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Abstract: Water vapor transport (WVT) is an important element in drought development. In this 
study, we examined the geographical and vertical anomalies of WVT during severe summer and 
early fall drought processes and their occurrence, persistence and recovery phases in Southwest 
China (SWC) by using the method of standardized anomalies (SA) and composite analysis. The SA-
based indices of WVT were built up to quantify composited anomalous WVT channels objectively. 
Essentially, we further explored the synchronous and lagged correlations between drought 
processes and these channels. Key points and limitations include: (1) Two drought-related WVT 
channels were geographically identified with composited SA below −0.2, based on the composite of 
severe drought processes. The Somali channel is characterized by zonally less-than-normal African-
Asian continental WVT anomalies originating from Somalia, whereas the IndoChina-Peninsula 
channel represents meridionally less-than-normal WVT anomalies from the IndoChina-Peninsula; 
(2) Both geographical and vertical WVT anomalies were intensified and concentrated at the time of 
drought occurrence, and then weakened and became scattered at drought recovery; (3) Most 
drought-related WVT anomalies were distinguishable from those of wetter events; (4) The 
IndoChina-Peninsula channel performs better in correlations with these drought and wetter 
processes than the Somali channel. Therefore, dynamic and thermodynamic anomalies need to be 
investigated, which are important for exploring the drought mechanism.  

Keywords: water vapor transport; standardized anomalies; drought processes; Southwest China 
 

1. Introduction 

During the past 10 years, Southwest China (SWC), including Yunnan, Guizhou, Guangxi, 
Sichuan, and Chongqing, experienced severe socioeconomic losses owing to severe droughts. For 
example, during the severe drought from autumn 2009 to spring 2010, approximately 21 million 
people suffered from a shortage of drinking water, and economic losses reached nearly US $30 billion 
[1]. Because of the significance of these drought events, much attention has been paid to atmospheric 
circulation and tele-connection patterns pertaining to drought in SWC. Most of these studies have 
focused on particular events such as severe droughts that occurred in summer 2006, autumn 2009 to 
spring 2010, and summer 2011 [2]. For the summer droughts in 2006 and 2011, the Western Pacific 
subtropical high [3–5], which stretched westward in 2006 but withdrew eastward in 2011, is one of 
the most important factors [5]. The South Asia High also maintained a position more northward than 
normal during these two summer droughts [3,5]. For the 2009–2010 drought, remote forcing that may 
affect regional thermodynamic characteristics, such as North Atlantic Oscillation (NAO) [6,7], Arctic 
Oscillation (AO) [1,8,9], and El Niño–Southern Oscillation (ENSO) [1,9,10], have gained great 
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attention. The AO index amounted to the lowest value in the 2009–2010 winter recorded since the 
mid-20th century, resulting in an eastward track of cold waves with a coincident reduced northerly 
flow of cold air into SWC [1,8,9], as summarized by Wang et al. [2]. Moreover, a previous El Niño 
Modoki occurrence is an important external forcing that shaped the anomalous East Asian circulation 
pattern [1,9,10], which finally induced a strong decline in water vapor transport to SWC in the 2009–
2010 drought. A negative-phase NAO generates insufficient precipitation over SWC in dry seasons 
[6,7]. A schematic map of the large-scale atmospheric patterns associated with these droughts in 
SWC, as shown in Figure 1b, was originally produced by Wang et al. [2]. 

 

Figure 1. (a) Topography of Southwest China (SWC) and its geographic location in China (top right). 
(b) Schematic diagram of the influential atmospheric factors related to droughts in SWC [2]. TNWP, 
ENSO, WPSH, AO and QT stand for the tropical Northwest Pacific, El Niño Southern Oscillation, 
Western Pacific Subtropical High, Arctic Oscillation, and the Qinghai–Tibet Plateau, respectively. (c) 
Temporal evolution of mean daily observed precipitation and temperature (1979–2014) averaged over 
SWC. Thick lines represent daily values, while light shadows stands for one standard deviation. (d) 
Cumulative frequency distribution of all daily precipitation and temperature (1979–2014) averaged 
over SWC. 

