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ABSTRACT

Hourly datasets obtained by automatic weather stations in Beijing, China, are developed and employed

to analyze the spatial and temporal characteristics of relative humidity (RH) and urban dryness island

intensity (UDII) over built-up areas. A total of 36 stations inside the sixth ring road are considered as

urban sites, while six stations in suburban belts surrounding the built-up areas are taken as reference sites.

Results show that the RH is obviously smaller in urban areas than in suburban areas, indicating the effect

of urbanization on near-surface atmospheric moisture and RH. A further analysis of relations between

RH and temperature on varied time scales shows that the variations in RH in the urban areas are not due

solely to changes in temperature. The annual and seasonal mean UDII are high in central urban areas,

with the strongest UDII values occurring in autumn and the weakest values occurring in spring. The

diurnal UDII variations are characterized by a steadily strong UDII stage from 2000 to 0800 LT and a

minimum at 1500 or 1600 LT. The rapid shifts of UDII from high (low) to low (high) occur during the

periods 0800–1600 LT (1600–2000 LT). The occurrence time of the peaks varies among different seasons:

the peaks appear at 0700, 2100, 2000, and 0800 LT for spring, summer, autumn, and winter, respectively.

Further analysis shows that large UDII values appear in the evenings and early nights in late summer and

early to midautumn and that low UDII values mainly occur in the afternoon hours of spring, winter, and

late autumn.

1. Introduction

Because of human activity, land usage and vegetation

cover in urban areas have fundamentally changed

(Landsberg 1981; Oke 1982; Morris et al. 2001). More

and more studies have indicated that energy balances

and most climatic elements of urban areas are signifi-

cantly different from their nearby suburbs (Oke 1988;

Ren et al. 2007; Han and Baik 2008; Ren and Zhou 2014;

Wang 2014; Yang and Wang 2015). The concept of an

urban heat island (UHI), which is one of the most

popular topics for scientists in recent years, is a phe-

nomenon in which urban temperature is higher than

rural temperature, as has been observed in numerous

cities all over the world (Jáuregui 1973; Karl et al. 1988;

Liu et al. 2004). To have a better understanding of urban

climatology, some scientists have tried to find additional

aspects of urban climate instead of being limited to just

UHIs (Kratzer 1956; Morris et al. 2001; Dou et al. 2015).

Some studies have found that humidity is an important

climatic element that is remarkably different in urban

areas (Chandler 1967; Ackerman 1971; Hage 1975; Song

et al. 2012). The phenomenon whereby the humidity in

cities is usually less than that of rural areas has beenCorresponding author: Guoyu Ren, guoyoo@cma.gov

AUGUST 2017 YANG ET AL . 2221

DOI: 10.1175/JAMC-D-16-0338.1

� 2017 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

mailto:guoyoo@cma.gov
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


observed for several European cities (Kratzer 1956;

Chandler 1967; Lee 1991) and is traditionally referred to

as the urban dryness island (UDI) (Hilberg 1978).

Ayoade (1983) proposed that there are six measure-

ments to describe humidity, including absolute humid-

ity, dewpoint temperature, mass mixing ratio, relative

humidity, specific humidity, and vapor pressure. Be-

cause of its simple mathematical expression and ease of

understanding, relative humidity (RH) is one of the

most popular measures in the climatological community.

Previous studies have demonstrated that RH is a key

climatic variable that has an important effect on

precipitation, surface water, energy budget, ecologi-

cal systems, and human physiological comfort levels

(Hage 1975). The single characteristics of RH have been

indicated by researchers through the long-term power-

law correlation of RH records (Padmanabhamurty

and Bahl 1982; Li et al. 2016; Kothawale et al. 2016).

Numerous studies have demonstrated that the RH in

many cities has a decreasing trend that spans several

past decades (Zhou 1994; Fortuniak et al. 2006; Song

et al. 2012). More comprehensive studies, such as the

contrast between city and suburbs, have also been made

(Moriwaki et al. 2013; Cuadrat et al. 2015). The fact that

urban atmospheres are drier than rural atmospheres has

been found in many cities, such as Chicago (Ackerman

1987); London, England (Lee 1991); Belgrade, Serbia

(Unka�sević et al. 2001); Cairo, Egypt (Robaa 2013); and

Zaragoza, Spain (Cuadrat et al. 2015).

In pace with the fast urbanization in China, UDIs have

also been found in some big Chinese cities, including

Shanghai (Zhou 1994), Beijing (Liu et al. 2009), and

Wuwei (Liu et al. 2012). For instance, it was found that

the urban–rural humidity differences in Beijing are ob-

vious, and urban environments can decrease the RH at

all hours (Liu et al. 2009). In Shanghai, it was concluded

that UDIs are always accompanied by an UHI phe-

nomenon (Zhou 1994).

