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Abstract: A meteorological drought was observed over North China in the 2017-2018 winter, which
was accompanied by record-breaking consecutive non-precipitation days over many regions of central
North China. Inspection on historical observations beginning in 1951 suggest that it was the fourth
driest winter during the past 67 years. The possible cause of this drought was then analyzed. It has
been suggested that the co-occurrence of the positive phase of the Eurasian (EU) teleconnection
pattern and La Nifia have played a crucial role. On one hand, both the positive phase of the EU
pattern and La Nifia could have enhanced the lower-tropospheric northerly winds over East Asia.
The northward water vapor transport towards North China was thereby weakened, providing an
unfavorable moisture environment for precipitation. On the other hand, the EU-like wave pattern
in the mid-latitude was conducive to anomalous descending motion over mid-latitude East Asia,
creating an unfavorable dynamical condition for precipitation. A combination of the above two
effects lead to the occurrence of the North China drought in the 2017 winter.
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1. Introduction

North China is one of the most populated regions and one of the main wheat-producing regions
in China. Being located in the relatively dry temperate of East Asia, it often suffers from droughts due
to the fluctuations of precipitation such as in the winters of 2008-2009 [1] and 20092010 [2]. In the
winter of 2017-2018, precipitation was excessively below normal over central North China leading
to a widespread meteorological drought over Beijing Municipality, Inner Mongolia Province, Hebei
Province, and Shandong Province [3] (as seen in Figure 1). The number of consecutive non-precipitation
days reached up to 145 days in Beijing from 23 October 2017 to 16 March 2018 and exceeded 120 days
in parts of Inner Mongolia Province and Hebei Province, all of which break the records that can
be traced to the early 1950s when the meteorological observation network in China was established.
Understanding the causes of this wintertime drought is important not only for the scientific community
but also for the operational climate centers.

The East Asian winter monsoon (EAWM) is a direct factor influencing wintertime precipitation
over China. It does this by altering large-scale circulation, vertical motion, and water vapor
transport [4,5]. Below (above)-normal precipitation is often observed over Eastern and Southeastern
China during strong (weak) EAWM winters [4,6-8]. It is straightforward to attribute the changes of
precipitation over East Asia to anomalous behaviors of the EAWM. Nevertheless, considering that the
EAWM is a regional phenomenon driven by both the tropical and extra-tropical atmospheric processes

Atmosphere 2019, 10, 60; d0i:10.3390/atmos10020060 www.mdpi.com/journal/atmosphere


http://www.mdpi.com/journal/atmosphere
http://www.mdpi.com
https://orcid.org/0000-0002-3557-1853
http://www.mdpi.com/2073-4433/10/2/60?type=check_update&version=1
http://dx.doi.org/10.3390/atmos10020060
http://www.mdpi.com/journal/atmosphere

Atmosphere 2019, 10, 60 2 0of 10

and atmospheric external forcing [9,10], it may be more fundamental to explore the local and remote
drivers for variations of precipitation over China.

The El Nino-Southern Oscillation (ENSO) is a main driver for the variations of wintertime
precipitation over China [11-14]. Although its influences on the precipitation show some asymmetry
between warm and cold ENSO phases [15-17] and depend on the flavors of ENSO [18], below-normal
and above-normal precipitation is generally observed over Southeast China during La Nifia and
El Nifio winters, respectively [11,13]. The mechanism lies in the anomalous lower-tropospheric
cyclone (anticyclone) near the Philippines excited by the cold (warm) ENSO via the Gill-type
Rossby wave response due to the ENSO-induced anomalous diabatic heating (cooling) over the
western North Pacific [19,20]. Accompanied by the anomalous Philippines cyclone (anticyclone),
the anomalous northerly (southerly) wind belonging to the western portion of the cyclone (anticyclone)
would enhance (reduce) the climatological mean lower-tropospheric northeasterly winds. It thereby
weakens (strengthens) the northward water vapor transport towards East Asia, facilitating less (more)
precipitation over Southeast China.

The extra-tropical atmospheric teleconnection is a second important driver for the wintertime
precipitation over East Asia. For example, a wave-like pattern along the subtropical jet can influence the
precipitation over Southeast China significantly [21]. The thermal advection and vertical differential
vorticity advection associated with this wave pattern can lead to anomalous vertical motion over
Southeast China, creating a favorable dynamical environment to alter precipitation. In addition,
the Eurasian (EU) pattern that propagates roughly along the polar front jet can influence the
precipitation over North China [22]. Moreover, the close association between the North Atlantic
sea surface temperature (SST) and the EU pattern [22] implies the possible influences of the North
Atlantic SST on the precipitation over North China. In this study, the basic features and the possible
causes of the 2017-2018 winter drought were analyzed. It will be shown that a combination of the
La Nifia background with the positive phase of the EU pattern was an important cause for the drought
observed in the 2017-2018 winter. Section 2 describes the data and methods used in this study.
Section 3 describes the observed drought over North China in the 2017 winter, and Section 4 discusses
the possible causes. Finally, Section 5 presents the conclusion and discusses some remaining issues.