Aside from considerable discussions on the aforementioned large-scale circulation and tele-
connection patterns, only a few studies have been conducted on anomalous WVT during droughts 
in SWC. For example, meridional WVT over the Bay of Bengal (BOB) and the South China Sea (SCS) 
decreased in the 2009–2010 drought, which might be related to abnormal changes in the tropical sea 
surface temperature (SST) [11]. The anomalous anti-cyclonic and cyclonic circulations over these 
regions are also partly responsible for it [12]. During the 2006 summer drought, anomalous WVT 
from northeast to southwest indicated a negative abnormal belt of meridional WVT from the 
IndoChina-Peninsula to the Sichuan–Chongqing region [3,13]. Similarly, weak northward WVT from 
the BOB contributed to the 2011 summer drought [14]. 

In general, anomalous WVT contributed greatly in these case studies of three severe drought 
events. However, the following questions remain: What are the common characteristics of severe 
droughts? What are WVT anomalies associated with the temporal evolution of the entire drought 
process and its occurrence, persistence and recovery phases? Are these anomalous features during 
the entire process and its phases distinguishable from those of wetter events? Do WVT anomalies 
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have a close relationship with the development of drought process? To answer these scientific 
questions, we focused on WVT anomalies during the entire processes and different relevant phases. 

Because WVT toward SWC over the sea prevails in summers and brings adequate water vapor, 
no severe drought occurrence is expected. However, devastating and severe droughts such as those 
occurring in the summers of 2006 and 2011 actually occurred. In addition, some summer droughts 
are closely related to the occurrence of droughts in the following autumns and winters. For example, 
precipitation deficits have appeared in the previous summer before the 2009–2010 drought [1,8]. 
Therefore, the focus of the present study is severe summer drought in SWC. Because the recognized 
2006 and 2011 severe summer droughts actually ended in the autumn, summer, and early fall, 
drought and wetter processes that began between 1 June and 31 August and ended between 31 
August and 10 October were selected for study. 

The objectives of this study are to: (1) identify severe summer and early fall drought events and 
obtain their temporal characteristics; (2) comprehensively investigate anomalous geographical 
features of vertically integrated WVT and that at different boundaries during the entire processes and 
different phases; (3) investigate whether the identified anomalous features are distinguishable from 
those of wetter processes; and (4) build relevant indices to quantify geographical WVT anomalies, in 
order to explore the synchronous and previous correlation of vertically integrated WVT anomalies 
and temporal evolution of the drought processes. 

2. Materials and Methods 

2.1. Data and Studying Area 

Three sets of data products were used in this study. The first is the second version Datasets of 
Observed Daily Precipitation Amounts and Temperature at each 0.5° × 0.5° grid point in China during 
1979–2014, which were kindly provided by the Climate Data Centre of the National Meteorological 
Information Centre, China Meteorological Administration. In addition, 503 gridded points were used 
to calculate the area-averaged daily precipitation and temperature in SWC. These datasets were 
kindly provided by the Climate Data Centre of the National Meteorological Information Centre, 
China Meteorological Administration. 

Second, the National Centers for Environmental Prediction (NCEP)–Department of Energy 
(DOE) Reanalysis II (R2) data products were used, which is an improved version of the NCEP 
Reanalysis I (R1) model with corrected errors and updated parameterizations of the physical 
processes [15]. The global dataset of R2 has a resolution of 2.5° × 2.5° at 17 pressure levels extending 
from 1979 to 2014. The R2 data products for relative humidity, air temperature, and u and v 
components of the wind were used in water-vapor-related calculation.  

Additionally, the ERA-Interim re-analysis datasets [16], provided by the European Center for 
Medium-Range Weather Forecasts (ECMWF), were used for comparison of spatial resolution in the 
WVT calculation. The ERA-Interim data products for specific humidity, u, v, divergence, and the 
vertical integral of northward and eastward water vapor flux were retrieved from 23 pressure levels 
between 300 hPa and 1000 hPa. ERA-Interim re-analysis products have a spatial resolution of 0.75° × 
0.75° and 6-h temporal resolution extending from 1979 to 2014. 