Although RH is a key climatic element, and UDI is an

important phenomenon of urban-induced climatological

effects, existing research regarding these phenomena is

insufficient. In particular, thorough investigations of the

UDI structure are lacking because of a lack of high-

density observations in urban areas (Zhou 1994; Liu

et al. 2009). One of the major issues for most previous

studies is an inadequate description of the detailed

spatial and temporal patterns of urban RH and UDI in

megacities such as Beijing. If the detailed temporal

variation is considered, the spatial distribution is often

ignored, and vice versa. An important reason for this

contradiction is the paucity of relative humidity obser-

vations, particularly finite-normal meteorological ob-

servations (Yang et al. 2013).

During the twenty-first century, a large number of

automatic weather stations (AWSs) have been set up

in China, as based on the operational standard issued

by the China Meteorological Administration (China

Meteorological Administration 2003, 104–125). By 2015,

and taking Beijing as an example, a dense AWS network

with more than 200 stations has been established (Yang

et al. 2011, 2013). About one-half of the stations attached

to the network can provide hourly RH data.

In this paper, we investigated the hourly RH data

obtained by AWSs in Beijing, and the climatological

temporal–spatial features of RH and UDI intensity

(UDII) are discussed in detail. In the following sections,

station information and basic climatological character-

istics of RH are introduced first; then the spatial distri-

bution, seasonal variation, and diurnal cycle of UDII in

urban areas are examined; finally, the causation of the

UDII variation is discussed briefly before the conclu-

sions are drawn.

2. Study area, data, and analysis methods

Beijing municipality, the capital of China, with

1.6 million km2 of area, lies to the north of the north

China plain and to the south of the YanshanMountains.

Most parts of the plain have an elevation of 100m above

sea level or less (Fig. 1a). Beijing has a typical conti-

nental monsoon climate with four distinct seasons.

Spring is dry and windy, autumn is calm, summer is hot

and rainy, and winter is dry and cold (Yang et al. 2017).

With rapid urbanization, the population in Beijing city

is swiftly increasing. The total number residents in Bei-

jing reached 20 million in 2010, which is double the

census result from 1986. Along with the bewildering

urban sprawl, express transportation systems have

become a necessity in Beijing city, and a multiple–ring

road (RR) (including the fourth RR, fifth RR, and sixth

RR) system of transportation (as seen in Fig. 1b) has

been developed (Wang et al. 2010; Yang et al. 2013).

Following the classification by Yang et al. (2013),

Beijing city, with 42 stations (36 urban sites and 6 ref-

erence sites) was chosen as the study area in this paper.

Thirty-six stations inside the sixth RR were considered

as urban region (UR) sites, while those inside the

fourth RR (17 stations) were considered as urban

center (UC) sites (Fig. 1b). Six reference stations sur-

rounding the urban region were selected via a remote

sensing method developed by Ren and Ren (2011). The

average elevation of the six reference stations is very

similar to those of the urban stations within the dif-

ferent RRs (Yang et al. 2013), and thus the obser-

vational records between the reference and urban

stations are comparable.
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The hourly RH data from the 42 stations in Beijing

city during 2007–15 were obtained from the Meteoro-

logical Information Center, Beijing Meteorological

Bureau. To increase the robustness of our analyses, all

hourly RH data have been quality-controlled, and pos-

sible erroneous data were detected, evidenced, and ad-

justed. A few of missing values were replaced by the

instantaneous valid values of its nearest five stations,

using the spatial interpolation of the inverse distance

weighing technique (Lin et al. 2002; Yang et al.

2011, 2013).

In this study, the UDII was estimated by calculating

the difference in the RH between urban and rural areas.

The rural RH (RHr) is the average RH of the six

reference stations, and the urban RH (RHu) is the RH

of any urban station, or the averaged RH values of the

urban stations inside any specific urban areas. UDII

therefore can be defined as

UDII52(RHu2RHr). (1)

3. Temporal–spatial distribution of RH

a. Spatial characteristics of RH

The annual mean RH over the study area is shown in

Fig. 2. During the 9-yr period, the annual mean RH is

53.2%, with the lowest value (47.1%) appearing in Wu

Ke Song (WKS) near the joint belt of the urban center

and Hai Dian (HD) district. The highest record (59.8%)

is seen in Pang Ge Zhuang (PGZ), which is one of the

reference sites in the southwestern Da Xing (DX) dis-

trict. Relatively lower RH centers can be identified in-

side the urban center or zones adjacent to the fourthRR.

In the east, the mean RH is generally higher than that in

the west.

Similar to the annual spatial distribution, stations with

remarkably low mean RH values for each season are

mostly concentrated in the area inside the fourth RR

(Figs. 3a–d), and those with high mean RH values ap-

pear in regions farther away from the urban center.