2. Data and Methods

The monthly mean atmospheric reanalysis data were taken from the National Center for
Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis
dataset with a horizontal resolution of 2.5° x 2.5° spanning the period from 1948 to the present [23].
In addition to the monthly mean data, the 6-hourly NCEP/NCAR data was also employed to calculate
the water vapor fluxes. The precipitation data came from two sources. One was the monthly global
land precipitation dataset named precipitation reconstruction over land (PREC/L), which has the same
horizontal resolution and time coverage as the NCEP/NCAR reanalysis dataset [24]. The other source
was observed monthly mean precipitation from 160 Chinese stations, which were used to compare
with the results derived from PREC/L dataset. The station precipitation data were provided by the
China Meteorological Administration and covered the period from 1951 onward. The monthly mean
global SST data came from the Met Office Hadley Centre’s sea ice and SST datasets (HadISST), which
had 1° x 1° horizontal resolution and covered the period from 1870 to the present [25]. The monthly
mean Nifio-3.4 index was downloaded from the Climate Prediction Center, National Oceanic and
Atmospheric Administration [26].

This study focused on the boreal winter, defined as the mean of December, January, and February.
The winters from 1951-2017 were studied after taking into consideration the overlap of all the datasets.
Here the winter of 2017 referred to the 2017-2018 winter. Linear regression analysis and composite
analysis were employed in this study, and the confidence level was evaluated with the Monte Carlo
bootstrapping technique [27] with 10,000-times resampling.
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3. Observed North China Drought in the 2017 Winter

Figure 1a,b shows the anomalies of normalized precipitation in the 2017 winter, where the
normalized precipitation was defined as the precipitation divided by its climatology. It is clear that
decreased precipitation was observed over many regions of China. The deficiency of precipitation
was most remarkable over North China, where the precipitation was approximately 90% less than the
climatology, resulting in severe drought. This feature was highly consistent in both station observation
(Figure 1la) and PREC/L data (Figure 1b). To reveal the severity of the drought from a climate
perspective, a precipitation index was constructed by averaging the winter mean precipitation over
17 stations (shown as dots in Figure 1a) in North China. Figure 1c shows the normalized North China
precipitation index (NCPI) for the period 1951-2017. The value of normalized NCPI was —1.56 in
the 2017 winter, which was only larger than those in the winters of 1998 (—1.65), 1967 (—1.57) and
1983 (—1.57). This result suggests that the 2017 winter was the fourth driest winter during the past 67
years and the second driest winter during the past 20 years.
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Figure 1. (a) Precipitation anomalies of normalized precipitation in the 2017 winter based on station
observation; (b) same as (a), but based on PREC/L data; (c¢) the normalized winter mean normalized
North China precipitation index (NCPI) for the period 1951-2017. Shading intervals (SIs) are 10%
in (a,b). Dots in (a) indicate the 17 stations to construct the NCPIL.

4. Possible Causes

Figure 2 shows the atmospheric circulation anomalies associated with the 2017 winter drought.
A zonally-oriented wave-like pattern stretches from the North Atlantic to East Asia (Figure 2a), which
quite resembles the positive phase of the EU pattern [22,28]. The winter mean EU index was 1.44
in the 2017 winter, consistent with the observed EU-like geopotential height anomalies shown in
Figure 2a. This EU-like wave train features an anomalous barotropic cyclonic center over Northeast
China (Figure 2a) that can also be observed in the lower troposphere (Figure 2b). The northeasterly
wind anomalies belonging to the western portion of the cyclone enhance the climatological mean
lower-tropospheric northeasterly winds (e.g., Figure 1 of Reference [29]). As a result, the northward
water vapor transport from the tropical region to mid-latitude East Asia was weakened (Figure 2c),
providing an unfavorable moisture condition for precipitation in most parts of East Asia. In addition,
vertical motion was weaker-than-normal over North China as indicated by the anomalous descending
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motion from 30° N to 45° N (Figure 3). Hence, both the moisture condition and the dynamical condition
facilitated less precipitation over North China, leading to drought in the 2017 winter.
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Figure 2. The anomalies of (a) 300 hPa geopotential height, (b) 850 hPa winds, and (c) water vapor
transport (vector) and its intensity (shading) in the 2017 winter. SIs are 20 gpm in (a) and 40 kg m~1 s~!
in (c).
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Figure 3. The anomalies of meridional circulation (vector) and vertical velocity in pressure coordinates
(shading) averaged over 110° E-120° E in the 2017 winter. SIs are 0.25 x 1072 Pa s~!, and vertical
components of the vectors were multiplied by a factor of 100 for visual purpose.

