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 30 

Abstract 31 

Does the cities enhance precipitation? It is an unsettled question and the 32 

comprehensive answer has not been archived for it. This study focuses on the urban 33 

heat excess and evaluates its influence on atmospheric instability which is the 34 

background condition for the convective precipitation. A simple approach was 35 

developed that involved calculating the daytime evolution of the mixed layer over 36 

homogeneous ground surface. Calculations were based on the ensemble average of 37 

observations. The convective available potential energy (CAPE) was evaluated for both 38 

urban and rural land cover. Urban heat excess, which was 200 Wm-2 higher in the 39 

urban than rural area, increased CAPE by 75% comparing to the rural CAPE of 513 J 40 

kg-1 . Results show that cities could cause favorable stratification of the atmosphere for 41 

convective precipitation. 42 

 43 

Keywords  urban heat island; convective available potential energy; convective 44 

precipitation 45 

46 
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1. Introduction 47 

Whether cities increase precipitation is a subject that has been debated for a long time. 48 

However, we do not have a satisfactory answer to date. Although the review by Shepherd 49 

(2005) summarized evidence of urban influence on precipitation, factors in addition to the 50 

urban environment alone have prevented the clear determination of urban influence on 51 

precipitation. For example, Shepherd (2002) focused on Atlanta, Georgia, USA, and 52 

examined the urban influence on precipitation using satellite data. Commenting on 53 

Shepherd et al. (2002), Diem et al. (2004) pointed out that precipitation in Atlanta should be 54 

influenced by mountains 110 km away, with a height of 150 m.a.s.l. 55 

Some cities in Japan are located in areas of more complex terrain than Atlanta; and 56 

therefore, urban and topographical influences must be separated. Here, observations from 57 

Japan, particularly from the Tokyo region, were used to understand urban influence on 58 

precipitation. All studies reviewed below focused on convective precipitation in the summer. 59 

Inoue and Kimura (2004) analyzed satellite data for the wider Tokyo region and found a 60 

relatively high frequency of low-altitude clouds over cities. They also found the formation of 61 

line-type clouds along arterial roads (Inoue et al., 2004). In their study on the convective 62 

precipitation, Fujibe et al. (2002), found examples of radar echo being generated over 63 

regions of surface convergence in Tokyo. Kobayashi et al. (2009) found that the X-band 64 

radar echoes were generated at higher altitudes over the urban areas in Tokyo than over 65 

the surrounding rural area. Sato and Takahashi (2000) showed a positive trend between 66 
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heavy rain and surface convergence for Tokyo on a decadal time scale. Sato et al. (2006) 67 

showed a high frequency of radar echo over the city when precipitation systems generated 68 

in the rural mountainous areas passed through Tokyo. 69 

In light of these previous results, the mechanisms of urban influence on the 70 

precipitation have been discussed; leading to four types of dominant mechanisms: 71 

1) The activation of convection due to large surface sensible heat fluxes (Kusaka et al., 72 

2014; Matheson and Ashie, 2008); 73 

2) The evaporation of anthropogenic water vapor to the atmosphere (Moriwaki et al., 2008); 74 

3) The modification of surface wind systems due to surface drag increases (Takahashi et al., 75 

2011); and 76 

4) The increase in condensation nuclei due to atmospheric pollutants (Rosenfeld and Lensky, 77 

1998). 78 

This study focuses on the thermal influence (1) of convective precipitation in the summer, 79 

because it seems to be the most influential of the mechanisms listed above. Senoo et al. 80 

(2004) concluded that the excess humidity from evaporation (2) is not influential on spatial 81 

distribution of vapor in urban air. The dynamic influence of surface wind (3) may have a more 82 

localized influence than the other factors; and an increase in atmospheric aerosols (4) can 83 

have both positive and negative influences on urban precipitation amounts (Rosenfeld and 84 