Southwest China (SWC) covers an area of approximately 1.23 million km2, accounting for 12.9% 
of the country. Its latitude and longitude ranges vary from 22° N to 32° N and 98° E to 110° E, 
respectively. This region comprises four provinces (Sichuan, Guizhou, Yunnan and Guangxi) and 
one municipality (Chongqing) [2]. The elevation of SWC consistently decreases from northwest to 
southeast (Figure 1a), including parts of the Qinghai–Tibet Plateau, plains, and basins. Despite the 
complex terrain, the influence of various elevations on the aforementioned precipitation and 
temperature datasets has been eliminated as much as possible. Both mean daily precipitation and 
temperature (1979–2014) for SWC (Figure 1c) reach maximum values in July. Summer and early fall 
(June–October) precipitation amounts accounts for more than 70% of the total precipitation. As 
shown in Figure 1d, the 25th–75th percentiles of daily precipitation and temperature range from 0.3 
mm to 4.4 mm and from 10.2 °C to 18.6 °C, respectively. Figure 1b, cited from the literature review 
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produced by Wang et al. [2], summarizes the factors currently recognized as possible influences in 
the drought formation over SWC. Essentially, water vapor transported from the ocean is one of the 
important factors responsible for droughts in SWC. 

2.2. Using SPI1 (One-Month Standardized Precipitation Index) to Capture Severe Summer and Early Fall 
Drought and Wetter Events 

Because precipitation and evapotranspiration are important factors governing the local water 
balance, it is necessary to investigate which drought index, such as the Standardized Precipitation 
Index (SPI) [17] and the Standardized Precipitation Evaporation Index (SPEI) [18], is a better selection 
for meteorological drought in SWC. We compared the temporal evolution of SPI and SPEI in 
particular grid points in SWC. The results showed that the temporal evolution of these two drought 
indices was quite similar in this region. Since SPEI calculation needs additional temperature data sets 
and is relatively complex, the SPI was eventually used in the present study. 

The Standardized Precipitation Index (SPI) was first presented by Mckee et al. [17], based on the 
probability of the long-term precipitation record at any flexible time scale. It is used by national 
meteorological and hydrological services to characterize meteorological droughts [19]. SPI at 
different timescales corresponds to different drought types, such as 1–2-month SPI for meteorological 
drought, 1–6-month SPI for agricultural drought, and 6–24-month SPI or more for hydrological 
drought analyses and applications [19]. In this study, the one-month SPI (SPI1) was chosen because 
we focused on WVT, which is closely related to meteorological drought. To analyze the WVT 
conditions during different drought phases, we attempted to determine precise dates of occurrence, 
persistence, and recovery phases according to the daily drought index. However, SPI1 is generally 
computed for monthly precipitation aggregated at a one-month scale. Therefore, we employed a 
method recommended by the World Meteorological Organization (WMO) [19] to update SPI1 every 
day, on the basis of a daily running window of 31 days rather than monthly precipitation aggregated 
at one month. For example, SPI1 on 2 February 1999, was calculated by using the cumulative 
precipitation amount from 3 January to 2 February 1999, and was compared with contemporary 
historical records of 1979–2014. 

To better understand drought-related WVT anomalies, we compared these values with those of 
wetter events. We recognized both drought and wetter processes with the complete time series of 
SPI1 from 1979 to 2014. The index, which is used to identify drought and wetter processes, is based 
on area-averaged rainfall in SWC. Similar to the rules of SPI grade division recommended by WMO, 
we also used the division rules shown in Table 1, to identify drought and wetter events with different 
grades. 

Table 1. Drought and wetter process classification according to SPI1 (one-month Standardized 
Precipitation Index) values. 

Class Value Class Value 
extremely wet 2.00 and more slightly dry −0.99 to −0.50 

very wet 1.50 to 1.99 moderately dry −1.49 to −1.00 
moderately wet 1.00 to 1.49 severely dry −1.99 to −1.50 

slightly wet 0.50 to 0.99 extremely dry −2.00 and less 
near normal −0.49 to 0.49 

We selected summer and early fall drought and wetter processes that began between 1 June and 
31 August and ended between 31 August and 10 October. The drought (wetter) events were identified 
when SPI1 was below −0.50 (above +0.50) for at least 30 consecutive days. According to the rules in 
Table 1, each daily value of the recognized time series was assigned to the corresponding SPI1 grade 
(i.e., severely dry). Starting from the most severe grade, we calculated the ratio of days with a 
particular grade accounting for the total days of the entire process. When the ratio increased beyond 
30%, the corresponding grade was assigned to the entire drought or wetter process. For example, as 
shown in Figure 2, the proportion of the severely dry days was beyond 30%. Accordingly, the 2006 
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summer drought corresponded to the severe grade. Essentially, we identified drought and wetter 
events with different severity grades, such as extreme, severe, moderate, and slight. In this study, we 
focused on extreme and severe drought and wetter processes in the summer and early fall seasons. 
To specify their seasonality, the following criteria were used: If the most severe grade of drought or 
wetter process occurred in the summer or early fall, we identified it as the summer or early fall 
drought or wetter process. If the most severe grades appeared in both summer and early fall, the term 
“summer–fall” was used. 

