
ADVANCES IN ATMOSPHERIC SCIENCES, VOL. 36, FEBRUARY 2019, 133–142

• Original Paper •

Impact of the Horizontal Heat Flux in the Mixed Layer on an
Extreme Heat Event in North China: A Case Study

Ying NA1,2, Riyu LU∗1,2, Bing LU3, Min CHEN3, and Shiguang MIAO3

1State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics,

Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, China
2College of Earth and Planetary Sciences, University of the Chinese Academy of Sciences, Beijing 100049, China

3Institute of Urban Meteorology, China Meteorological Administration, Beijing 100089, China

(Received 22 June 2018; revised 12 September 2018; accepted 10 October 2018)

ABSTRACT

Extreme heat over the North China Plain is typically induced by anomalous descending flows associated with anticyclonic
circulation anomalies. However, an extreme heat event that happened in the North China Plain region on 12–13 July 2015,
with maximum temperature higher than 40◦C at some stations, was characterized by only a weak simultaneous appearance of
an anomalous anticyclone and descending flow, suggesting that some other factor(s) may have induced this heat event. In this
study, we used the forecast data produced by the Beijing Rapid Updated Cycling operational forecast system, which predicted
the heat event well, to investigate the formation mechanism of this extreme heat event. We calculated the cumulative heat
in the mixed-layer air column of North China to represent the change in surface air temperature. The cumulative heat was
composed of sensible heat flux from the ground surface and the horizontal heat flux convergence. The results indicated that
the horizontal heat flux in the mixed layer played a crucial role in the temporal and spatial distribution of high temperatures.
The horizontal heat flux was found to be induced by distinct distributions of air temperatures and horizontal winds at low
levels during the two days, implying a complexity of the low-level atmosphere in causing the extreme heat.
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1. Introduction
The North China Plain (NCP) is one of the three largest

plains in China. It is also one of most highly populated areas
in China, as well as in the world, with about 250 million of
people living in the region. In addition, the NCP is an im-
portant base for grain production, with about one-fifth of the
country’s grain production coming from this region. The cli-
mate of the NCP is a typical continental monsoon climate,
characterized by hot summers and cold winters. Heat waves
pose a significant threat to human health, agriculture, and
the supply of water and electricity in the region, especially
against the background of global warming. In fact, the num-
ber of extreme high temperature days in North China presents
an increasing trend since 1960 and has a remarkable peak in
the late 1990s (Zhang et al., 2004; Zhang et al., 2006; Wei and
Sun, 2007; Wei and Chen, 2009; Ding and Qian, 2011); plus,
the spatial extent affected by heat waves has also increased
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since 1960 (Li et al., 2017). Therefore, it is urgent to better
understand and more precisely forecast heat wave events in
the NCP region.

Large-scale circulations are widely used to explain the
occurrence of heat wave events, and are thus considered as
a crucial factor in accurately forecasting the weather of heat
wave events. Although various patterns of large-scale circula-
tions can cause heat waves (Harpaz et al., 2014; Chen and Lu,
2015, 2016), anticyclonic circulations are the most typical
patterns for heat waves in China (Chen et al., 2016; Gao et al.,
2017; Wang et al., 2017; Chen et al., 2018), as well as world-
wide (Loikith and Broccoli, 2012; Grotjahn et al., 2016). For
the NCP, the North China high is the most well-known type
of large-scale circulation responsible for the occurrence of
heat waves (Zhang et al., 2004; Qian et al., 2005; Chen and
Lu, 2015). The North China high is characterized by an an-
ticyclone in the lower troposphere and a ridge in the middle
and upper troposphere, and generally moves from Northwest
China to North China (Qian et al., 2005; Zheng and Wang,
2005; Lian et al., 2008). Descending flows are associated
with the North China High, causing adiabatic heating and re-
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sultant high surface temperatures (Zheng and Wang, 2005;
Lian et al., 2008). In addition, an anomalously northwest
extension of the western North Pacific subtropical high also
contributes to extreme heat events in North China (Wei et al.,
2004; Zhang et al., 2004; Wei and Sun, 2007).