Lensky, 1998).  85 

In order to simplify the discussion, this study considered a virtual flat homogeneous 86 
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surface with a single land cover. Two cases were considered: 1) where the land cover is 87 

urban; and 2) where the land cover is rural or country-side. This led to a spatial scale of a 88 

few tens of kilometers, which corresponds to the densely inhabited district of Tokyo. We 89 

focused on changes in atmospheric stratification, which supports initiation of precipitation 90 

events, in part due to different land covers. Land cover influences the triggering and 91 

development of precipitation events at a fine spatial scale; whereas convection is initiated 92 

at urban boundaries and in rural areas (Ohashi and Kida, 2002). 93 

The thermal influence of cities, which are marked by a larger sensible heat flux than 94 

rural areas, appears to be the unstable stratification of the atmosphere. This study examines 95 

how the stability index changes between urban and rural land cover. Destabilization of 96 

stratification due to anthropogenic vapor is also tested. This simple type of analysis has not 97 

been conducted in previous studies. The urban influence on precipitation should be a quite 98 

complex problem which includes various physical processes. Most of studies reviewed 99 

before looked this complex problem as it is, however this study breaks down the problem 100 

into the elementary processes. Although our simplified analysis does not completely answer 101 

the question “Do cities increase precipitation?”, the simple discussion that follows is 102 

necessary to solve this complex problem. 103 

 104 

2. Methodology 105 

2.1 Outline 106 
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Assuming an idealized city and rural area whose differences are limited to the surface heat 107 

flux, convective available potential energy (CAPE) is evaluated for each land cover. CAPE 108 

indicates buoyant energy for the air parcel, and is an index used for assessing atmospheric 109 

stability. The approximate threshold is 2000 J kg-1 or more, which is a favorable condition 110 

for the generation of convective precipitation. CAPE is calculated as: 111 

CAPE = −R� 	 
�� − ����
ln ��
����
����

   ,                     (1) 112 

where Tv and ���  are the virtual temperature of the rising parcel and of its surrounding 113 

environment, respectively; p is air pressure; and Rd is the gas constant for dry air. The 114 

subscripts LNB and LFC indicate the ‘level of neutral buoyancy’ and the ‘level of free 115 

convection’, respectively. CAPE is calculated from the vertical profiles of air temperature and 116 

water vapor. In the calculation the virtual rising air parcel follows the dry-adiabatic and moist-117 

lapse rate below and above the condensation level respectively. This study used a mixed 118 

layer model to determine the profiles, which reflect the surface sensible heat fluxes for both 119 

urban and rural areas. A schematic illustration is shown in Fig. 1. The model assumed a 120 

profile with constant potential temperature within the mixed layer. The increase in height and 121 

temperature within the mixed layer is the result of incoming heat from the surface. 122 

	 ���
�� − ������� = 	  !�"
#$
#$%&

'(
)

    ,                 (2) 123 

where cp and ρ are the specific heat and density of air respectively; zt is the depth of mixed 124 

layer; and subscript i denotes time. The model produces vertical air temperature profiles 125 

with the input of QH. zt at time i is determined from QH and temperature lapse rate above 126 
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 zt,i-1. The profile of vapor mixing ratio is also assumed to be constant in the mixed layer, 127 

and is calculated using the surface evaporation flux. The initial conditions at 06:00LST (local 128 

sidereal time) were obtained from the observed results. 129 

The calculated CAPE was compared with the measured CAPE in eight locations as 130 

shown in Fig. 2. The details of these CAPE measurements are summarized in Table 1. 131 

 132 

2.2 Initial conditions 133 

This study focuses on convective precipitation during the summer in Japan, and therefore 134 

the initial conditions of the mixed layer model were made from results observed in the 135 

summer. The upper part of the initial profile, above 2 km, was an average of 14 runs in the 136 

sonde observations taken in July and September 2013. The observations were made in 137 

Urawa, denoted as URW in Fig. 2. Observed profiles and initial condition are shown in Fig. 138 

