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ABSTRACT

Based on the high-density hourly rain-gauge data from 265 stations over the Qilian Mountains in Northwest China,
climatic mean diurnal variations of summer rainfall over different topographies of this area are investigated. Influ-
ences of the gauge elevations on the diurnal variation of rainfall are also revealed. Distinct regional features of diur-
nal variations in rainfall are observed over the Qilian Mountains. Rainfall over the Qinghai Lake areas shows a single
nocturnal peak. A dominant, late-afternoon peak of rainfall occurs over the mountain tops. Over the northeastern and
southeastern slopes, a dominant diurnal peak appears in the late afternoon, and an evident second peak is found in the
early morning, respectively. The strengths of the early-morning peaks in the rainfall frequency are closely related to
the rainfall events with different durations over the two slopes. The early-morning peak is dominant across plains
with low elevations. From the mountain tops to the plains, the diurnal peaks of rainfall gradually vary from the domi-
nant late-afternoon peak to the dominant early-morning peak with the enhanced early-morning peak in concurrent
with the decreasing gauge elevation over the northeastern and southeastern slopes. Further examination indicates that
the rainfall at higher elevations over the northeastern and southeastern slopes occurs more readily in the afternoon,
compared to the lower elevations. This phenomenon corresponds to the result that the proportion of the rainfall fre-

quency occurring during the early-morning period decreases with increasing elevations over the two slopes.

Key words: the Qilian Mountains, diurnal cycle, topographic effects, spatial distribution, duration

Citation: Li, L. L., J. Li, H. M. Chen, et al., 2019: Diurnal variations of summer precipitation over the Qilian Moun-
tains in Northwest China. J. Meteor. Res., 33(1), 18-30, doi: 10.1007/s13351-019-8103-4.

1. Introduction

The distribution of rainfall is extremely complex in
mountainous regions. Additionally, the features of hourly
rainfall are closely related to the distributions of topo-
graphy because of the influences of underlying topo-
graphic scales and strong interactions of topography with
the atmosphere (Bonacina et al., 1945; Basist et al., 1994,
Prudhomme and Reed, 1999). Previous analyses have
shown that many factors of mountainous topographies,
including elevation, relief, slope, and orientation, influ-
ence rainfall features (Burbank et al., 2003; Weisse and
Bois, 2001; Li et al., 2014). The most obvious phenom-
ena are that the mountains and windward slopes receive

greater amounts of rainfall than the adjacent lowlands
and leeward slopes due to the dynamic and thermody-
namic effects of the mountains (Prudhomme and Reed,
1999). The diurnal rainfall peak in complex topographic
regions also shows obvious regional characteristics. Gen-
erally, late-afternoon peaks appear in mountainous areas
while nocturnal peaks appear in valleys (Fujinami et al.,
2005; Qian et al., 2010; Chen et al., 2012).

The Qilian Mountains possess typical mountainous to-
pographies in the arid and semi-arid regions of the Euras-
ian continent and are located in the northeastern part of
the Tibetan Plateau, as shown in Fig. la. The Qilian
Mountains include many mountains ranging from south-
east to northwest, and the average elevation of these
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Fig. 1. Locations of the (a) Qilian Mountains and (b) 265 rain-gauge
stations (red dots). Gray shadings indicate the elevation (m).

mountains is greater than 4000 m (Jia et al., 2014). The
Qinghai Lake, the largest salt-water lake in China, is loc-
ated in the southern region of the Qilian Mountains. The
famous Hexi Corridor of China is nestled in the north-
eastern region of the mountains (Fig. 1b). Due to the
strong “water enhancement effect,” the Qilian Moun-
tains have very rich water vapor content and abundant
rainfall on the ground (Ding, 2003; Gou et al., 2005).
Many rivers originate in the Qilian Mountains, such as
the Heihe and the Shule rivers, which flow through the
Hexi Corridor. Thus, the Qilian Mountains are natural
reservoirs of the Hexi Corridor and play an extremely
important role in protecting the ecological security of
western China (Zhang et al., 2014).