In this study, however, we report a heat wave event that
was strong but featured neither an apparent North China high
nor a northwestward-extended western North Pacific subtrop-
ical high. This extreme heat event happened in North China
on 12–13 July 2015. The temperature increased rapidly on
12 July and reached a peak on 13 July. The observed high-
est daily maximum temperatures were 38.9◦C on 12 July at
Miyun station and 41.6◦C on 13 July at Anyang station. De-
spite this event’s unusual nature, the Beijing Rapid Updated
Cycling (BJ-RUCv2.0) system, which is an operational fore-
casting system run by the Beijing Meteorological Service
since 2008, produced an accurate forecast of it. Therefore,
this case provides a good opportunity for us to study, using
the forecast results of the BJ-RUCv2.0 system, the formation
mechanism of a heat event that cannot otherwise be explained
well by the large-scale circulation background.

The rest of this paper is organized as follows: The data
and methods are described in section 2. Observational fea-
tures and forecast results are presented in sections 3 and 4,
respectively. Section 5 discusses the possible mechanisms re-
sponsible for the occurrence of this event through heat budget
analysis. Finally, section 6 summarizes the results.

2. Data and methods

2.1. Data

Observed daily mean, maximum and minimum air tem-
perature records at 95 stations in North China in July
2015 were obtained from the National Meteorological In-
formation Center, China Meteorological Administration. In
addition, the 3-h temperature data produced by the Na-
tional Oceanic and Atmospheric Administration, were down-
loaded from https://gis.ncdc.noaa.gov/maps/ncei/cdo/hourly.
The daily homogenized temperature series from 1960 to 2013
were provided by Li et al. (2015) and used as the climatology
in this study. The large-scale circulation data were from the
European Centre for Medium-Range Weather Forecasts in-
terim reanalysis (ERA-Interim), with a horizontal resolution
of 0.5◦×0.5◦ (Dee et al., 2011).

The numerical simulation data were from the BJ-
RUCv2.0 system, which is the operational forecasting sys-
tem of the Beijing Meteorological Service, China Meteoro-
logical Administration. The BJ-RUCv2.0 system is based on
version 3.3 of the Weather Research and Forecasting (WRF)
model and version 3.3 of the WRF model data assimilation
system. It has two independent forecast domains: Domain
1 covers a large part of China [roughly (20◦–50◦N, 80◦–
130◦E)] with a 9 km resolution, and Domain 2 covers North
China [roughly (35◦–45◦N, 105◦–125◦E)] with a 3 km res-
olution. The model has 50 vertical sigma levels. Domain 1
performs 72-h forecasts twice per day, at 0000 UTC and 1200

UTC, and the forecast results provide the boundary condi-
tions for Domain 2. Domain 2 performs 24-h forecasts every
3 h from 0000 UTC. Both domains assimilate observational
data, including conventional and intensive sounding and sur-
face data, ship and buoy data, aviation routine weather re-
ports, automatic weather station observations in Beijing, and
subgrade GPS precipitation data. Domain 2 also assimilates
radar data. The physics parameterization schemes include the
RRTM longwave and Dudhia shortwave radiation schemes,
the ACM2 PBL parameterization, and the Thompson micro-
physics parameterization. More detailed information on the
BJ-RUCv2.0 system can be found in Chen et al. (2011) and
Fan et al. (2013). The forecast results of this system have
been used in previous studies (Chen et al., 2011; Liu and
Chen, 2014; Lu et al., 2017), which showed that it performs
well. In this study, we used the forecast results initiated from
1200 UTC (2000 LST) in Domain 2, to guarantee a continu-
ous daytime forecast.

2.2. Heat budget analysis
The temperatures of the atmospheric column are deter-

mined by the sensible heat from the ground surface, heat ad-
vection, net radiation of the atmospheric column, and the di-
abatic heating caused by water vapor condensation. Here,
we just considered the mixed-layer column, since the surface
air temperature is closely related to the mixed-layer atmo-
sphere. The mixed layer is defined as the range where the
atmosphere is uniformly mixed and the potential tempera-
ture vertical gradient is approximately zero. In this event,
the potential temperature mixed uniformly below 3 km in the
afternoon; therefore, we considered 3 km as the maximum
mixed-layer height.