3. The lower part of the initial profile was acquired from observations made by the microwave 139 

radiometer at 06:00 LST. Different data sources were used for the upper and lower profiles 140 

due to an insufficient number of sonde runs made in the early morning, and the limited height 141 

range of the microwave radiometer. The two observation campaigns were conducted using 142 

a microwave radiometer: one over the rural site of Tsukuba (TKB in Fig. 2), and another over 143 

the urban site of Yoyogi (YYG). A microwave radiometer (KIPP & ZONEN, MTP-5H) 144 

measured radiant temperature at 60 GHz at several elevation angles, resulting in an air 145 

temperature profile from the surface to 600 m. Prior to these monitoring campaigns, 146 
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radiometer observations were validated using routine sonde observations made by the 147 

Japan Meteorological Agency over Tateno (near TKB). The vertical profile of root-mean-148 

square-error (RMSE) of the radiometer to the sonde is shown in Fig. 4. The RMSE was less 149 

than 1.2 K throughout the height range, and larger RMSE in the morning hours likely reflects 150 

the residual nocturnal inversion layer.  151 

Potential temperature profiles over Tsukuba and Yoyogi are shown in Fig. 5. Clear 152 

differences can be seen in the slopes of the profiles; steeper slopes occur at the rural site 153 

Tsukuba, due to the lower thermal inertia over the rural ground surface (Sugawara et al., 154 

2001). The neutral profile at the lowest 200 m for Yoyogi is characteristic of cities, which 155 

experience stronger boundary layer mixing due to excess heat (buoyancy) and increased 156 

surface roughness compared with rural areas. Considering this urban–rural difference, we 157 

used two types of initial conditions for the lowest 2 km: one is urban whose potential 158 

temperature gradient is 3 K km-1, referred to as ‘near neutral; in this study; and the rural 159 

gradient of 8 K km-1, described as ‘stable’. As for the initial profile of water vapor, a common 160 

profile of relative humidity shown in Fig. 3 was applied for each cases. 161 

 162 

2.3 Contrast in sensible heat flux 163 

The surface sensible heat flux—the input for the mixed layer model—was acquired for three 164 

different land covers, listed in Table 2. At the rural site in Tsukuba, sensible heat flux was 165 

measured using a sonic anemometer mounted at 29.5 m above ground level on the 166 
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meteorological tower. Within the footprint of the measured flux, dominant land cover was 167 

vegetation as well as some low storied residential houses. At the urban (Yoyogi) and 168 

suburban (Itabashi) sites, a scintillometer (Sintec, BLS-900) was used for flux 169 

measurements. The scintillometer transmits and receives light at 880 nm in wavelength and 170 

measures fluctuations in the refractive index. Sensible heat flux was calculated from 171 

fluctuations in refractive index using Monin-Obukohov (MO) similarity theory. The transmitter 172 

and receiver can be kilometers apart, and therefore, the footprint size can be larger than 173 

that of the eddy covariance method. This larger footprint is one of the advantages for urban 174 

heterogeneous land cover. The light path was 2.3 km long in Itabashi and 1.1 km in Yoyogi. 175 

In solving the MO equations, this study used a mixed method (Largouarde et al., 2006), 176 

which is more rigid than other methods (e.g. free convection) and does not require the 177 

assumption of atmospheric stability. The mixed method requires two parameters: roughness 178 

length, and displacement height within the footprint. We evaluated these parameters using 179 

the morphometric method (Macdonald et al., 1998) with a modified canopy height as 180 

proposed in Tanaka et al. (2011). Diurnal variation in the sensible heat flux at all three sites 181 

is given in Fig. 6, which shows an ensemble average of fair-weather days with a solar 182 

duration exceeding 80% of the astronomically-possible solar duration. The anthropogenic 183 

heat flux, from the inventory database for Tokyo, produced by Ministry of the Environment 184 

Japan (2003), is also included in Fig. 6. 185 

 186 
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2.4 Calculation case 187 

The mixed layer model produces a vertical profile every hour from the initial 06:00 LST to 188 

noon–time (12:00 LST). The CAPE was calculated for the profile up to 12:00 LST. We used 189 

eight cases for the simulation (Table 3). In the case 1 to 5 the initial profile was near-neutral 190 