 

Figure 2. The 2006 summer drought event used as an example of assigning a grade to the entire 
drought process. 

To analyze the characteristics of different drought and wetter phases, we divided the recognized 
processes into three parts: occurrence, persistence, and recovery. When the SPI1 series was first below 
−1.50 (above +1.50), we defined the period prior to this date as the occurrence phase of the drought 
(wetter) event. Similarly, when the series was eventually below −1.50 (above +1.50), we defined the period 
after this date as the recovery phase. We treated the remaining central part as the persistence phase. 

2.3. Calculating Water-Vapor-Related Variables 

Water-vapor-related variables were calculated based on R2 data products. Because the daily 
specific humidity was not obtained directly from the model outputs in R2, we calculated these values 
by using daily relative humidity and daily air temperature subsets following the Clausius–Clapeyron 
relation. The daily u and v components of the wind subsets over a range of 1000–300 hPa were used 
to calculate the daily meridional (zonal) WVT and water vapor flux divergence (D(Q)) of each 
pressure level. Accordingly, the vertically integrated D(Q) and the meridional (zonal) component of 
the vertically integrated WVT flux were calculated at the daily timescale. Furthermore, the timescale 
of the anomalous WVT needs to match that of SPI1, because SPI1 describes the ranking of the past 1-
month precipitation amount on historical records. However, this 31-day WVT led to a high risk of 
excessively attenuating the synoptic signal. Instead, the 21-day mean method was adopted. The ERA-
Interim data products were also used for comparison of spatial resolution in the WVT calculation. 
Their timescales were first transformed from 6 h to 1 day by using a simple time-averaged method. 
Subsequently, we used the data-processing methods of R2 for these values. 

2.4. Applying Standardized Anomalies to Identify Anomalous Features 

According to previous studies on WVT issues such as droughts, anomalous features can be 
identified by using three main methods: (1) compositing the elements of drought and wetter events 
[20]; (2) calculating the anomalies with respect to the climatology [21]; and (3) decomposing variables 
into their mean component and transient eddies [22]. In this study, to evaluate the water-vapor-
related anomalies objectively, we selected the method of standardized anomalies (SA), which was 
first used to effectively identify high-impact weather events [23,24] and has significant values in 
identifying extreme weather events [25–27]. The SA of any meteorological variable is defined by Hart 
and Grumm [24] to objectively rank synoptic-scale events. It can be described as  



Water 2017, 9, 244 6 of 20 

 

XSA μ
σ
−=  (1) 

where SA is the standardized anomaly, X represents the value of a meteorological variable at each 
grid point, and μ and σ are the mean value and the standard deviation for the grid point, respectively.  

X is a variable defined as the 21-day running mean value centered on the day being investigated. 
Accordingly, both μ and σ for the climatological period (1979–2014) are calculated based on this 
value. In this study, X represents the meridional (zonal) WVT flux, meridional (zonal) vertically 
integrated WVT flux, and vertically integrated D(Q). These water-vapor-related variables were 
originally averaged daily because they were calculated based on daily wind and specific humidity 
from the R2 data, as described in Section 2.2. However, after being processed into 21-day running 
mean variables, X represent the 21-day running mean water–vapor-related variables. 

3. Results 

3.1. Captured Drought and Wetter Events 

As shown in Figure 3, over the 36-year period from 1979 to 2014, eight drought processes and 
ten wetter processes occurred with severe or extreme grades. Among these processes, the severity of 
both the 1992 and the 2011 processes was extremely dry, whereas that of the 1998 process was 
extremely wet. For convenience, we treated extreme drought and wetter processes as severe 
processes. Despite various durations and severity, the drought and wetter processes were both 
evenly distributed throughout the summer and early fall periods. 