Because there was no precipitation during this extreme
event, the diabatic heating related to water vapor condensa-
tion could be ignored. Likewise, since the low-level atmo-
spheric column absorbs shortwave radiation and loses long-
wave radiation in similar amounts, the temperature variation
caused by radiation could also be neglected. In addition, be-
cause the vertical wind speed in the lower troposphere was
weak, the heat exchange caused by vertical advection near the
top of the mixed-layer was two orders of magnitude smaller
than the sensible heat from ground surface (data not shown).
Thus, the entrainment heat could be neglected too.

Therefore, the heat budget equation based on per unit air
column in the mixed layer could be expressed as follows—
the same as in Takane and Kusaka (2011):

QC = cpρ

∫ ZR

ZG

(θ1− θ0)dz

QH =

∫ t1

t0
Hdt

QCONV = QC−QH

Here, QC is the cumulative heat in the air column, which
is closely related to temperatures in the mixed layer and the
surface air temperatures; QH is the time-integrated sensible
heat flux from the ground surface; and QCONV is the cumula-
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tive heat flux convergence. In addition, the quantity cp is the
specific heat of the atmosphere [1004 J (kg K)−1], and ρ is the
dry air density (1.29 kg m−3). θ0 is the potential temperature
at 0500 LST (the time of the lowest temperature in one day)
and θ1 is the potential temperature at respective times. The
potential temperature is integrated from the ground surface
(ZG) to the top of the mixed layer (ZR), which was fixed to 3
km above the surface in this study. H is the sensible heat flux
from the ground surface, and is integrated from 0500 LST to
respective times. Because of the impact of surface terrain in
the lower mixed layer, the calculation of temperature advec-
tion in the lateral boundary of the atmospheric column may
carry large errors, and so QCONV was calculated as QC minus
QH.

In this study, we defined three regions to quantitatively
measure the evolution of temperature. The NCP was de-
noted by the region (35◦–41◦N, 113.5◦–119.5◦E). Two heat-
center areas were denoted by rhombus-shaped regions, with-
out considering the curved surface of the earth: (37.5◦N,
114◦–115.5◦E; 40.5◦N, 116.5◦–118◦E) and (35◦N, 113.5◦–
115◦E; 38◦N, 116◦–117.5◦E) for 12 and 13 July, respectively.
The heat-center areas were determined by the highest forecast
2-m air temperature (Tmax) on these days.

3. Observed features

Figure 1 shows the observed Tmax in North China on 12
and 13 July 2015. On both days, Tmax was higher than 30◦C
at most stations in North China, and the relatively low Tmax
at some stations was due to the high altitude of these sta-
tions. The Tmax was higher than 35◦C in Beijing, Tianjin and
the southern part of Hebei Province on 12 July. The highest
Tmax, up to 39.5◦C, appeared at Miyun station in Beijing. On
13 July, the high temperature aggravated, extending south-
ward and covering the entire NCP.

Figure 2 shows the observed Tmax anomalies relative to
the climatological average, which is the Tmax averaged over
54 years from 1960 to 2013 on 12 and 13 July. Almost all the
stations present positive anomalies in North China, including
the NCP. The high Tmax anomalies appear over the northern
part of North China on 12 July, and extend southward to the
southern part of the NCP on 13 July. The Tmax anomaly av-
eraged over the NCP was 4.4◦C on 12 July and 6.7◦C on 13
July. The greatest Tmax anomaly reached 8.5◦C on 12 July at
Miyun station and 9.7◦C on 13 July at Anyang station.

Figure 3 shows the evolution of Tmax averaged over the
stations on the NCP. The normal Tmax is about 30◦C. During
1 July to 11 July, the Tmax in 2015 was near to normal and the
difference with the climatological mean was less than 2◦C.
However, during 12–14 July, the Tmax was much higher than
the climatological mean, and the difference reached 6◦C on
13 July. The Tmax decreased on 14 July and became normal
again on 15 July.