(3 K km-1) in the lowest 2 km, and stable (8 K km-1) in the case 6 to 8. Three types of diurnal 191 

variation was used for surface sensible heat flux; rural (case 1 and 6), suburban (case 2 and 192 

7) and urban (case 3 and 8). We also tested the anthropogenic heat (case 4) and water 193 

vapor (case 5). Diurnal variation of these anthropogenic component was referred from the 194 

database produced by Ministry of the Environment Japan (2003) and values at 1 km x 1 km 195 

area in Yoyogi was picked up from the database. The anthropogenic water vapor was 18 g 196 

m-2 (6h)-1 in the morning hours (6:00 to 12:00 LST), that correspond to the latent heat flux 2 197 

Wm-2. The rural evaporation flux was determined from the measured sensible heat flux and 198 

the Bowen ratio (sensible heat/latent heat). We used a Bowen ratio of 1.87 based on 199 

Kuwagata et al. (1990). 200 

 201 

3. Results 202 

Calculations of CAPE at 12:00 LST are given in Fig. 7. As for the influence of urban-rural 203 

differences on the sensible heat flux, urban heat excess increased CAPE by 379 J kg-1 (74% 204 

of case 1) for the urban area (case 3 minus case 1); and by 36 J kg-1 (7% of case 1) for the 205 

suburban area (case 2 minus case 1). The anthropogenic heat flux increased CAPE by 44 206 
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J kg-1 (4%, case 3 minus case 4); and anthropogenic vapor caused an 8 J kg-1 (1%, case 3 207 

minus case 5) increase in CAPE. As for differences in the initial profile, which reflects urban-208 

rural differences in thermal inertia, CAPE was decreased by 735 J kg-1 in the stable profile 209 

(case 8) compared to the near-neutral profile (case 3)—corresponding to the five times the 210 

CAPE in case 8. The same is true in the other stable cases; CAPE in the stable case (6-8) 211 

were lower than the near-neutral case (1-3), respectively. The reason is the higher LCL 212 

(lifting condensation level) and LFC in the stable cases; e.g. LCL (LFC) was 1245 (1695) m 213 

and 1211 (1213) m in case 8 and 3 respectively. The higher LCL is mainly caused by the 214 

less water vapor, that is due to lower temperature, in the stable case. The high LFC causes 215 

very small CAPE in case 6 and 7. Note that even in the trial calculations for cases 6-8 where 216 

the relative humidity in the initial lower profile was switched to 99 % (80% in the original 217 

cases 6-8 shown in Fig. 3), CAPE was still lower than cases 1-3 respectively. CAPE in these 218 

trial calculations were 294 J kg-1 for rural, 425 J kg-1 for suburban and 753 J kg-1 for urban 219 

land cover. The lower CAPE in the stable cases could be partly due to the slower glowing 220 

speed of mixed layer. However, it would be a minor reason, because the stable layer near 221 

surface in cases 6-8 broke into the mixed layer at early morning roughly by 09 LST and did 222 

not have much influence on CAPE at 12 LST. 223 

 224 

4. Discussion 225 

Our results in Fig. 7 show that CAPE is higher in cities than in the rural countryside, 226 
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depending on surface heating. Here we discuss two points related to the universality of these 227 

results. One is the spatial representativeness of the input surface heat flux. Urban areas 228 

represent a complex mixture of various land covers including buildings, roads and parks. 229 

Therefore, the surface heat flux in urban areas varies across space (Schmid et al., 1991). 230 

We used the observed diurnal variation in heat flux, whose maximum was 350 Wm-2 at noon, 231 

for the model input; however, some previous studies have shown different values. Moriwaki 232 

et al. (2004) found a diurnal variation of 300 Wm-2 at noon in their ensemble average for the 233 

summer season. Their measurements were made using the eddy covariance method across 234 

a 1 km residential area of Tokyo. Sugawara et al. (2015) found a 329 Wm-2 heat flux as the 235 

morning average across a few tens of kilometers in the center of Tokyo, although this case 236 

study relied on sonde observations during the summer.  237 

The input heat flux for the model may be larger than that actually occurring in Tokyo. 238 