Nevertheless, the differences of spatial distribution

among different seasons are also obvious. The highest

seasonal mean RH over Beijing city takes place in

summer. A previous study also found that large RH

more easily occurs in the season or area with heavy

rainfall (Zhang et al. 2011). Therefore, the highest RH in

summer is quite possibly related to the heavy pre-

cipitation of Beijing occurring during this season. In

contrast, the regional difference in RH is weakest in

spring. As seen in Fig. 3a, the site-to-site difference

between the maximum and minimum mean RH values

during spring does not exceed 10%. The mean RH dif-

ferences among the sites are consistently larger in

summer than those in spring; however, they increase in

autumn and winter. The largest site-to-site difference of

the seasonal mean RH values, 15.6%, occurs in autumn.

Obviously, the large spatial contrasts of the annualmean

and seasonal mean RH values mainly result from UDI

effects, which lead to a significant decrease in the RH

over built-up areas when compared with the surround-

ing countryside.

b. Temporal characteristics of RH

Figure 4 displays the annual and seasonal mean di-

urnal cycle of the RH over Beijing city. It is clear that a

diurnal variation in the RH is apparent. The annual

FIG. 1. Distribution of AWSs used in the study. (a) The locations

of AWSs used in the whole area over the Beijing municipality.

(b) Stations in the Beijing urban region as outlined by the sixth RR

(blue solid circles; enclosing lines A–C represent the fourth, fifth,

and sixth RR, respectively) and the six rural stations outside the

sixth RR. [Station names are Feng Huang Ling (FHL), Yong Le

Dian (YLD), Pang Ge Zhuang (PGZ), An Ding (AD), Nan Zhao

(NZ), Da Sun Ge Zhuang (DSGZ), and Long Wan Tun (LWT).]
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mean RH value reaches a minimum of 37.5% at 1500

and a maximum of 67.2% at 0600 during a day cycle

(Fig. 4a). A similar diurnal variation was also found by

Fortuniak et al. (2006) in Lodz. It is easily seen that the

diurnal RH curve is completely opposite to that of the

surface air temperature (Yang et al. 2013), with

the higher (lower) values of RH corresponding to the

lower (higher) surface air temperature in a day.

Figure 4b shows the diurnal RH variations for dif-

ferent seasons. Obviously, similar diurnal variations

appear in different seasons in accordance with the di-

urnal variation throughout the year. ThemaximumRHs

are all in the early morning, and the minimum values

occur in the afternoon. However, the differences among

the seasons are also evident. The mean RH values in the

summer at all hours are higher than those in the other

seasons. The diurnal variations of seasonal mean RH in

the winter and spring are lower and similar to each

other; the distinction between winter and spring is that

the hourly mean values in spring are higher than those in

winter during the early morning (0200–0700 LT), while

the opposite is true for the remaining hours.

To examine detailed seasonal characteristics, com-

parisons of diurnal features in different seasons are

shown in Table 1. It is obvious that the seasonal mean

RH value ranges from 42% to 67%, with summer seeing

the largest value, autumn the second largest, and winter

the smallest. All seasonal mean RH values peak dur-

ing the early morning, despite the fact that the accurate

appearance times are not in full accord. The peak values

appear respectively at 0600, 0500, 0600, and 0700 LT

from spring to winter. It is obvious that the peak ap-

pearance time is the earliest in summer and the latest in

winter. This is in accordance with the seasonal surface

air temperature variation (Yang et al. 2013), which is

probably caused by variations in solar irradiance due to

FIG. 3. Spatial distributions of RH in (a) spring, (b) summer,

(c) autumn, and (d) winter in Beijing city. during 2007–15.

FIG. 2. Spatial distribution of the annual mean values of RH in

Beijing city during 2007–15.
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the varied sunrise time during the different seasons.

Different from the peak appearance times, all of the

appearance times of the diurnal RH valley are reached

at the same time of 1500 LT.

The combined annual and seasonal variation in the

monthly mean RH values and the monthly mean RH

anomaly values are shown in Fig. 5. The temporal

pattern indicates that there is a prominent seasonal

variation during the study period. The monthly mean

RH value is large in July, August, and September,

while it is small in winter and spring months. These

seasonal variations differ slightly from year to year.

For example, the value of RH in December 2015 is

apparently larger than those in other years. To reveal

the year-to-year variations, isolines based on the

monthly mean RH anomaly values are given in Fig. 5b.

The annual variation is easier to be seen in the month–

year RH anomaly profile. In January and February,

the RH anomaly was positive in 2008, 2011, and 2012.

It also appears to have been positive in November and

December of 2010, 2013, and 2014. In January of 2013

and November and December of 2015, the RH

anomaly value was obviously negative.

Hour–year profiles of the hourly mean RH values and

the hourly mean RH anomaly values are shown in

Figs. 6a and 6b, respectively. In Fig. 6a, it is noteworthy

to point out the marked diurnal variation. During the

daytime, the hourly mean RH value maintains smaller

values from 1200 to 1600 LT, and changed to larger

values during 0400–0700 LT. The decreasing rate in the

morning is much larger than the increasing rate in af-

ternoon and early evening, as seen from the denser

isolines during 0700 and 1000 LT and the sparser isolines

during 1700 and 2000 LT in Fig. 6a.