As mentioned in the introduction, this heat wave event
cannot simply be explained by the prevailing subsidence as-
sociated with a high-pressure ridge. Figure 4 shows the 500-
hPa geopotential height and vertical wind at 1400 LST on 12
and 13 July 2015. The geopotential height was similar on
these two days. As highlighted by the black boxes, the NCP
was located at the margins of a weak anticyclone, which was
accompanied by two cyclones, to the west and to the east.
The eastern cyclone was a tropical depression downgraded
from Typhoon Chan-hom. Corresponding to the anticyclone,
there was descending flow in this area. However, the de-
scending flow was very weak, and the 500-hPa vertical wind
averaged over the NCP was only 0.09 Pa s−1 on 12–13 July.
The vertical wind was also weak in the lower troposphere (not
shown). Therefore, such strong hot weather cannot be ex-
plained well by adiabatic heating caused by descending flow
associated with a weak ridge. There must have been other
factors involved.

Fig. 1. Observed max 2-m air temperature (color scale; units: ◦C) in North China on (a) 12 July 2015 and (b)
13 July 2015. The terrain height (units: m) is represented by the grayscale shading. The NCP is highlighted by
the square frame.
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Fig. 2. Observed Tmax anomalies (color scale; units: ◦C) relative to the 54-yr climatological average (1960–
2013) on (a) 12 July 2015 and (b) 13 July 2015. The terrain height (units: m) is represented by the grayscale
shading. The NCP is highlighted by the square frame.

Fig. 3. Time series of Tmax averaged over stations on the NCP
(Tmax 2015), from July 1 to July 15 of 2015 and the climato-
logical average (Tmax avg), during 1–15 July 2015.

4. Forecast temperatures

Figure 5 shows the observed and forecast surface air tem-
perature from 2000 LST 10 July to 2000 LST 13 July. The
observed result is the temperature averaged over the stations
on the NCP at intervals of 3 h, and the forecast result is the
temperature averaged over the grids of the NCP at intervals of
1 h. The maximum and minimum temperatures increased day
by day from 10 to 13 July. The daily maximum and minimum
temperatures occurred at approximately 1600 LST and 0500
LST, respectively, both in the observed and forecast data. On
12 July, the temperature ranged from a minimum tempera-
ture of 23◦C to a maximum temperature of 35◦C, and from
24◦C to 36◦C on 13 July. The forecast temperatures were
closely consistent with the observed ones, indicating that this
extreme heat event was predicted well.

Figure 6 shows the spatial distribution of the forecast tem-

perature at 1600 LST on these two days. High surface air
temperatures appeared over the NCP. In particular, the high-
est temperatures occurred in Beijing, Tianjin and southern
Hebei Province on 12 July; and southern Hebei Province,
northern Henan Province and eastern Shandong Province on
13 July. These two regions for highest temperatures on these
two days are denoted by the rhombus-shaped regions in Fig.
6, and are defined as heat-center areas. The forecast Tmax
distributions were also in good agreement with the observed
ones, shown in Fig. 1. Since BJ-RUCv2.0 predicted both
the temporal and spatial distributions of temperatures well,
and since the simulation result had various physical quanti-
ties and a high resolution, especially in the boundary layer,
the forecast data could be used to investigate the underlying
mechanism of the extreme heat event, as reported in the next
section.

Figure 7 shows a time–height cross section of forecast po-
tential temperatures averaged over the NCP and heat-center
areas on 12 and 13 July 2015. The potential temperatures ex-
hibited a clear diurnal cycle below 3 km, but not above this
height. Below 3 km, from sunrise to afternoon (from about
0500 LST to 1600 LST), the potential temperatures increased
with time rapidly. The potential temperatures were higher in
the heat-center areas than in the NCP, and higher on 13 July
than on 12 July, as shown by the reference black lines of 312
K. These variations of potential temperature were consistent
with the variations of surface air temperature.

5. Heat budget analysis
We integrated the cumulative heat of every unit mixed-

layer column in North China from 0500 LST to 1600 LST
using the equations in section 2. The spatial distributions
are given in Fig. 8. The cumulative heat (QC) was positive
in the entire NCP on 12 July and in large parts of the NCP
on 13 July (Figs. 8a and b), and the positive cumulative heat
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Fig. 4. The 500-hPa geopotential height (contours; units: m) and vertical wind speed (color scale; units: Pa s−1)
at 1400 LST on (a) 12 July 2015 and (b) 13 July 2015. The NCP is highlighted by the square frame.