On the other hand, CAPE is positively correlated to the input heat flux shown in Fig. 7, and 239 

an evaluation of the urban influence on CAPE is also affected by the reference rural heat 240 

flux. Sugawara et al. (2015) showed that the heat flux over Tsukuba was  241 

100 Wm-2 smaller than the heat flux over Tokyo, which is in quantitative agreement with the 242 

difference in inputs between suburban and rural areas used here (Fig. 6). Although 243 

Sugawara et al (2015) is a case study, their results help validate our model inputs and results. 244 

 The second point related to the universality of our results is the initial condition. 245 

CAPE depends on the initial temperature profile as well as the surface heating. We modeled 246 
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two cases with different profiles in the lower layer; however, the upper layer also influences 247 

CAPE. Here we check the actual variation in CAPE with sonde observation listed in Table 1. 248 

CAPE is shown as a function of surface air temperature in Fig. 8. CAPE has a positive 249 

correlation with air temperature greater than 20oC, although the scatter exceeds 1000 J kg-250 

1. This variation, which could not be explained by surface air temperature, is much larger 251 

than the urban influence shown in Fig. 7. Therefore, urban influence may be less important 252 

to CAPE than the daily and spatial variation of atmospheric stratification.  253 

In terms of comparing the influence of topography and land cover, Lee and Kimura 254 

(2001) numerically demonstrated the difference between terrain-induced convection and 255 

convection triggered at the boundary of different surfaces. They found that thermal 256 

convection from a 50% difference in surface sensible heat flux would have a similar strength 257 

to the topographical convection induced by 350 m height difference. Considering the real 258 

situation in Tokyo, the urban heat flux approaches 2.3 times the rural heat flux at noon (Fig. 259 

6). However, mountains with an elevation of 600 m are located 50 km west from Tokyo; and 260 

therefore the atmospheric convection induced by urban-rural differences in heating, may be 261 

canceled by topographical convection in the greater Tokyo area. 262 

 263 

 264 

5. Conclusion 265 

We evaluated the influence of urban heat excess on atmospheric stability leading to 266 
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convective precipitation in the greater Tokyo area of Japan. This study focused on 267 

convective precipitation in the summer months. The methodology used is simple, and 268 

assumed a flat homogeneous ground surface with a single type of land cover. CAPE was 269 

calculated for different surface heat fluxes. Although a simple and idealized situation, the 270 

ensemble average of observed values for the initial profile of temperature and heat flux were 271 

used. Urban heat excess, which was 200 Wm-2 higher than for the rural area, increased 272 

CAPE by 75%. The anthropogenic vapor flux also increased CAPE, but was near negligible 273 

(1% in CAPE). The neutral stratification in the urban area in the morning is due to the large 274 

thermal inertia in the urban canopy layer, which increased CAPE by five times its rural value. 275 

These results show that cities could cause favorable stratification of the atmosphere for 276 

convective precipitation, although urban influence should be less important than those from 277 

topography or synoptic scale disturbance. 278 

This study focused on the thermal difference between urban and rural areas. Other 279 

possible factors influencing urban precipitation include the dynamic effects of high surface 280 

roughness and the existence urban aerosols, which should be considered in future research. 281 

 282 
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Figure 6. Ensemble average of surface sensible heat flux QH in the urban (Yoyogi), 387 

suburban (Itabashi) and rural (Tsukuba) areas．The anthropogenic heat flux QA is also 388 

shown for urban and suburban areas (average of 1 km × 1 km area). Rural QH is shown 389 

in both panels. 390 
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Figure 7. Calculated CAPE for the near-neutral initial profile (cases 1-5), stable (cases 6-392 

8). The urban case without anthropogenic heat is case 4, and the urban case without 393 

anthropogenic water vapor is case 5. Note that suburban case with stable profile (case 394 

7) has CAPE 4 J kg-1 and in the rural case (case 6) a CAPE of 0 J kg-1. 395 
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Figure 1. Schematic illustration of the mixed layer model. The hatched area corresponds to the accumulated surface 412 

sensible heat flux. 413 

  414 
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 421 

 422 

Figure 2. Map of study sites. Location names are listed in Table 1 and 2. Gray areas are densely populated.  423 