To examine the year-to-year variation more

clearly, the combined annual and diurnal variations

of the hourly mean RH anomaly values are shown in

Fig. 6b. It is interesting to note that after 2010 the

interannual oscillation was more significant. The

mean hourly RH anomaly values were positive at all

hours in 2011 and 2012 but negative for all of 2013

and 2015 during the daytime. The similar character-

istic was not found for the years before 2010. During

2007–10, a relatively obvious seasonal variation oc-

curred from noontime to nighttime. During the pe-

riod of 1200–1700 LT, the value was the largest in

2007–09 and the smallest in 2010. From 1800 to 2300

LT, smaller values appeared in 2007, 2008, and 2010,

but it was larger in 2009. The reason for the shift of

the seasonal variation pattern is unknown, and a

further investigation into this issue is needed. The

temporal–spatial variations in the RH values indicate

that the RH levels in urban areas are different from

those in rural areas, and variations in the RH on

different time scales are complicated.

TABLE 1. Diurnal features of RH among different seasons in Beijing city during 2007–15.

Spring Summer Autumn Winter

Seasonal mean value (%) 42.5 66.5 60.7 43.8

Daily peak Value (%) 58.7 82.6 75.2 53.4

Appearance time 6 h 5 h 6 h 7 h

Daily valley Value (%) 28.6 50.2 41.6 30.0

FIG. 4. Diurnal variations of (a) annual mean value and (b) seasonal

mean values of RH in Beijing city during 2007–15.
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4. Temporal–spatial pattern of UDII

a. Spatial distribution of UDII

The spatial distribution of the annual mean UDII

values over urban areas (corresponding to the built-up

areas inside the sixth RR) is shown in Fig. 7. The max-

imum UDII center (10.5%) appears at WKS (39.98N,

116.38E), in the southwestern part of Hai Dian, which

coincides with the high center of the RH in Fig. 2. It is

also obvious in Fig. 7 that the largest UDII value, with

8% (marked by green lines) or greater, mostly occurs in

the UC inside the fourth RR (ranging from 8% to 11%).

The only station with a small negative UDII value

(20.09%) is Olympic Green (OG; 40.08N, 116.48E),
which is to the north of the built-up areas. Although OG

is located near the outside of the fourth RR, it is a large

park covering 11.35 km2. Previous investigations have

demonstrated that urban parks can reduce the UHI ef-

fect because of the abundance of trees and grass (e.g.,

Yang et al. 2016). The negative UDII value measured

FIG. 5. Month–year plot of (a) mean RH and (b) mean RH anomaly [0% isolines are

labeled in (b)].
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for OG is related to the reduced UHI effect and more

atmospheric moisture near the surface due to the

evapotranspiration in the park.

Figure 8 shows the spatial distribution of the seasonal

mean UDII values over urban areas in Beijing. It is

obvious that the UDII is stronger in autumn and sum-

mer than in winter and spring, as indicated by the sizes of

the areas surrounded by the green isoline of 8%. Spring

registers the weakestUDII during 2007–15. TheUDII in

spring is so weak that whole areas have records of less

than 8%, which cannot be shown in the figure. The

seasonal mean UDII is stronger in summer, where the

8% isoline covers an extensive area, and the maximum

UDII value in WKS exceeds 11.2%. In autumn, the

seasonal mean UDII experiences a considerable in-

crease, where the 8% isoline covers the largest area

around the fourth RR among the four seasons, which

propagates from the center to east and west along the

same latitude. The maximum UDII in WKS reaches

13.8%. The seasonal mean UDII is slightly larger in

winter than that in spring, and the area of values ex-

ceeding 8% only includes a small extent in the center of

the fourth RR.

It was found that the UHII is also the weakest in

spring in Beijing city (Yang et al. 2013; Dou et al. 2015)

mostly probably because of stronger wind speeds, the

FIG. 6. As in Fig. 5, but for hour vs year.
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spatial difference of surface air temperature within the

urban areas, and also the temperature difference be-

tween urban areas and rural sites. This may be the main

reason for the weak UDII in spring. Although the

highest UHII is found in winter in many temperate cities

including Beijing city, the seasonal meanUDII in winter

is not the strongest among four seasons, nor is it the

weakest. This is because the RH and UDII are de-

termined by both air temperature and atmospheric

moisture. Although the seasonal mean UHII is the

strongest in winter, the difference in moisture content

and the RH between urban and rural sites is not nec-

essarily larger than that in spring, and the winter mean

UDII does not register its lowest value.

b. Temporal characteristics of UDII

Figure 9 displays the pentad and hourly mean UDIIs

over UR represented by the 36 urban stations and UC

represented by the 17 urban stations inside the fourth

RR. Similar variations appear in the UC and UR values,

but there is an apparent difference between the two

domains throughout the year. The difference clearly

indicates that the UDI effect over the UC is larger and

more significant. The UDII in UR is lower than that in

UC at any pentad. Figure 9a also shows that UDIIs in

autumn are much higher than those in any other season.