 

Figure 3. Temporal evolution of identified severe summer and early fall drought and wetter processes 
from 1979 to 2014 in Southwest China (SWC) based on one-month SPI (SPI1). 

3.2. Spatial Distribution of SPI1 and Vertically Integrated Water Vapor Flux Divergence 

Negative gridded SPI1 covered almost the entire region except for a small northern area (Figure 
4a), while the extremely negative values centered on 22.5° N, 105° E. The drought severity deepened 
gradually from north to south. Figure 4b shows that the slightly positive vertically integrated D(Q) 
covered almost the entire region. Two positive SA centers occurred in the southern part, whereas a 
negative center existed in the northern region. This configuration of vertically integrated D(Q) 
anomalies is similar to that of gridded SPI1. 
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Figure 4. Composite of: (a) gridded SPI1; and (b) vertically integrated water vapor flux divergence 
(D(Q); contours) and its standardized anomalies (SA; shadows) during drought processes in 
Southwest China (SWC). The unit of D(Q) is 10−4·kg·s−1·m−2. 

3.3. Anomalous Features of Water Vapor Transport during Drought Processes 

3.3.1. Geographical Features of Vertically Integrated Water Vapor Transport 

As shown in Figure 5a,e, the cross-equatorial flow divided into two flows at approximately 17.5° 
N, 97.5° E during the summer and early fall drought processes. One branch moved directly to the 
north. The other branch moved easterly to the SCS, where it began to shift toward the north. In terms 
of the vertically integrated WVT, the anomalous areas, marked in the figure by black circles, are 
closely related to the Somalia region and the IndoChina-Peninsula.  

 

Figure 5. Composites of vertically integrated water vapor transport (WVT) and their zonal 
standardized anomalies (SA) for drought: (a) processes; (b) occurrence; (c) persistence; and (d) 
recovery phases; and (e–h) the same as (a–d), respectively, but for meridional SA. Vectors represent 
vertically integrated WVT, whereas shadows represent zonal or meridional SA. The unit of WVT is 
kg·m−1·s−1. The northward and eastward direction of transport is positive. 
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As shown in Areas I and II in Figure 5, zonally less-than-normal African-Asian continental WVT 
anomalies originating from Somalia, are referred to as the Somali channel in our study. This feature 
has not been explored extensively in previous studies. In addition to zonal anomalies, the Somali 
channel also shows meridional anomalies in northward WVT (Area III in Figure 5). The other channel 
appears in the southern part of the IndoChina-Peninsula, where WVT from the BOB moves to the 
east of the SCS instead of directly entering SWC. Thus, the IndoChina-Peninsula channel represents 
the less-than-normal meridional component of the cross-equatorial flow into SWC along the 
IndoChina-Peninsula (Area IV in Figure 5). This finding is consistent with those in previous studies 
such as the negative meridional WVT in the IndoChina-Peninsula during the 2006 summer drought 
[3]. Moreover, WVT anomalies during drought occurrence were intensified and concentrated, 
whereas those during the other phases were weak and scattered. For example, the Somali channel 
was continuous and the strongest at the drought occurrence (Figure 5b), after which they gradually 
became scattered and even disappeared. Additionally, the intensified zonal anomalies (Area VIII in 
Figure 5), are closely related to the IndoChina-Peninsula channel (Area IX in Figure 5). These findings 
indicate that the intensified zonal southwest monsoon contributed to the maintenance of the 
meridionally less-than-normal WVT of the IndoChina-Peninsula channel. 

3.3.2. Vertical Features of Water Vapor Transport at Boundaries of SWC 

Because the WVT anomalies at the boundaries of SWC have direct effects on the evolution of 
drought processes, the vertical features of these anomalies at the boundaries were investigated. As 
shown in Figure 6a, two meridionally less-than-normal WVT anomalies were located at 850–1000 hPa 
over 85.0° E–95.0° E and 600–1000 hPa over 100.0° E–120.0° E. The meridionally more-than-normal 
transport was located at 300–600 hPa over 92.5° E–102.5° E. This anomalous configuration is 
associated with geographically meridional WVT anomalies (Figure 5f). However, while turning to 
the recovery phase (Figure 6e), the two weak transport centers disappeared, and the strong transport 
center at the upper level became weak and moved from 97.5° E to 110° E. Similar temporal-evolution 
features occurred along 97.5° E and 110° E. 
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Figure 1. Vertical cross-sections of composited meridional or zonal water vapor transport (WVT) at 
drought: (a–d) occurrence; and (e–h) recovery at boundaries of Southwest China (SWC). The contours 
represent WVT, for which the unit is 10−1·kg·m−1·s−1·hPa−1. Standardized anomalies (SA) are shown by 
shadows, whereas warm and cold colors indicate inflow and outflow, respectively. The bold black 
box indicates the area over SWC. The black shadow areas in (b,c,f,g) represent the Qinghai–Tibet 
Plateau. 