 424 
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 426 
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 429 

 430 

Figure 3. Morning profile of air temperature and relative humidity which is used as the initial condition in the mixed 431 

layer model (black line). Thin lines are profiles from Urawa.  432 
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 438 

 439 

 440 

Figure 4. Vertical profile of RMSE in the validation of microwave radiometer (MTP-5H) against the sonde 441 

observation.  442 
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 447 

 448 

Figure 5. Potential temperature profile relative to the lowest measurement level at 03:00 JST in summer. 10 min. 449 

average from 1 min. raw measurement. The rural profiles of total 26 runs were measured in Jun. and Jul., 2010 in 450 

Tsukuba, and urban total 31 in Jul. and Aug, 2011 in Yoyogi. The bold thick lines indicate the gradient of potential 451 

temperature used in the initial condition of simulation. 452 
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 465 

 466 

 467 

Figure 6. Ensemble average of surface sensible heat flux QH in the urban (Yoyogi), suburban (Itabashi) and rural 468 

(Tsukuba) areas．The anthropogenic heat flux QA is also shown for urban and suburban areas (average of 1 km × 1 469 

km area). Rural QH is shown in both panels.  470 
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 480 

 481 

Figure 7. Calculated CAPE for the near-neutral initial profile (cases 1-5), stable (cases 6-8). The urban case 482 

without anthropogenic heat is case 4, and the urban case without anthropogenic water vapor is case 5. Note that 483 

suburban case with stable profile (case 7) has CAPE 4 J kg-1 and in the rural case (case 6) a CAPE of 0 J kg-1.  484 

  485 



 27

 486 

 487 

 488 

 489 

 490 

 491 

 492 

 493 

Figure 8. Relationship between the surface air temperature and CAPE. Location name refers to those in Fig. 1. 494 
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 497 

Table 1. List of sonde observations. Abbreviations of each location are denoted in brackets in the first column.  498 

 499 

 500 

 501 

Location (Abbr.) Latitude Longitude Measurement period 

Choushi (CHS) 35°42′N 140°50′E Aug. 2012 

Koganei (KGN) 35°42′N 139°29′E Oct. 2011 

Tsukuba (TKB) 

36°03′N 140°08′E 

Aug. – Oct. 2011 

Aug. – Sep. 2012 

Jul. – Sep. 2013 

Itabashi (ITB) 
35°47′N 139°41′E 

Aug. – Oct. 2011 

Sep. 2013 

Urawa (URW) 35°52′N 139°35′E Jul. and Sep. 2013 

Yokosuka (YKS) 

35°15′N 139°43′E 

Aug. – Oct. 2011 

Aug. 2012 

Jul. – Sep. 2013 

Research vessel 

Ryofu (RYF) 
34°20 -- 39′N 139°37 -- 49′E 

Jul. 2013 

 502 
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 505 

Table 2. Measurement sites for surface sensible heat flux. Abbreviations of each location are denoted in brackets in 506 

the first column.  507 

 508 

 509 

Location 

(Abbr.) 

Land cover Areal fraction 

of vegetation 

Methodology 

Tsukuba (TKB) Rural, low height vegetation 74 % Eddy correlation 

Itabashi (ITB) Suburban, low-storied 

residential houses 

19 % Scintillation 

Yoyogi (YYG) Urban, high-storied residential 

houses 

2 % Scintillation 
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 512 

Table 3. Calculation cases.  513 

 514 

No. Initial profile Heat flux Evaporation flux 

1 Near neutral Rural observation Rural value  

2 Near neutral Suburban observation Rural value 

3 Near neutral Urban observation Rural value 

4 Near neutral Urban observation minus 

anthropogenic comp. in 

Yoyogi 

Rural value 

5 Near neutral Urban observation Rural value minus 

anthropogenic comp. in Yoyogi 

6 Stable Rural observation Rural value 

7 Stable Suburban observation Rural value 

8 Stable Urban observation  Rural 
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