Previous studies of rainfall over the Qilian Mountains
have mainly concentrated on the daily characteristics of
rainfall (e.g., Zhang and Li, 2004; Li et al., 2010). As an
important rainfall feature, the diurnal cycle of rainfall is a
key aspect of regional climate and is sensitive to many
processes (Li et al., 2017). Characterizing the diurnal
variations of rainfall helps us understand not only the
mechanism of rain formation but also the regional rain-
fall variations (Yu et al., 2007). Especially, in regions of
complex topography, the regional characteristics of
hourly rainfall reflect the importance of local circula-
tions forced by topography (Barros and Liang, 2003;
Chen et al., 2012; Li et al., 2017). However, few studies
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have reported on the rainfall diurnal cycle over the Qi-
lian Mountains. Using ground-based GPS and observa-
tions from three weather stations over the Qilian Moun-
tains, Liang et al. (2010) showed that the diurnal and
semi-diurnal cycles could well represent the diurnal vari-
ations of precipitable water vapor (PW), and the diurnal
cycle of PW has peaks appearing in late afternoon,
whereas the semi-diurnal cycle is generally weaker with
peaks appearing in both early morning and late after-
noon. It has also been reported that the peak appears 2.5
h later in the hourly accumulated precipitation frequency
than in the PW, while the peak of hourly accumulated
precipitation amount is not related to that of the PW. By
analyzing the hourly merged precipitation dataset de-
rived from the national automatic weather stations and
the CMORPH (Climate Precipitation Center Morphing)
product on a 0.1° x 0.1° resolution, Liu et al. (2016)
found that the spatial distribution and temporal variation
in the mean hourly precipitation amount and frequency
are generally similar, and night rain frequently occurs in
the Qilian Mountains.

These previous studies yielded somewhat inconsistent
results in this area. Additionally, the diurnal variations in
rainfall related to regional topographies have not been in-
vestigated in detail. Therefore, using the high-density
hourly rain-gauge data from 265 stations, detailed char-
acteristics of the hourly rainfall amounts, frequencies, in-
tensities, and durations in the different topographic areas
over the Qilian Mountains are investigated in this paper.
In addition, the relationships between the diurnal charac-
teristics and the underlying topographies will also be re-
vealed.

2. Data and methods

The quality-controlled hourly rainfall data were ob-
tained from the National Meteorological Information
Center (NMIC) of the China Meteorological Administra-
tion. This dataset has undergone strict quality control
(extreme value checks, internal consistency checks, and
time consistency checks). In this study, the summertime
hourly rainfall data from 265 rain-gauge stations during
2009-16 are used for the analysis. To minimize the im-
pact of missing values on the analysis, all stations have
more than 515 days without missing or suspicious values
during the study period 2009-16.

The distribution of the 265 stations is shown in a topo-
graphic map in Fig. 1b. The elevations of most stations
(87.2%) are below 3000 m. This is because these sta-
tions are located in the slopes and valleys of the moun-
tains with relatively low elevations. Only 12.8% of the
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stations are located on mountain tops with elevations
above 3000 m.

In this study, a rainfall event is defined as having com-
menced when measurable rainfall (= 0.1 mm h') oc-
curred after 2 or more dry hours. The standardized diur-
nal amplitude is defined as the daily maximum anomaly
of rainfall (the daily maximum of rainfall minus the daily
mean value) divided by the daily standard deviation. The
definitions of the four rainfall features in this study are
depicted as follows:

(1) Rainfall amount (frequency): Cumulative amount
(total hours) with measurable rainfall divided by the
number of non-missing hours during the study period
(summertime of 2009-16).

(2) Rainfall intensity: Cumulative rainfall divided by
the number of rainy hours during the study period.

(3) Rainfall duration: The number of hours from the
beginning to the end of the event, during which time
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there was no interruption, or at most, only a 1-h interrup-
tion occurred (Yu et al., 2007).

Since the majority of the annual rainfall occurs during
summer (June—August) (Yin et al., 2009), our study fo-
cuses only on the summer hourly rainfall in the Qilian
Mountains.