Fig. 5. Observed average temperature of stations on the NCP
(T2m obs), and the forecast average temperature over the NCP
(T2m fcst), from 2000 LST 10 July to 2000 LST 13 July 2015.

indicated an increase in the heat and temperature in the whole
air column. The highest values were located in Beijing, Tian-
jin and southern Hebei Province on 12 July, and shifted to
southern Hebei Province, northern Henan Province and east-
ern Shandong Province on 13 July. The regions of highest
values corresponded well to the heat-center areas on these
two days. Negative values appeared over Inner Mongolia and
extended into the northwest corner of the NCP. The negative
values were consistent with the relative decrease in surface
air temperature in these regions (Fig. 1). In summary, the
cumulative heat could represent the surface air temperature
well.

The sensible heat flux (QH) was distributed uniformly in
North China on both days (Figs. 8c and d). This uniform dis-
tribution was unsurprising, as the ground surface accepts so-
lar radiation at similar amounts on clear days and then trans-

ports the heat to the air in the mixed layer.
By contrast, the horizontal heat flux convergence

(QCONV) featured an obvious spatial distribution (Figs. 8e
and f). This distribution was similar to that of the cumula-
tive heat, which was expected, since the cumulative heat is
the sum of the horizontal heat flux convergence and sensible
heat flux, and the sensible heat flux showed a uniform dis-
tribution. In particular, the horizontal heat flux convergence
had higher values in the heat-center areas on both days. In the
heat-center areas, vast quantities of heat gathered, resulting in
the extremely high temperatures. Based on these results, we
can conclude that the horizontal heat flux convergence deter-
mined the spatial distribution of the cumulative heat and the
resultant southward shift of the heat-center areas.

Figure 9 shows the time series of cumulative heat in the
NCP and heat-center areas. In both the NCP and heat-center
areas, the cumulative heat increased from early morning to
early evening on 12 July, and then reached its peak at around
1600 LST before decreasing slightly thereafter on 13 July.
These variations of cumulative heat were closely consistent
with those of potential temperature (Fig. 7). For instance,
the peak cumulative heat at around 1600 LST 13 July corre-
sponded well to the maximum potential temperature.

Both the sensible heat flux and horizontal heat flux con-
vergence contributed greatly to the cumulative heat increase
mentioned above. The sensible heat flux contributed more
than the horizontal heat flux convergence in the NCP (Figs.
9a and b). However, in the heat-center areas, the contribution
of horizontal heat flux convergence was comparable to that of
sensible heat flux on both days (Figs. 9c and d). In addition,
the sensible heat flux exhibited similar variation between the
NCP and heat centers for both the days, in agreement with its
spatially uniform distribution (Figs. 8c and d). By contrast,
the horizontal heat flux convergence showed a clear differ-
ence between the NCP and heat-center areas, being stronger



138 IMPACT OF HORIZONTAL HEAT FLUX ON EXTREME HEAT VOLUME 36

Fig. 6. Forecast 2-m air temperature (color scale; units: ◦C) at 1600 LST on (a) 12 and (b) 13 July 2015. The
NCP is highlighted by the square frame. Heat-center areas are highlighted by the rhombus.

Fig. 7. Time–height cross section of forecast potential temperature (units: K) averaged over the (a, b) NCP and
(c, d) heat-center area on (a, c) 12 and (b, d) 13 July 2015.
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Fig. 8. Integrated cumulative heat (color scale; units: MJ m−2) from 0500 LST to 1600 LST on (a, c, e) 12 and
(b, d, f) 13 July 2015: (a, b) cumulative heat (QC); (c, d) sensible heat flux (QH); (e, f) horizontal heat flux
convergence (QCONV).
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Fig. 9. Time series of cumulative heat (units: MJ m−2) in the (a, b) NCP and (c, d) heat-center areas on (a, c) 12
and (b, d) 13 July 2015.

in the latter. Therefore, the difference in cumulative heat be-
tween the NCP and heat-center areas was caused by the hor-
izontal heat flux convergence. These results suggest that the
horizontal heat flux convergence contributed significantly to
the cumulative heat increase and its spatial distribution.