To understand the typical climatic condition that favors drought over North China, regression
analyses were performed with the normalized negative NCPI (Figures 4 and 5). The negative NCPI
was employed so that the regressed results corresponded to the drought condition. It revealed
that the North China drought was usually accompanied with enhanced northwesterly (Figure 4b)
and weakened northward water vapor transport (Figure 4c) over East Asia, both of which could
be attributed to the anomalous barotropic cyclone centered over the Sea of Japan (Figure 4a).
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The anomalous cyclone was part of a zonal wave-like pattern extending from the North Atlantic
to East Asia in the troposphere (Figure 4a), which again quite resembled the positive phase of the
EU pattern [22,28]. North China is located to the west of this anomalous cyclone and to the east
of the upstream anomalous anticyclone (Figure 4a). In the presence of background westerly winds
(e.g., Figure 1g of Reference [30]) and vertical westerly shear, the strong anticyclonic vorticity advection
in the upper troposphere and the weaker one in the lower troposphere excited anomalous descending
motion above North China (Figure 5) according to the quasi-geostrophic omega equation. As a
result, destructive moisture condition and a dynamical environment suppressed precipitation over
North China. This physical picture agrees quite well with the situation observed in the 2017 winter
(Figures 2 and 3), confirming the important role of the positive phase of the EU pattern in the 2017
winter drought.
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Figure 4. Regressed winter mean (a) 300 hPa geopotential height, (b) 850 hPa winds, and (c) water
vapor transport (vector) and its intensity (shading) onto the normalized negative NCPI for the period
1951-2017. Contour intervals (CIs) are 10 gpm in (a) and 10 kg m~1 s71in (c), with zero contour being
omitted. Shading indicates the 95% confidence level based on the 10,000-times bootstrap resampling.
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Figure 5. Regressed winter mean meridional circulation (vector) and vertical velocity in pressure
coordinates (shading) averaged over 110° E-120° E onto the normalized negative NCPI for the period
1951-2017. CIs are 0.2 x 1072 Pa s~!, and vertical components of the vectors are multiplied by a
factor of 100 for visual purpose. Shading indicates the 95% confidence level based on the 10,000-times
bootstrap resampling.
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In addition to the positive phase of the EU-like atmospheric circulation, it is possible that variations
of the North China drought are linked to some atmospheric external forcing, so the NCPI was regressed
onto the SST, sea ice, and snow cover extent to check this possibility. No clear signal was found in the
sea ice and snow cover, but a clear La Nifia-like SST pattern was observed in the Pacific corresponding
to the North China drought (Figure 6a). Previous studies suggested that La Nifia could excite an
anomalous lower-tropospheric cyclone near the Philippines via Gill-type Rossby wave response and
weaken the northward water vapor transport [17]. In addition, the NCPI-regressed SST pattern quite
resembled the SST anomalies observed in the 2017 winter (Figure 6b). These results imply that La Nifia
was very likely playing some role in causing the 2017 winter drought over North China.

(a) NCPI-regressed SST anomaly
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Figure 6. (a) Regressed winter mean SST onto the normalized negative NCPI for the period 1951-2017;
(b) the SST anomalies in the 2017 winter. ClIs are 0.05 °C in (a) with zero contour being omitted, and
SIs are 0.25 °C in (b). Shading in (a) indicates the 95% confidence level based on the 10,000-times
bootstrap resampling.

To further examine the possible role of the positive EU pattern and La Nifa in the 2017 winter
drought, a composite analysis was performed by examining three groups of winters. Group one
consisted of 23 winters with positive EU pattern alone (Table 1), which was defined as winters whose
normalized winter mean EU index (Figure 7) was greater than 0.5. Group two consisted of 18 La Nifia
winters alone (Table 1), which was defined as winters whose normalized winter mean Nifio-3.4 index
(Figure 7) was smaller than —0.5. Group three consisted of seven winters that had both a positive EU
pattern and a La Nifia pattern (Table 1), and was defined as the overlap of group one and group two.
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Figure 7. The normalized winter mean EU index (blue line) and Nifio-3.4 index (green bar) for the
period 1951-2017.
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Table 1. Three groups of winters with the positive phase of EU pattern alone (group 1), La Nifia alone
(group 2), and both positive EU pattern and La Nifia (group 3).