3. Climatic features of diurnal variation

3.1 Overall features of diurnal variation

Prior to analyzing the diurnal variations of rainfall, we
examined the climatological patterns of summer mean
rainfall amount, frequency, intensity, and duration as
shown in Fig. 2. The rainfall amounts and frequencies
have distinct differences for stations with different gauge
elevations (Figs. 2a, b). Large rainfall amount (fre-
quency) values, i.e., those above 2.3 mm day ' (10.0%),
appear over the middle and eastern sections of the moun-
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Fig. 2. Summer mean rainfall (a) amount (colored dots; mm day™), (b) frequency (colored dots; %), (c) intensity (colored dots; mm h™'), and (d)
duration (colored dots; h) averaged over 2009—-16. Gray shadings indicate the topography (m).
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tains and the Qinghai Lake areas. The lowest amounts
(frequencies) of rainfall are found in the northwestern
Hexi Corridor (north of 39.5°N). The average summer
rainfall amounts (frequencies) are less than 0.5 mm day '
(3.0%). The rainfall distribution varies by a large amount
(frequency) between the stations over mountainous areas
(elevation greater than 2700 m) and the surrounding low
lands (with elevation less than 2100 m). The average
rainfall amounts and frequencies are more than 2 times
greater over the mountainous areas (approximately 2.2
mm day ', 10.4%) than over the surrounding low lands
(approximately 0.9 mm day', 5.0%). Additionally, the
rainfall amounts and frequencies decrease from the
mountains to the northeastern and southeastern low
lands. Along the northeastern slope of the mountains, the
average rainfall amounts gradually increase from approx-
imately 0.6 mm day ' over the northwest to 2.1 mm day !
over the southeast. Rainfall frequency also has a similar
increasing trend. Differing from the spatial distributions
of the rainfall amounts and frequencies, the stations with
relatively low rainfall intensity values (e.g., average
value of 0.71 mm h™') across the entire Hexi Corridor
and those with relatively large values are not obviously
concentrated (Fig. 2c¢). However, we can still identify
that the mountainous areas have larger average values
(0.88 mm h!) than those observed (0.74 mm h™') in the
surrounding low lands. Differing from the spatial distri-
bution of rainfall amounts, frequencies, and intensities,
the region of maximum durations is not located over the
mountainous areas but is over the two slope regions
[(38.0°-38.8°N, 100.0°-101.5°E) and (37.0°-37.8°N,
102.5°-103.5°E)] (Fig. 2d). The average duration values
in the two regions are 4.5 and 4.4 h, respectively. Along
the northeastern slope of the mountains and the Hexi
Corridor, there is a trend of increasing duration. The dur-
ation ranges from below 3.2 h (northwestern Hexi Cor-
ridor) to above 4.5 h (38.0°-38.8°N, 100.0°-101.5°E).
Notably, the regions with large rainfall amounts
(greater than 2.3 mm day ') comprise 49 stations, and the
rainfall frequencies of all 49 stations are greater than
10.0%. In addition, the rainfall intensities at 39 (79.6%)
stations are greater than 0.88 mm h! (Figs. 2a—c). The
spatial correlation coefficient between the rainfall
amounts and frequencies (intensities) in large value re-
gions (where rainfall amounts are greater than 2.3 mm
day™') is nearly 1.0 (0.7). This coefficient indicates that
most stations with large rainfall amounts also have large
rainfall frequencies and intensities. Our findings differ
from those obtained from the hourly merged precipita-
tion dataset derived from the national automatic weather
stations and the CMORPH (Climate Rainfall Center
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Morphing) product on a 0.1° x 0.1° resolution, for which
the rainfall intensity does not have a large value region
and is similar to the amount and frequency values (Liu et
al., 2016).

The spatial patterns of the hourly peak over 24 h for
the summer rainfall amounts, frequencies, and intensities
are shown in Fig. 3. The spatial distribution of the diur-
nal peak of rainfall amount has obvious regional charac-
teristics (Fig. 3a). The prevailing late-afternoon peaks
[1400-2000 local standard time (LST)] appear over the
major mountain ranges, including the southeastern corner
(east of 102.2°E) and northeastern slope of the moun-
tains (north of 38°N). In addition, the stations with late-
afternoon peaks account for up to 52.8% of all stations.
The peak hours of rainfall in the northeastern slope ap-
pear approximately 1-2 h later than those in the south-
eastern corner. The stations with nocturnal peaks
(2100-0300 LST) account for the same number (17.4%)
of stations as those with an early-morning peak
(0400-1000 LST). More than half of the stations (54.3%)
with early-morning peaks are concentrated in the north-
ern Hexi Corridor, and the remainder of the stations with
early-morning peaks are dispersed across the northern
surrounding areas of the mountains. The stations with
nocturnal peaks are located around Qinghai Lake on the
southern slope of the Qilian Mountains (south of 37.5°N,
98.0°-102.2°E). Rainfalls also have nocturnal peaks over
many lakes over the central Tibetan Plateau (Singh and
Nakamura, 2009).