The horizontal heat flux convergence is determined by the
horizontal advection of potential temperature in the mixed
layer. Therefore, we examined the air temperatures and hor-
izontal winds at 850 hPa over the NCP (Fig. 10). We also
examined these two variables at other levels, such as 800
and 925 hPa, and obtained similar results (data not shown).
Therefore, the pressure level of 850 hPa can be used to il-
lustrate the horizontal distributions of temperature and wind
in the mixed layer. Since the NCP is located on the eastern
lee sides of adjacent mountains (Fig. 1), the data beneath the
ground level in mountain areas were ignored. On 12 July, the
temperature was high in the northwest of the NCP, and de-

creased from northwest to southeast. Therefore, the norther-
lies resulted in warm horizontal advection to the NCP, par-
ticularly to the heat center. On the other hand, on 13 July,
high temperatures were located in the southwest, and the
temperature generally decreased northeastward. Therefore,
southwesterlies resulted in warm horizontal advection. Al-
though both the temperature distribution and wind directions
were quite different between these two days, they all resulted
in warm horizontal advection and favored high temperatures
over the NCP and heat centers. This result suggests that di-
verse circulations in the mixed layer can be responsible for
heat waves in the NCP region. It should also be mentioned
that the ERA-Interim data produced results (not shown) sim-
ilar to the forecast results in Fig. 10, suggesting again that
the forecast was accurate and that the forecast results could
be used to investigate the formation mechanisms of the heat
wave event.
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Fig. 10. Forecast air temperatures (contours; units: ◦C) and horizontal winds (vectors; units: m s−1) at 850 hPa
over the NCP at 1400 LST on (a) 12 and (b) 13 July. Heat-center areas are highlighted by the rhombus.

6. Conclusions and discussion
In this study, we quantitatively investigated the forma-

tion mechanisms of an extreme heat event that happened in
North China on 12–13 July 2015. Daily maximum temper-
atures higher than 35◦C were recorded by most stations in
North China, and some were even higher than 41◦C. This
heat event cannot be explained by the large-scale circulation
background. The forecast temperatures from BJ-RUCv2.0
were closely consistent with observation, both in terms of the
temporal and spatial distribution. Therefore, we used these
forecast data to investigate the underlying mechanism of the
extreme heat event.

Analysis of the results indicated that the horizontal heat
flux in the lower troposphere played a crucial role in the tem-
poral and spatial distribution of the extreme high tempera-
tures. This was in sharp contrast to typical heat wave events
in the NCP region, which are generally induced by adiabatic
heating associated with the North China high or westward
extension of the western North Pacific subtropical high. Par-
ticularly, the horizontal heat flux could explain the spatial
distribution of surface air temperatures over the NCP well,
which, however, could not be explained by the uniformly dis-
tributed sensible heat flux. In addition, the horizontal heat
flux was comparable to the sensible heat flux in intensity over
the strong heat areas. Finally, we found that the horizontal
heat flux was induced by very different patterns of both air
temperature and horizontal wind in the mixed layer: norther-
lies on 12 July and southwesterlies on 13 July, but both bring-
ing warm horizontal advection to the strong heat areas.

In this study, through analysis of an extreme heat event
in the NCP region, we have highlighted the role of horizontal
heat flux in the mixed layer. This has tended to be neglected
by previous studies, which instead emphasize the role of adi-
abatic heating and solar radiation caused by large-scale cir-
culations in the middle and upper troposphere. The present
results suggest that it is necessary for forecast systems to
precisely capture the distribution of temperatures and hori-
zontal winds in the lower troposphere as well as the large-

scale circulations in the mid-upper troposphere in order to
obtain accurate forecasts of heat wave events. Therefore, the
interaction between the atmosphere and land will apprecia-
bly affect the accuracy of surface air temperature forecasts
(Wu et al., 2011; Zhang et al., 2015; Liu et al., 2018; Zhu
et al., 2018), and should be adequately taken into account
in forecast systems. In addition, the present case study trig-
gers some questions that require further investigation. Can
current forecast systems predict heat waves induced by the
horizontal heat flux in the mixed layer as accurately as those
induced by large-scale circulations? To what extent does the
horizontal heat flux contribute to the variability of surface air
temperatures, particularly during heat wave events? Does the
horizontal heat flux have any special features in other areas,
particularly in mountainous and coastal areas? Answering
these questions may benefit both weather forecast improve-
ment and a better understanding of regional climate change.
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