3.3.3. Comparison with Characteristics of Wetter Processes 

Whether some drought-related anomalies are distinguished from those wet-related anomalies is 
another issue. We also examined water-vapor-related anomalies during wetter processes and their 
phases. As shown in Figure 7, almost the entire region showed positive gridded SPI1. An extremely 
positive center was located at 25° N, 110° E. A positive SPI1 gradually increased from northwest to 
southeast, and this spatial distribution is similar to that shown in Figure 4a. This comparison of 
spatial distribution also reveals that the southern part of SWC is an important region for determining 
whether the entire SWC will experience droughts. The configuration of positive and negative 
anomalies of the vertically integrated D(Q) was similar to that in Figure 4b but showed reverse 
signals. 

 

Figure 7. Composite of: (a) gridded SPI1; and (b) vertically integrated water vapor flux divergence 
(D(Q); contours) and its standardized anomalies (SA; shadows) during wetter processes in Southwest 
China (SWC). The unit of D(Q) is 10−4·kg·s−1·m−2. 

Considering the representativeness of the different phases for WVT anomalies, the wet 
occurrence and recovery were selected for comparison. As shown in Figure 8, the anomalies in Area 
IV and V had reverse signals of those in Figure 5b,f. This indicates that the WVT anomalies of the 
Somali and IndoChina-Peninsula channels are also distinguishable, in terms of occurrence phases of 
drought and wetter processes. Furthermore, two valuable characteristics of WVT anomalies were 
found at the synoptic scale. As shown in Area II in Figure 8, one branch of the Somali channel entered 
SWC from its southwest corner, which indicates sign reversal from that of Area VII in Figure 5. 
Moreover, by combining Area I and Area III in Figure 8, negative zonal WVT anomalies and positive 
meridional WVT anomalies can be found. This WVT branch came from the SCS but originated from 
the cross-equator jets and southwest summer monsoon. This analysis indicates that both southwest 
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and northeast parts are key regions of WVT anomalies. Compared with those during wet occurrence, 
the configurations of SA during wet recovery disappeared or became weaker. 

 
Figure 8. Composites of vertically integrated water vapor transport (WVT) and corresponding zonal 
standardized anomalies (SA) for wetter: (a) occurrence; and (b) recovery phases; and (c,d) the same 
as (a,b), respectively, but for meridional SA. Vectors represent WVT, whereas shadows represent SA. 
The unit of WVT is kg·m−1·s−1. The northward and eastward directions of transport are positive. 

In addition to the geographical WVT anomalies, we studied the anomalous signals of the vertical 
cross-sections at different boundaries (Figure 9). In terms of wet occurrence, except for the 32.5° N 
boundary, anomalous features along 20.0° N, 97.5° E, and 110.0° E were distinguishable and showed 
sign reversal from those of drought occurrence. These anomalies matched well with Areas II, III, and 
V in Figure 8. For wet recovery, however, WVT anomalies at 20.0° N in the wetter process showed 
sign reversal from that of drought, whereas WVT anomalies at the other boundaries were implicit 
and scattered. 
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Figure 9. Vertical cross-sections of composite meridional or zonal water vapor transport (WVT) for 
wetter: (a–d) occurrence; and (e–h) recovery at boundaries of Southwest China (SWC). Contours 
represent WVT, for which the unit is 10-1 kg m-1 s-1 hPa-1. Standardized anomalies (SA) are shown by 
shadows, whereas warm and cold colors indicate inflow and outflow, respectively. The bold black 
box indicates the area over SWC. The black shadow areas in (b,c,f,g) represent the Qinghai–Tibet 
Plateau. 