The pattern of diurnal peaks in rainfall frequencies is
very similar to that of the rainfall amount, as shown in
Fig. 3b. Three different regions of diurnal peak in rain-
fall frequency can be clearly identified. A total of 50.6%
of the stations have late-afternoon peaks, which are dis-
tributed over the major mountain ranges. In contrast,
32.1% of the stations have early-morning peaks and are
mainly located in the northeastern plain. Finally, 14.3%
of stations have nocturnal peaks and lie around Qinghai
Lake.

Compared with the patterns of rainfall amounts, there
are three significant features that can be observed in the
pattern of the rainfall frequency (Figs. 3a, b). One fea-
ture is that the stations with early-morning peaks are
more abundant over the northeastern plains of the moun-
tains, and the stations with nocturnal peaks in rainfall
amounts have early-morning peaks of frequency to the
east of Qinghai Lake (south of 37.0°N, 100.7°-101.7°E).
The second feature is that the diurnal peaks at some sta-
tions appear at approximately 1900-2000 LST over
38.0°-39.0°N, 100.0°-101.0°E, which is 1-2 h behind
the peak of rainfall amount. The last feature is that the



22 JOURNAL OF METEOROLOGICAL RESEARCH VOLUME 33

41N
m
5400
40N 4800
4200
39N 3600
3000
38N 2400
1800
37N 1200
96E 97E 98E 99E 100E 101E  102E  103E
(b)
41N
% m
182 %06
1§P 5400
40N 4800
4200
39N
3600
3000
38N
2400
37N 1800
96E 97E 98E 99E 100E 101E  102E  103E
41N .
5400
40N 4800
4200
39N 3600
3000
38N 2400
1800
37N 1200

96E 97E 98E 99E 100E 101E 102E 103E

Fig. 3. Diurnal peaks of summer rainfall (a) amount, (b) frequency, and (c) intensity, averaged across 2009—16. The frames and letters in (b) are
the ranges and names of the typical regions.

peak differences were obvious in the area 36.0°-38.0°N, during two periods (Fig. 3c). Late-afternoon peaks
101.0°-102.0°E, where the amount shows nocturnal (55.5% stations) appear north of 37.5°N. Nocturnal peaks
peaks and the frequency is mainly characterized by early- (24.5%) appear around Qinghai Lake and its eastern
morning peaks. areas. Two inverse peaks appear in the southeastern

The diurnal peaks in rainfall intensity mainly appear corner of the mountains. One peak is nocturnal and the
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other is a late-afternoon peak. This finding indicates that
heavy rainfall occurs more easily during nighttime and
late-afternoon periods in the southeastern corner of the
mountains. Compared with the patterns of rainfall
amounts and frequencies, one obvious phenomenon is
that the number of stations (24.5%) with early-morning
peaks is significantly reduced (Figs. 3a—c). This result is
consistent with the results for contiguous China (Yu and
Li, 2016).

Based on the spatial patterns of the diurnal peaks in
rainfall amounts, frequencies, and intensities, we can
conclude that the late-afternoon peaks and nocturnal
peaks are the main diurnal peaks over the mountains. For
rainfall frequency, early-morning peaks also prevail. For
22.3% of stations, the diurnal peaks in the rainfall
amounts, frequencies, and intensities have uniform late-
afternoon peaks. For 4.2% of stations, the diurnal peaks
in the rainfall amounts, frequencies, and intensities show
uniform nocturnal peaks. Compared with the spatial pat-
terns of diurnal peaks in rainfall amounts and intensities,
the patterns of rainfall frequencies show more obvious
differences over different topographies of the Qilian
Mountains (Figs. 3a—).

3.2 Regional differences in the diurnal variation

To illustrate the detailed diurnal cycle features of rain-
fall in the Qilian Mountains and to facilitate further dis-
cussion, we selected three typical regions by considering
the patterns of the diurnal peaks in rainfall amounts, fre-
quencies, and intensities and by giving priority to the fre-
quency, as shown in Fig. 3b. These three regions repres-
ent the early-morning peak region, late-afternoon peak
region, and nocturnal peak region, which are referred to
as the N, M, and S region, respectively. In the N region,
the percentages of stations with early-morning peaks are
49.1%, 82.6%, and 23.1% for rainfall amount, frequency,
and intensity, respectively. In the M region, the percent-
ages of stations with late-afternoon peaks are 87.9%,
89.3%, and 66.4% for rainfall amount, frequency, and in-
tensity, respectively. In the S region, the percentages of
stations with nocturnal peaks are 72.2%, 61.1%, and
47.2% for rainfall amount, frequency, and intensity, re-
spectively. The M region contains complex topography
with varied mountain tops and different slopes. To veri-
fy whether there are differences in diurnal evolutions for
different topographies, the M region is divided into three
subregions, which are referred to as the M NE, M M,
and M_SE regions, and these three subregions represent
the northeastern slopes, mountain tops, and southeastern
slopes, respectively.

