 16. As in Fig. 12, but for simulation Fakedry. 775 
 776 
Fig. 17. As in Fig. 8, but for simulation Fakedry. 777 
 778 
Fig. 18.16. Hovmoller diagrams of perturbation meridional wind component on the second lowest 779 
model level for horizontal wind (shading) in the (a) IDEAL and, (b) Fakedry and (c) NOVAP 780 
simulations, respectively.  Precipitation exceeding 0.1 mm h-1 is enclosed by the heavy purple 781 
contours.  The two vertical dash lines indicate the edges of the island. 782 
 783 
Fig. 19. As in Fig. 15, but for simulation Fakedry. 784 
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Table 1 808 

Station observation period used over Hainan Island 809 
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 828 
FIG. 1. Configuration of model domain, gauge-based station points (color dots correspond to the 829 
time series shown in Fig. 2) over Hainan Island and the terrain height (shading, m). The red ellipse 830 
is the idealized representation of the island (used for the idealized simulations), and the red vertical 831 
line indicates the location of the vertical cross-sections shown in Figs. 14– and 16. 832 
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FIG. 2. Average rainfall accumulations by hour, each month of the year, obtained from the rain 845 
gauge network. The color is consistent with the color dots over the island in Fig. 1. LST means the 846 
Local Standard Time. 847 
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FIG. 3. Average stationDiurnal cycles of hourly average rainfall accumulations obtained from 860 
gauges (blue) and CMORPH (red) in each month. 861 
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FIG. 4. Fraction of the total precipitation that can be attributed to the diurnal cycle, by month 876 
(shading), along with average hourly precipitation accumulations (black contours every 0.05 mm 877 
h-1, starting at 0.25 mm h-1). 878 
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FIG. 5. Average rainfall accumulations by hour in May and June (a) from rain gauges and (b) 899 
derived from CMORPH. 900 
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FIG. 6.  Ten-year average, hourly rainfall accumulations at 3-h intervals for May and June derived 928 
from CMORPH (shading) except used 1700 LST as it is the strongest rainfall time in CMORPH 929 
observation. Three-year average wind velocity (vectors) is also shown. Rain gauge locations are 930 
indicated in (a). 931 

 932 
 933 
 934 
 935 
 936 
 937 
 938 
 939 
 940 
 941 
 942 
 943 
 944 
 945 
 946 



47 
 

 947 
 948 
 949 
 950 
 951 
 952 
 953 

 954 

 955 
 956 

FIG. 7. The average of 2-meter temperature (T2_avg), 2-meter temperature tendency 957 
(T2_tendency, temperature difference between two neighboring hours), and hourly rainfall 958 
accumulation over the island based on (a) gauge observations, (b) simulation REAL, (c) simulation 959 
NoTER, (d) and simulation IDEAL. Horizontal colored lines indicate means over all hours. 960 
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FIG. 8. Hourly precipitation accumulation (shading) and average perturbation wind (vectors) on 982 
the second lowest model level for horizontal wind in simulation REAL every 3 h. The averages 983 
over all hours are shown in (a). 984 
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FIG. 9. As in FIG. 8, but for simulation NoTER. 1002 
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FIG. 10. As in FIG. 8, but for simulation IDEAL. 1020 
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FIG. 11. Water vapor mixing ratio (shading) and horizontal wind (vectors) at 850 hPa, and hourly 1042 
precipitation accumulations > 0.1 mm (thick purple contours), (b–i) every 3 h and (a) averaged 1043 
over all times in IDEAL simulation. 1044 
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FIG. 12. (a) 2-meter mean temperature (shading) and horizontal wind (vectors) on the second 1057 
lowest model level for horizontal wind; (b–i) 2-meter mean temperature perturbation (shading) 1058 
and mean perturbation horizontal wind (vectors) on the second lowest model level every 3 h. in 1059 
IDEAL simulation. The right color bar is used for (a). 1060 
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FIG. 13. Cloud water mixing ratio (red shading), 2-meter temperature (grey shaded), perturbation 1073 
horizontal wind on the second lowest model level for horizontal wind (yellow vectors), and hourly 1074 
precipitation accumulation (green contour lines) every 3 h in IDEAL simulation. 1075 
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FIG. 14. Vertical cross-sections of water vapor mixing ratiorelative humidity (shading), 1085 
perturbation wind (vectors; the scale of the vertical component is increased by a factor of 5), and 1086 
temperature (contours) in the south-to-north direction (see red line in Fig. 1) averaged over all 1087 
hours (a) and at 3-h intervals (b–i). The triangles in each panel indicate the edges of the island. 1088 
 1089 
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 1091 
 1092 

 1093 
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FIG. 15. Vertical cross-sections of perturbation temperature (shading), perturbation wind (vectors; 1096 
the scale of the vertical component is increased by a factor of 5), and temperature (contours) in the 1097 
south-to-north direction (see red line in Fig. 1) averaged over all hours (a) and at 3-h intervals (b–1098 
i).) in IDEAL simulation. The triangles in each panel indicate the edges of the island. Arrows in b 1099 
and c stand for the land breeze circulations. 1100 
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Fig.  1113 
FIG. 15. Horizontal temperature advection (shaded) and horizontal wind (vector, m s-1) on the 1114 
first model level in simulation IDEAL. 1115 
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Fig. 16. As in Fig. 12, but for simulation Fakedry. 1125 
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Fig. 17. As in Fig. 8, but for simulation Fakedry. 1131 
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Fig. 18.16. Hovmoller diagrams of perturbation meridional wind component on the second lowest 1146 
model level for horizontal wind (shading) in the (a) IDEAL and, (b) Fakedry and (c) NOVAP 1147 
simulations, respectively.  Precipitation exceeding 0.1 mm h-1 is enclosed by the heavy purple 1148 
contours.  The two vertical dash lines indicate the edges of the island. 1149 
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Fig. 19. As in Fig. 15, but for simulation Fakedry. 1155 
 1156 

 1157 
 1158 
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