3.3.4. Relationship between Geographical Water Vapor Transport Anomalies and Drought Processes 

Geographical WVT anomalies (Figure 5a,e) are closely related to the development of severe 
summer and early fall droughts in SWC. To study the correlation between these anomalies and 
drought processes, indices were built to quantify the geographical WVT anomalies. Two 
geographically anomalous WVT channels were described by extracting grid points, which were 
selected with composite SA below −0.2 in Area I, II, and IV in Figure 5. In Figure 10, green circles 
represent the Somali channel, and blue blocks refer to the IndoChina-Peninsula channel. The 
associated indices of the WVT anomalies were calculated by averaging all of the chosen grid-point 
SA. The indices of the IndoChina-Peninsula and Somali channels were calculated by using meridional 
and zonal SA, respectively. 

 
Figure 10. Example of structuring drought-related indices based on geographical anomalies (Areas I, 
II, and IV in Figure 5) during composite drought processes. The extracted grid points represent 
selected channels for index definition. Green circles and blue blocks represent the zonally less-than-
normal WVT from Somalia and the meridionally less-than-normal WVT from the IndoChina-
Peninsula, respectively. 

As shown in Table 2 and Figure 11, the index of the IndoChina-Peninsula channel had significant 
synchronous correlation with SPI1 during seven drought processes, whereas the index of the Somali 



Water 2017, 9, 244 12 of 20 

 

channel had significant synchronous correlation during only four drought processes. The 
synchronous correlation coefficient of the Somali channel and the 1982 summer drought process was 
0.83, whereas that of the IndoChina-Peninsula channel and the 1992 summer–fall drought process 
was 0.82. During the 2009 early fall drought and the 2011 summer–fall drought processes, they were 
both significantly related to these two anomalous WVT channels despite the negative synchronous 
correlations. Moreover, these two anomalous WVT channels had high synchronous correlation with 
the development of wetter processes. 

Table 2. Synchronous correlation coefficients between indices of geographical water vapor transport 
(WVT) anomalies and SPI1 during severe drought and wetter processes. The bold values indicate 
those exceeding the 95% confidence level by Student’s t test. 

Drought 
Years 

Index of Somali-
Channel 

Index of IndoChina-
Peninsula-Channel 

Wetter 
Years 

Index of Somali-
Channel 

Index of IndoChina-
Peninsula-Channel 

1982 0.83 −0.2 1979 −0.43 0.61 
1983 0 −0.57 1985 −0.5 −0.63 
1988 0.15 0.35 1988 −0.42 −0.17 
1990 0.54 0.39 1993 0 −0.53 
2006 −0.19 −0.28 1994 −0.61 −0.68 
2009 −0.4 −0.49 1996 0.75 −0.74 
1992 0.16 0.82 1998 −0.49 −0.74 
2011 0.41 −0.26 1999 −0.13 −0.05 

  2008 −0.12 −0.67 
  2012 0.6 −0.26 

 

 

Figure 11. Temporal evolution of SPI1 and indices of identified anomalous channels during severe 
drought processes. Dotted red curves refer to the SPI1 processes from 1 June to 31 October, whereas 
solid red curves represent drought processes. 

Although these two geographically anomalous WVT channels have relatively significant 
synchronous correlations with these drought and wetter processes, the impact of these drought-
related WVT anomalies on the development of drought and wetter events is likely to be lagging. The 
development of the 1990 summer–fall drought process is quite similar to those two indices but is 
lagging (Figure 11d). Essentially, it is feasible to investigate lagged correlations between these two 
indices and the drought processes. For example, if the lead time is 10 days and the drought process 
is from 21 November 1988, to 9 January 1989, the correlation coefficient between the anomalous WVT 

IndoChina Somali
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indices from 11 November 1988, to 30 December 1989, and the SPI1 from 21 November 1988, to 9 
January, 1989 can be calculated. 

In terms of the Somali channel and the 1990 drought process, the lagged correlation coefficient 
reached the peak for the first time when the lead time was the eighth day (Figure 12a), and these 
significantly positive correlations persisted for several days. When the lead time was approximately 
25 days, the index of the IndoChina-Peninsula channel originally related to drought had the highest 
correlation coefficients with most of the wetter processes (Figure 12d). Generally, the IndoChina-
Peninsula channel performed better in lagged correlations with the drought and wetter processes 
than the Somali channel. 