Figure 4 shows the standardized diurnal curves of the

Li, L. L., J. Li, H. M. Chen, et al. 23

summer rainfall amounts, frequencies, and intensities av-
eraged over each region/subregion outlined in Fig. 3b.
For the N region (Fig. 4a), both the mean rainfall
amounts and frequencies reach their diurnal maximum
values at approximately 0700 LST, with standardized di-
urnal amplitudes of approximately 0.1 and 0.2, respect-
ively. The mean rainfall intensity does not show obvious
diurnal cycles except for the nocturnal minimum at ap-
proximately 2200 LST. For the M region (Fig. 4b), one
strong late-afternoon peak occurs at approximately 1800
LST in the rainfall amount, frequency, and intensity,
which is the same as the phenomena shown in Fig. 3, and
the standardized diurnal amplitudes are approximately
0.3, greater than 0.25 and approximately 0.2, respect-
ively. Additionally, another weaker peak at approxim-
ately 0700 LST is observed in the rainfall amount and
frequency, while two weaker peaks at approximately
0300 and 0500 LST appear in the rainfall intensity. For
the S region, the rainfall amount (intensity) and fre-
quency show single nocturnal peaks at approximately
0000 (0100) LST. The standardized diurnal amplitudes
are approximately 0.3, 0.3, and 0.2 for the rainfall
amount, frequency, and intensity, respectively. Figures
4d—f show the diurnal variations in rainfall in the M_M,
M SE, and M_NE regions. Although the diurnal peaks
of these three regions appear in the late afternoon, the de-
tailed diurnal rainfall cycles are different. Rainfall in the
M_M region shows a single peak and its standardized di-
urnal amplitude is approximately 0.3. The rainfall
amount, frequency, and intensity increase rapidly start-
ing at 1300 LST, reaching peaks in the late afternoon
(1900 LST) and then decreasing relatively slowly. Addi-
tional analysis shows that 83.3% of stations only have a
single late-afternoon peak over the M region, which in-
dicates that region M is representative. For the M_NE
and M_SE regions, the diurnal cycle of the rainfall
amount (frequency and intensity) shows one strong late-
afternoon peak and another weak early-morning peak,
and the standardized diurnal amplitudes are comparable
for the two regions. The dominant late-afternoon peak is
consistent with the phenomena over southeastern Tibetan
Plateau, wherein the stations have consistent late-after-
noon peaks over the slopes (Chen et al., 2012). For the
two mountain slopes, there are two obvious differences.
One difference is that the late-afternoon rainfall amount
(frequency and intensity) peak in the M_SE region ap-
pears 2 (3 and 3) h earlier than that in the M_NE region.
The other difference is that the weaker peak in the rain-
fall amount (frequency and intensity) appears in the early
morning at approximately 0700 (0800 and 0700) LST for
the M_NE region. However, only the weaker frequency
peak occurs in the early morning (0700 LST) for the
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Fig. 4. Mean standardized diurnal cycle of the summer precipitation amount (red lines), frequency (black lines), and intensity (blue lines) for (a)

N, (b)M, (c) S, (d) M_M, (e) M_NE, and (f) M_SE regions.

M_SE region, and that of the rainfall intensity (amount)
occurs after midnight at approximately 0300 (0200) LST,
which causes a weak peak at 0300 LST in the M region
(Fig. 4b).

For every region, the diurnal variations in rainfall
amounts can be attributed by those of both the rainfall
frequency and rainfall intensity. This phenomenon is
consistent with the conclusions found for most of eastern
China (Zhou et al., 2008). In addition, the peak in rain-
fall intensity precedes the peak in rainfall frequency over
every region. This result is consistent with the previous
findings that the phase of rainfall intensity (frequency)
precedes (lags) the rainfall amount (Yu and Li, 2016). Yu
and Li (2016) also indicated that this occurs due to the
asymmetry of precipitation processes and the evolution

of convective clouds.