This is consistent with the above-mentioned features

shown in Fig. 8. The average pentad difference in the

UDII between UC and UR is 1.7%, and that in autumn

(from the 48th pentad to 66th pentad) is 2.2%, sug-

gesting that the UDI effects are the largest in autumn.

Figure 9b shows the difference of diurnal UDII vari-

ations between UC and UR. Similar to Fig. 9a, the dif-

ference between the UC and UR stations is evident and

the UDII in UC is higher at any time during a day. The

daytime (especially 1000–1800 LT) UDII contrast be-

tweenUC andUR is smaller. ThemaximumUDII value

occurs in the early morning (0700 LT) and the minimum

UDII values in the afternoon (1600 LT) for bothUC and

UR. Therefore, the UDII values of UC exhibit more

diurnal variability than those of UR. Figure 9 also shows

that the temporal variations of the UDII values of UC

and UR are similar except for the fact that the former is

obviously larger than the latter. Therefore, in the fol-

lowing analysis, focus is given on to the temporal fea-

tures of the UR UDII values.

Figure 10 presents the diurnal course of UDIIs in the

four seasons. The diurnal variations of the different

seasons are similar to the mean hourly UDII values of a

year with maxima around the early morning and night-

time and minima in the afternoon (1500 or 1600 LT).

However, differences in the diurnal behavior among the

different seasons are also obvious. First, although the

appearance time of valleys is similar (1500 or 1600 LT),

the occurrence of peaks is distinctly different among the

different seasons. The respective appearance time of the

peaks is 0700, 2100, 2000, and 0800 LT from spring,

summer, autumn, and winter (Fig. 10 and Table 2). It is

evident that evening time (1900–2100 LT) and early

morning (0700–0800 LT) are two periods with larger

UDI effects, with theUDII peaks of winter and spring in

the morning and those of summer and autumn in the

FIG. 7. Spatial distributions of annual mean values of UDII in the urban area over Beijing

during 2007–15. The green line represents the 8% isoline of the annual mean UDII.
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evening. Second, the seasonal mean UDII of the dif-

ferent seasons varies. Table 2 and Fig. 10 show that the

strongest UDII occurs in autumn and the second

strongest UDII in summer, while spring sees the weak-

est UDII. Third, the diurnal ranges of the mean hourly

UDII values in each season are also different, with

the largest fluctuations in autumn and the smallest

in summer.

The UDII mainly depends on the contrast of the near-

surface moisture and temperature between urban and

rural areas. Although the UHII values of Beijing urban

areas in winter are strong, the atmospheric moisture and

RH are low in both urban and rural areas, and the dif-

ference in theRHbetween urban areas and rural areas is

small in winter and spring. The largest values of the

summer and autumn hourly mean UDII appear in

evening rather than in the early morning like winter and

FIG. 8. Spatial distributions of UDII in (a) spring, (b) summer,

(c) autumn, and (d) winter in the urban area of Beijing during

2007–15. Green lines represent the 8% isoline of seasonal mean

UDII.

FIG. 9. (a) Pentad average UDII and (b) diurnal variation of

UDII in the Beijing urban center and urban region during

2007–15.
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spring, probably because the soil and atmospheric

moisture content in rural areas is higher, and the in-

crease of the mean hourly RH values in urban areas in

the evening is relatively slower than in rural areas be-

cause of the rapid rise of the UHII, resulting in an in-

crease in the UDII until 2100 LT. After about 2100 LT,

the UHII enters a plateau stage, and stronger UHI cir-

culation is established, bringing in more humid air from

rural areas to urban areas and to some extent buffering

the drop of the urban RH values. This may cause a de-

crease in the mean hourly RH difference between urban

and rural areas and a slowly downward change of

the UDII.

Month–year and hour–year profiles of hourly mean

UDII are shown in Figs. 11a and 11b, respectively. It is

clear from Fig. 11a that any year can be divided into two

parts, the first half-year (January–June) characterized

by smaller UDII values and the second half-year (July–

December) characterized by largerUDII values. For the

first half-year, interannual variability seems also larger,

with 2007–08 and 2011–12 seeing a very low monthly

meanUDII value. For the second half-year, the monthly

mean UDII persistently maintains a high level and in-

terannual variability is relatively small. In autumn, a

large monthly mean UDII value in every year can be

clearly seen. These are consistent with the features

shown in Figs. 9a and 10.

Figure 11b shows the year-to-year variations of the

hourly mean UDII value in urban areas. The diurnal

variation is apparent in all years. The hourly mean

UDIIs steadily maintains high levels during the night-

time and lower values during the daytime in every year.

However, the strength and length of the respective high-

and low-value periods are not completely similar for

each year. The large-value levels of UDII in 2007 and

2011 are smaller than those in other years, for example,

while the lengths of low-value periods in the two years

are also longer.