Group No. Criterion Year

1954, 1955, 1964, 1967, 1970, 1971, 1973, 1974, 1975, 1983, 1984, 1988,

1 Positive EU 1995, 1996, 1998, 1999, 2000, 2005, 2007, 2008, 2010, 2011, 2017

) Lo Nifia 1952, 1954, 1956, 1960, 1961, 1967, 1969, 1976, 1980, 1983, 1994, 1999,
2004, 2005, 2011, 2014, 2015, 2017

3 Positive BU and La Nifia 1954, 1967, 1983, 1999, 2005, 2011, 2017

Figure 8 shows the composite anomalies of the normalized precipitation in the three groups based
on both station observation and PREC/L data. During winters with positive EU pattern alone, reduced
precipitation was observed between the lower reaches of the Yellow River and the Yangtze River
(Figure 8a,b). However, the location of the precipitation deficiency was in the southern part of North
China and is different from that observed in the 2017 winter (Figure 1a,b). During La Nifia winters
alone, reduced precipitation was mainly observed in South China (Figure 8c,d). Although precipitation
deficiency was also observed over central North China, these signals were only statistically significant
in very limited regions (Figure 8c) and showed many discrepancies between station observations
and PREC/L data (Figure 8c,d). These results suggest that neither the positive EU pattern nor La
Nirfia alone can explain the 2017 winter drought in North China. In contrast to the above two cases,
the composite in group three showed strong and significant precipitation deficiency over central North
China and a weaker but still significant reduction of precipitation over South China (Figure 8e,f).
The above precipitation pattern showed remarkable resemblance to that observed in the 2017 winter
(Figure 1a,b). In addition, an inspection of Table 1 revealed that three out of the four driest winters
over North China (1967, 1983, and 2017) belong to group three. Hence, these results suggest that a
combination of the positive phase of the EU pattern and La Nifia was the key to lead to the North
China drought in the 2017 winter.
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Figure 8. Composite anomalies of winter mean normalized precipitation during winters with positive
EU pattern alone based on (a) station observation from Chinese stations and (b) PREC/L dataset; (c,d)
are the same as (a,b), but for the composite during La Nifa winters alone; (e, f) are the same as (a,b),
but for the composite during winters with both positive EU pattern and La Nifia. SIs are 10%, and dots
indicate the 95% confidence level based on the 10,000—times bootstrap resampling.
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5. Conclusions and Discussion

Based on precipitation data from Chinese stations and the PREC/L dataset, atmospheric data from
the NCEP/NCAR reanalysis dataset and SST data from the HadISST dataset, this study investigated
the characteristics of the drought that occurred over North China in the 2017 winter and its possible
causes. It revealed that the seasonal mean precipitation in the 2017 winter was approximately 90%
less than the climatology over central North China including Beijing and parts of Inner Mongolia
and Hebei Province (Figure 1). This was the fourth most severe drought over central North China
since 1951, when the meteorological observation network in China was established. In particular, no
precipitation was observed in Beijing from 23 October 2017 to 16 March 2018. This 145 day-long period
also sets a new record for consecutive non-precipitation days since 1951.

Analyses suggest that the 2017 winter drought in North China is closely tied to the occurrence
of La Nifia and the presence of a positive EU-like wave train originating from the North Atlantic
(Figure 2a, Figure 4a, and Figure 6). However, neither La Nifia nor the positive phase of the
EU pattern alone could explain the occurrence of the 2017 drought (Figure 8a—d). In contrast,
the simultaneous presence of the two was the key to the occurrence of the drought (Figure 8e,f).
On one hand, the positive EU-related barotropic cyclonic anomaly over northern East Asia featured
enhanced lower-tropospheric northwesterly winds in mid-latitude East Asia [22]. Meanwhile, La Nifia
also enhanced the lower-tropospheric northeasterly winds in subtropical East Asia by exciting an
anomalous lower-tropospheric cyclone near the Philippines [17]. Hence, the northward water vapor
transport (Figures 2c and 4c) was suppressed by the enhanced northerly winds over entire East Asia
(Figures 2a and 4a), providing an unfavorable moisture environment for precipitation over North
China. On the other hand, the configuration of the positive EU-like wave train facilitates anomalous
descending motion over mid-latitude East Asia (Figures 3 and 5), provided an unfavorable dynamical
condition for precipitation over North China. As a result, both the moisture and the dynamical
environment was conducive to less precipitation and drought over North China.

In addition to the La Nifia-like SST pattern in the Pacific, strong North Atlantic SST warming was
also observed to accompany the North China drought in 2017 and other similar winters (Figure 6),
which quite resembled the SST pattern that could excite the positive phase of the EU pattern
(e.g., Figure 11b of Reference [22]). This similarity motivated us to explore the possible prediction
potential of the North China drought based on SST signals over both the North Atlantic and the tropical
eastern Pacific. However, no good results were obtained. This failure may be understood because the
variability of the EU pattern cannot be fully explained by the North Atlantic SST [22]. Nevertheless,
further diagnostic and modelling [31] efforts will be devoted to understanding the mechanism and
prediction potential of the North China drought in future studies.
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