The diurnal cycle of rainfall is closely related to the
duration of rainfall events (Yu et al.,, 2007). Over the
northeastern and southeastern slopes, the diurnal cycles
of rainfall frequency show double peaks, as shown in
Figs. 4e, f. To explore the relationships between the
double peaks in rainfall frequency and the duration over
the two slopes, the rainfall frequency decomposed by
duration and diurnal phase for the two slopes is analyzed,
and the rainfall frequency is normalized by the daily
mean of each duration time (Figs. 5a, ¢). We also calcu-
lated the proportions of rainfall frequency occurring dur-
ing the two periods (dashed lines in Figs. 5a, c) to the
total daily rainfall. Here, the two periods (hereafter re-
ferred to as peak periods) were defined as three hours be-
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fore and after peak hour in Figs. 4e, f, including the late-
afternoon period and the early-morning period. Figures
5b, d show the proportions of two peak periods for rain-
fall events with different durations. For the M_NE re-
gion, there is a large value zone during the late-after-
noon period, which has a duration of less than 9 h. For
these rainfall events, more than 35% of rainfall fre-
quency is from the late-afternoon period. When the dura-
tion is between 10 and 12 h, the maximum rainfall occur
in the nighttime and the rainfall in the late afternoon is
slightly more than the rainfall in the early morning.
When the duration is greater than 13 h, the largest value
is located in the early-morning period, and rainfall in this
period accounts for 30% of daily rainfall. During the
early-morning period, several large centers have dura-
tions of 4-6 h, 7-8 h, and longer than 13 h, and their pro-
portions show little difference (Figs. 5a, b). Over the
southeastern slope, the large value region in the late-af-
ternoon period has the duration shorter than 6 h and has a
very large magnitude. The result indicates that the late-
afternoon peak mainly comes from rainfall shorter than 6
h. When the duration is greater than 6 h, the large re-
gions appear in the early-morning period and the propor-
tions in this period are obviously greater than those in the
late-afternoon period. That is, the late-afternoon peak is
characteristic of rainfall shorter than 6 h, while the early-
morning peak is contributed by events longer than 6 h.
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Our results indicate that the strengths of the late-after-
noon and early-morning peaks in rainfall frequencies are
closely related to the rainfall events with different dura-
tions over the two slopes: for rainfall events shorter than
6 h, the proportion in the late-afternoon is greater than
that in early-morning, while for events longer than 13 h,
the early-morning peak is stronger than the late-after-
noon peak. With an increased duration, the occurrence
time of rainfall becomes increasingly disperse in a day.
There are some distinct characteristics over the two
slopes. When the duration is between 7 and 12 h, the pro-
portion in the late-afternoon period is greater than that in
the early-morning period for the northeastern slope, but
the proportion in the late-afternoon period is less than
that in the early-morning period for the southeastern slope.

4. Possible topographic influence on the re-
gional difference in diurnal variation

The results in Section 3 show that the diurnal vari-
ations of rainfall have obvious regional differences,
which are closely related to the underlying topographies.
From the mountain areas to the slopes, and further down-
ward to the plains, the diurnal peaks vary. Over the
mountain tops, the diurnal peak occurs in the late after-
noon. Over the northeastern and southeastern slopes, the
major peak occurs in the late afternoon while a second-
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ary peak appears in the early morning. Across the plains,
a weak early-morning peak of rainfall is dominant. From
the mountain areas to the plains, how do the characterist-
ics of diurnal peaks in rainfall vary and how does the to-
pography affect the diurnal peaks? To answer these ques-
tions, we examined the relationship between the gauge
elevations and diurnal peaks of rainfall over the two
slopes.

The correlations between the summer mean rainfall
amount (frequency) and gauge elevations over the two
slopes are first studied (Fig. 6). With increased gauge el-
evation, the rainfall amount has an obviously increasing
trend over the two slopes (Fig. 6a). The linear fit shows
that the rainfall amount is positively correlated with the
elevations of the stations over the two slopes. The linear
correlation coefficients (R) are 0.85 and 0.82 for the two
slopes, both of which passed the significance test at the
99% confidence level. The rates of increase (K) are 0.001
over the two slopes. Similarly, consistent trends are ob-
served for the rainfall frequency (Fig. 6b). There is an in-
crease in the rainfall frequency concurrent with the in-
creasing elevations over the two slopes.