Figure 12 shows hour-pentad profiles of hourly mean

UDII values for both UC andUR in Beijing for the time

period 2007–15. Considerable differences exist between

the UC and UR. In the UC, the hourly mean UDII can

reach as high as 19% during the later hours of the strong

UDII stage in autumn, approximately 10% larger than

that in spring. A similar feature is also found for theUR,

but the disparity among the seasons is smaller. Between

UC and UR, the peak UDII appearance times are also

slightly different. The maximum UDII value of the UC

is 19.4% around 2000 of the 57th pentad (middle au-

tumn), while that of the UR is 15.6% around 1900 of the

same pentad.

Another interesting phenomenon is that the hourly

meanUDII shows obviously larger values in the evening

and early night in late summer and early to midautumn

than those in other seasons. The largest UDII values

appear at about 2000 in early to midautumn. This

characteristic can also be seen in Fig. 12b, but it is less

dynamic than in Fig. 12a. The hourly mean UDII values

in the late night and early morning of autumn and winter

display the second largest values, but the UDII magni-

tudes are smaller and the distribution of the high-value

belts is discontinuous. The smallestUDII value is mainly

centered in the afternoon hours of spring and winter,

with some records around 1600 of late winter and early

to midspring, which are well below 2%. Another small-

value center appears in the early afternoon of late

autumn. It is thus interesting to note that the largest

diurnal variation in the UDII values actually occurs in

midautumn (57th–58th pentad), with the early after-

noon registering the smallest values of the whole year-

day and the evening and early night having the largest

values of the whole yearday.

FIG. 10. Diurnal variation of seasonal mean UDII in Beijing city

during 2007–15.

TABLE 2. As in Table 1, but for UDII.

Spring Summer Autumn Winter

Mean value (%) 3.95 5.40 6.84 4.81

Daily peak Value (%) 6.68 8.33 10.81 7.98

Appearance time 7 h 21 h 20 h 8 h
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The detailed temporal structure of the UDII is obvi-

ously similar to that of the UHII in Beijing (Yang et al.

2013), and both exhibit much larger values in the eve-

nings and nights of autumn and winter than those in the

late mornings and afternoons of spring and summer.

However, the strongest seasonal mean UHII occurs in

winter, unlike the UDII, which occurs in autumn, and

the weakest seasonal mean UHII occurs in summer,

unlike the UDII, which occurs in spring. Moreover, the

duration of the strong UDII stage is longer in UC than

that in UR, while the minimum UDII is also smaller in

the UC than that is UR (Figs. 12a,b). Both UC and UR

witness a minimum of hourly mean UDII at about 2000

of the 57th pentad, but the value in the UC is slightly

smaller (20.35%) than that in the UR (20.29%), in-

dicating that the diurnal variation is more significant in

the central urban areas than in the whole urban areas.

5. Discussion

Previous research has explored the feature of hu-

midity by using differentmeasuring indicators, including

dewpoint temperature, vapor pressure, and relative

humidity.Hage (1975) calculated urban–rural differences

FIG. 11. (a) Month–year and (b) hour–year plots of mean UDII.
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both for absolute and relative humidity at night from

airport observation in Edmonton, Alberta, Canada, and

presented the similar seasonal and diurnal variation

patterns of the indicators. Adebayo (1991) found that

the general conditions of vapor pressure followed

almost a similar trend to that of relative humidity. Pre-

vious studies indicated that although humidity in-

dicators are various, the basic features descripted by

different measuring are approximately consistent. Out

of those indicators, RH is used more popularly because

of its simple mathematical expression and the easiness

to understand. On the whole, the general characteristics

shown in this paper are generally in accordance to those

reported in the previous studies (e.g., Hage 1975;

Adebayo 1991; Cuadrat et al. 2015). However, a few

interesting phenomena have been found in the paper

probably because of the usage of a quality-controlled

and densely distributed hourly dataset in the East Asian

temperate megacity.

The relationship between RH and temperature is an

interesting topic. To demonstrate how much of the RH

variations are accounted for by temperature variations,

the plots of relationship between hourly mean RH and

hourly mean temperature in the central area (inside the

fourth RR) have been shown in Fig. 13. It is obvious

that the hourly mean RH values are higher during

the nighttime with lower hourly mean temperatures

(marked by blue plots), whereas the RH values are

lower in the afternoon with higher temperatures

(marked by green plots). This is in accordance with the

result shown in Fig. 4, indicating a good negative cor-

relation of the two variables. Therefore, diurnal varia-

tion of hourly RH almost represents a reverse trend

of temperature in the central area of Beijing city. Simi-

lar conclusions are also drawn in previous research

(e.g., Adebayo 1991; Fortuniak et al. 2006). This rela-

tionship is easily understandable because temperature is

playing a dominant role in determining the RH in a day

when the absolute moisture in the air is less variable.