For a preliminary understanding of the spatial vari-
ations of the diurnal cycle in rainfall over the northeast-
ern and southeastern slopes of the Qilian Mountains, we
classified the stations into three elevation ranges. Then,
we analyzed the mean diurnal cycles of the stations with
gauge elevations in each range over the northeastern
slope, as shown in Fig. 7. The diurnal cycle of the rain-
fall has a late-afternoon peak on the mountain top (in the
M_M region), as mentioned previously (Fig. 4d). This
late-afternoon peak still exists on the northeastern slope
for elevations greater than 2500 m. Additionally, an ob-
vious feature is that an early-morning peak (0700 LST)
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appears, as shown in Fig. 7a. With a decreased elevation,
the early-morning peak becomes stronger over the moun-
tain side (Fig. 7b). Furthermore, the early-morning peak
becomes stronger when the elevation drops below 1500 m
and can even match the late-afternoon peak (Fig. 7c¢).
Similarly, consistent phenomena are observed for the
southeastern slope (figure omitted).

To quantitatively analyze the relationship between the
gauge elevation and the early-morning peak over the
northeastern and southeastern slopes, we studied the cor-
relation between the proportion of rainfall during the
early-morning period to the total daily rainfall and the
gauge elevation for each slope, as shown in Fig. 8. Our
results show that the proportion of the rainfall amount
(frequency) occurring during the early-morning period is
negatively correlated with the elevation in both the
M_NE (northeastern slopes) and M_SE (southeastern
slopes) regions. With decreased elevation, the propor-
tions of rainfall amounts and frequencies during the
early-morning period gradually increase with linear cor-
relation coefficients of —0.66 (—0.86) and —0.72 (-0.85)
in the M_NE (M_SE) region, which passed the signific-
ance test at the 99% confidence level.

To further explain the relationship between the loca-
tion of stations and the diurnal variations of rainfall, we
selected a longitudinal section with six stations over the
southeastern slope, as shown in Fig. 9a. The locations of
the six stations represent different terrain elevations.
From station 1 to 6, the elevation of terrain decreased,
and the elevations of the six stations also decreased from
2820 to 1674 m (Fig. 9b), respectively. Along the longit-
udinal section, the proportions of early-morning rainfall
amount gradually increase from 20.41% to 32.49% with
the decreasing elevation. For rainfall frequency, the pro-
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K=0.04 R=0.73
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Fig. 6. Relationships between the elevation and rainfall (a) amount and (b) frequency in the M_NE (red) and M_SE (black) regions.
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Fig. 7. Mean standardized diurnal cycle of the summer precipitation amount (red lines) and frequency (black lines) for (a) elevations = 2500 m,
(b) elevations between 1500 and 2500 m, and (c) elevations < 1500 m. The gray shadow indicates the early-morning period.

portions in the first four stations gradually increase along
the section. Similarly, consistent phenomena are ob-
served over the northeastern slope (figure omitted). Our
results further demonstrate that the station with a lower
elevation has larger proportion of early-morning rainfall
than that of the station with a higher elevation.

Figure 10 shows the increment of rainfall frequency
between higher elevations and lower elevations decom-
posed by duration and diurnal phase over the northeast-
ern and southeastern slopes. Over the two slopes, the in-
crement of rainfall frequency at different durations and
diurnal phases is obviously uneven. Over the northeast-
ern slope (Fig. 10a), the increment during 1300-2200
LST is larger than during the other diurnal phases, which
corresponds to the proportions of early-morning rainfall
frequency to the total rainfall over the higher elevations
to be smaller than that of the lower elevations. The max-
imum increment is contributed by rainfall events with
durations between 1 and 4 h and diurnal peaks between
1300 and 1700 LST, which indicates that the most likely
type of rainfall at high elevations, compared to lower el-
evations, is rainfall events with short durations occurring
in the afternoon. In addition, the secondary large region

of increment is located over 1600-2200 LST with the
duration of 4-8 h. Over the southeastern slope, a similar
phenomenon is observed (Fig. 10b). The increment dur-
ing 1300-2000 LST is larger than the other diurnal
phases, and there is a large value region with the dura-
tion of no longer than 6 h, which occurs in the afternoon
(centered at 1500 LST).

5. Conclusions

Based on the summer hourly rain-gauge data during
2009-16, the overall features and regional differences in
the diurnal variations of rainfall are identified over the
Qilian Mountains in the arid/semi-arid region of China,
and the influences of the gauge elevations on the diurnal
variations in rainfall are also revealed. The major results
are summarized as follows.