Although the average diurnal variation of RH shows a

consistently opposite trend with that of surface air

temperature, the month–year profile of mean RH

(Fig. 5) presents an obvious positive correspondence

with temperature variations. This positive correlation is

also remarkable in the plots of relationship between

monthly mean temperature and monthly mean RH for

42 stations of urban areas in Beijing city for the period

2007–15 (Fig. 14). It is apparent that monthly mean RH

has a significant positive correlation with monthly mean

surface air temperature (both higher in summer and

lower in winter).

Figure 15 shows the correlations between area-averaged

monthly mean RH and monthly mean temperature for

FIG. 12. Hour–pentad plots of UDII for the Beijing (a) urban

center and (b) urban region.
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different urban areas inside the fourth RR, between the

fourth and fifth RR, and between the fifth and sixth RR.

Once again, the reverse linear correlation in diurnal

scale disappears when seasonal variations are con-

cerned. Similar to Fig. 14, the positive correlations be-

tween monthly mean temperature and monthly mean

RH are found for each of the urban areas (Fig. 15). It is

also clear that, the more urbanized the areas are, the

lower the mean monthly RHs. Moreover, different

seasons show different characteristics. The area-

averaged monthly RHs are very low with medium sur-

face air temperature in three months of spring, whereas

at the similar temperature range the values of RH are

much higher in autumn. For the other two seasons, RHs

are low with low temperature in winter and RHs are

large with high temperature in summer.

The reversal of the RH–temperature relationships

from diurnal to seasonal scales is also understandable,

because RH is dependent on not only temperature but

also moisture flux and surface evaporation. Thus, al-

though the diurnal variation of hourly RH almost

represents a reverse trend of surface air temperature,

the monthly and seasonal mean RH obviously has a

similar variation with surface air temperature. The re-

lationship of RH with temperature is therefore scale

dependent.

The negative correlation of hourly mean RH with

hourly mean air temperature can be related to the

closely linked interaction among solar irradiance, sur-

face air temperature, and relative humidity. Air tem-

perature increases with an increase in solar radiation

intensity during the daytime, and the higher air tem-

perature will result in a reduction of relative humidity in

case of constant absolute atmospheric moisture, and at

the same time will also enhance vertical mixing, which

allows water vapor near the ground to reach higher al-

titudes, causing the RH near the ground surface to de-

crease until around 1500 LT, when the urban maximum

surface air temperature is reached. After that, the RH

near the ground increases with a decrease in surface air

temperature. However, the water vapor content is still

high because of the slower temperature decline due to

FIG. 13. The relationship between hourlymeanRH (%) and hourlymean temperature (8C)
per year during 2007–15 inside the Beijing city fourth RR. The different colored circles

represent the hours during one day, as listed in the key.
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the UHI effect (Taha 1997; Dou et al. 2015) and the

weakening of the vertical mixing, leading to a further

increase in RH. The RH also has obvious interannual

and seasonal variations as seen in Fig. 5. The larger in-

terannual variations mainly occur in winter, however,

which is probably related to more frequent invasions of

strong cold and dry air masses from Mongolia and

Siberia, and less stable snow cover in some years.

We have definedUDI andUDII, referring to previous

works (Zhou 1994; Liu et al. 2009, 2012). An intense

UDI phenomenon in Beijing city has been found in our

research. Seasonally spatial distributions of UDII pres-

ent evidence that UDII in autumn is most remarkable

among all seasons. Adebayo (1991) found that urban

influence on RH was more intense under drier condi-

tions. Autumn in Beijing city is not the driest season,

however, and the driest climate usually appears in win-

ter and spring. This may show that the urbanization ef-

fects on seasonal mean relative humidity are different

for various climate zones.

The strong UDII in the urban areas would be mainly

caused by the increased impermeable land surface ex-

tents. For the latest decade, the built-up areas of Beijing

city have increased 7000 ha (Qiu 2014). The expansion

of impermeable land surface decreases the linkage be-

tween oil and air, which will hamper the evaporation

process of soil surface (Oke 1988). Because of the large

amount of impermeable land in urban areas, large

amounts of rain flow through the sewage pipes instead of

soil surface. In conditions of the East Asian monsoon

climate, rainfall events are concentrated in summer and

frequently appear as torrential rains in short periods,

leading to a more rapid draining off of the surface water

and a lengthening drying of the urban canopy relative to

rural areas. The semiarid climate, the sparser vegeta-

tion, and the limited lakes and ponds may have also

accelerated the drying process in the urban areas of

the city.

The largest UDII observed in autumn may be related

to the fact that, although the rainy season has ended, the

FIG. 14. The relationship between monthly mean RH (%) and monthly mean temperature (8C) for all the stations in the urban areas.
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soil in the rural areas still remains wet, and the differ-

ence of the relative humidity between urban and rural

areas reaches its maximum. Dry seasons (winter and

spring) are characterized by much less moisture in at-

mosphere, and the moisture difference between urban

and rural areas is generally small. Cuadrat et al. (2015)

showed that winds may cause greater uncertainty re-

garding the pattern of the UDI. In Beijing, the differ-

ences of wind speed between urban and rural areas are

larger in spring and winter than in summer and autumn

(Dou et al. 2015). The seasonal variation of the wind

speed difference may have contributed to the average

values and stability of UDI to a certain extent in spring

and winter. However, the association of the UDI with

wind speed needs further examination in the future.

Because of the usage of high-density hourly data, the

urban center could be separated from the urban region

in Beijing, and the UDII difference between urban

center and urban region can be clearly exhibited (Fig. 9).

The difference between urban center and urban region

during nighttime is much larger than that of daytime, in

particular in late summer and autumn. The difference is

easily understandable, because the denser population

and buildings, and the resulting stronger anthropogenic

activities, are distributed in the urban center. The hourly

mean UDII in both urban center and urban region has a

generally larger value in the evening and early night in

late summer and early to midautumn. The nocturnal

UDII maximum is obviously caused by both the higher

UHII and surface air temperature in the urban region

and themore near-surfacemoisture in rural areas during

the evening and nighttime. However, more research on

the interactions of surface air temperature, atmospheric

water vapor, soil moisture, horizontal advection, vertical

turbulent flux, and radiative flux is still needed in order

to better understand the physical processes important in

forming the spatial and temporal characteristics of the

UDII in Beijing city.

The implications of the significant UDII for planning

and management of urban development and environ-

mental protection in Beijing city are not so clear. The

urban areas are becoming drier with the urbanization,

but this does not mean that the total and intense pre-

cipitation has been decreasing. Actually, total and short-

duration intense precipitation during summertime

increased relative to the rural areas (Sun and Shu 2007;

Yang et al. 2017). What have been observed are the si-

multaneous reduction of atmospheric relative humidity

and the rise of warm-season precipitation, accompanied

by a drying air and an increasing risk of logging and

flooding over the urban areas. The drying urban

boundary layer atmosphere will undoubtedly increase

the potential and actual evaporation and transpiration at

the surface, leading to a higher water demand for irri-

gation of urban ecosystems (Yang and Wang 2015), and

it may also increase the risk of fire disasters especially in

autumn. However, the drying air during the hot and wet

seasons (summer) would help ease thermal stress and

the negative impact of heat waves in the urban areas.

Actually, study has found that, although the tempera-

ture in summer over Beijing has increased for the latest

years, human comfort has not decreased in Beijing ur-

ban areas because of the existence of UDI (Wang and

Gong 2010). In this sense, the large UDI as reported

here also has a positive impact on some aspects. The

other potential impacts of the UDI effect on urban

ecosystems, environment, and human health could be

further investigated in future.

6. Conclusions

This paper examined the climatological characteris-

tics of the RH and UDI phenomena in Beijing urban

areas by applying a quality-controlled hourly dataset

obtained from a high-density AWS network. The fol-

lowing conclusions are drawn from the study:

FIG. 15. The relationship between area-averaged monthly mean

RH (%) and temperature (8C) during 2007–15. The circles with

different colors represent different urban areas: inside the fourthRR

(red), between the fourth and fifthRR (green), and between the fifth

and sixth RR (black). The number marked near each dot represents

different months from January to December (marked by 1–12).
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1) Small annual mean and seasonal mean RH values

occur mostly in central urban areas or nearby zones.

The largest monthly mean RH values occur in July,

August, and September.

2) Hourly mean RH values reached a minimum of

37.5% at 1500 LT and a maximum of 67.2% at 0600

LT during the day. For all seasons, the hourly mean

RH peaks in early morning, stays low from 1200 to

1600 LT, and increases from 0400 to 0700 LT. The

decreasing rate in the morning is much larger than the

increasing rate in afternoons and early evenings.

3) The annual mean UDII reaches more than 8% in

central urban areas, and the autumn mean UDII

values can be as large as 12%–15% inside the fourth

RR. The smallest UDII values, approaching zero,

appear in winter and spring months in outer urban

areas or suburban zones.

4) The diurnal UDII variations are characterized by a

steadily strong UDII stage from 2000 to 0800 LT

and a minimum at 1500 or 1600 LT. The rapid shifts

from high to low and from low to high values occur

during the periods 0800–1600 and 1600–2000 LT,

respectively. The occurrence time of the peaks varies

among the different seasons, and they appear at 0700,

2100, 2000, and 0800 LT for spring, summer, autumn

and winter, respectively.

5) Large UDII values appear in the evenings and early

nights of late summer and early to midautumn. The

hourly mean UDII in central urban areas can reach

more than 15% during the strong UDII hours in

autumn, with the maximumUDII value being 19.4%

occurring around 2000 of the 57th pentad (midau-

tumn). Small UDII values occur mainly in the

afternoon hours of spring, winter, and late autumn.
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