(1) The spatial features of rainfall are highly correl-
ated to gauge elevations. The stations in the mountain-
ous areas receive more rainfall than the surrounding sta-
tions. Over the northeastern and southeastern slopes, the
summer total rainfall amounts and frequencies increase
with increasing elevations. The largest rainfall amounts
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Fig. 8. Relationships between the elevation and the proportion of early-morning rainfall (a) amount and (b) frequency in the M_NE region. The

points represent the average elevation values of stations within each 100 m. (c, d) are the same as (a, b), but for the M_SE region.

are located over the middle and eastern sections of the

Qilian Mountains, and the regions also have high rainfall

frequencies and intensities.

(2) The diurnal variations of rainfall have distinct re-

gional features over the Qilian Mountains. Four regions
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occurs in the late afternoon. Over the northeastern and

southeastern slopes, the major peak occurs in the late af-

ternoon while a secondary peak appears in the early
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Fig. 9. (a) The location of a longitudinal section over the M_SE region. The six stations are labeled by identification codes (1-6). (b) The pro-
portions of early-morning rainfall (red for amount and black for frequency) for the six stations (left y-axis; %). Gray bars along the right y-axis
present the elevations of the stations (in m).
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Fig. 10. The increment of rainfall frequency with different durations and diurnal phases between (a) elevation = 2500 m and elevation < 1500 m
over the M_NE region and (b) elevation = 2500 m and elevation < 2000 m over the M_SE region.

morning. Across the plains surrounding the Qilian Moun-
tains, a weak early-morning maximum of rainfall is
found. The Qinghai Lake shows a single nocturnal peak.
The diurnal features of rainfall amount and frequency are
found to be more coherent than rainfall intensity.

(3) Over the northeastern and southeastern slopes, the
strengths of the late-afternoon and early-morning peaks
in rainfall frequencies are closely related to rainfall
events with different durations. Over the two slopes, the
rainfall events with duration shorter than 6 h are charac-
terized by the late-afternoon peak, while the rainfall
events longer than 12 h have diurnal maximum rainfall in
the early-morning period. When the duration is between
7 and 12 h, the rainfall in the late-afternoon period is
greater than that in the early-morning period over the
northeastern slope, whereas the rainfall in late-afternoon
period is less than that in early-morning period over the
southeastern slope.

(4) The gauge elevation has a significant impact on the
diurnal variations of rainfall over the northeastern and
southeastern slopes. With decreased elevation, the pro-
portion of the rainfall amount (frequency) that occurs
during early-morning periods increase over the two
slopes. That is, the mountain top has a significant late-af-
ternoon peak, and over the slopes, the secondary early-
morning peak appears and gradually increases with de-
creasing elevations, then the early-morning peak domin-
ates across the plains with low elevations.

(5) Over the northeastern and southeastern slopes, the
maximum increment of the rainfall frequency between
the higher elevation areas and the lower elevation areas is
caused by rainfall events occurring in the afternoon.
These rainfall events tend to have short durations.

Our results indicate that the features of diurnal vari-
ation over the Qilian Mountains are significantly af-

fected by the topography. Over the northeastern and
southeastern slopes, we mainly analyzed the slopes’ sim-
ilar features of diurnal variation. It is noteworthy that
there are some differences in the diurnal variations of
rainfall between the two slopes. The relationship between
the diurnal rainfall and duration is obviously different in
the two slopes. The late-afternoon peak over the south-
eastern slope appears earlier than the northeastern slope.
The proportion of early-morning rainfall amounts (fre-
quencies) over the southeastern slope has a stronger rela-
tionship with the gauge elevation than that over the
northeastern slope. With a decrease in elevation, the pro-
portion of early-morning rainfall amounts (frequencies)
in the southeastern slope increases faster than the north-
eastern slope. These differences between the two slopes
imply that despite the elevation, some other topography
related factors, such as orographic slope and orientation,
should also be considered when investigating the influ-
ence of topography on the diurnal variations of rainfall
over the Qilian Mountains. The mechanism of rainfall
feature between the different orientations of slope will be
explored in further investigation. Besides, the influence
of the East Asian summer monsoon and the dynamic and
thermal effects of the Tibetan Plateau on the rainfall fea-
ture over the slopes of the Qilian Mountains will be ex-
plored and compared in future studies.
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