 
Figure 12. Evolution of lagged correlation coefficients between two indices of geographical water 
vapor transport (WVT) anomalies and SPI1 during: (a,c) drought; and (b,d) wetter processes. Solid 
and dotted line segments correspond to passing and failing Student’s t test, respectively. 

4. Discussion 

The study focuses on the geographical and vertical features of WVT anomalies associated with 
drought processes and their key phases. The WVT anomalies at drought occurrences (Figure 5b,f, 
Figure 6a–d) were found to be more intense and more concentrated than those at drought recovery 
(Figure 5d,h and Figure 6e–h). The reasons for this phenomenon may lie in the method described in 
Section 2.4, which demonstrates that standardized anomalies are calculated based on 21-day running 
mean variables. Because the occurrence of meteorological drought depends mainly on long-term 
precipitation deficits, the 21-day running mean method is rational. However, meteorological drought 
recovery corresponds to heavier precipitation persisting for several days, associated with shorter-
term timescales of circulation patterns. Therefore, it is expected that drought recovery is calculated 
on the basis of shorter duration running mean variables. To verify this assumption, a sensitivity 
experiment was designed with running mean WVT anomalies of different durations (Figure 13). 
When the running mean duration ranges 1–21 days, the WVT anomalies tended to be gradually 
stronger, no matter it is during drought occurrence or drought recovery. Moreover, the spatial 
distribution of anomalous WVT channels did not change. The experiment results were different from 
the original assumption, which means that WVT anomalies at drought recovery were not intensified 
based on the running mean WVT anomalies of shorter duration. The reason is that, when the one-
day-mean method is used, synoptic-scale WVT anomalies have been eliminated by using the 
composite method, resulting in weak anomalies. In comparison, the 21-day mean results indicated 
relatively evident and steady WVT anomalies. The 21-day mean method used in our study indicated 
that the temporal scale of WVT anomalies tended to be in the extended range scale, which is actually 
between planetary and synoptic scales. 

China-Peninsula 

China-Peninsula Somali 

Somali 
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Figure 13. Composite of vertically integrated water vapor transport (WVT) and different duration 
running mean zonal standardized anomalies (SA) for drought: (a–d) occurrence; and (e–h) recovery 
phases. Vectors represent WVT, whereas shadows represent SA. The unit of WVT is kg·m−1·s−1. The 
eastern direction of transport is positive. 

Following Section 2.3, daily data subsets of specific humidity, u and v were used for daily WVT 
computation. The method of 21-day running mean was used for these daily water-vapor-related 
variables, and the values were centered on the investigated day. Subsequently, we investigated 
anomalous features by using the SA method. Different from the WVT computation in our study, the 
water vapor transport can generally be separated into two parts: the stationary and the transient 
components. The former is calculated by using monthly mean data, whereas the latter is evaluated 
as departures from individual monthly mean values by using four-time daily averaged data [28]. 
These two components can be partly responsible for the precipitation anomalies in different regions 
[22,28]. However, the drought processes identified in our study were described by one-month SPI 
with a daily running window and correspond to different starting and ending dates. It was difficult 
to analyze stationary and transient components for months such as June, July, and August. In 
comparison, the WVT computation used in our study is relatively feasible. 

The R2 data products used in our study were taken from a 2.5° × 2.5° latitude–longitude grid. 
This scale is relatively coarse for moisture flux computation, which might have induced considerable 
uncertainties and errors [29]. Therefore, the high-resolution ERA-Interim reanalysis datasets were 
used for comparison of calculated water-vapor-related anomalies, to examine the impact of the 
spatial resolution on WVT computation. As shown in Figure 14, the re-examined results based on the 
ERA-Interim datasets generally indicated consistent features of WVT anomalies. Both vertical 
distribution and intensities of WVT anomalies at the 20.0° N, 97.5° E, and 110.0° E boundaries from 
ERA-Interim (Figure 14a,c,d) were quite similar to those from R2 (Figure 6a,c,d). In contrast, the WVT 
anomalies at 32.5° N were almost opposite to that in Figure 6b), particularly for the area over the 
Qinghai–Tibet Plateau. However, the WVT anomalies at the former three boundaries from R2 are 
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valid and valuable, which are closely related to the development of drought processes in SWC. 
Although the anomalies of the vertically integrated D(Q) from ERA-Interim (Figure 14g) were more 
detailed and scattered than those from R2 (Figure 4b), negative anomalies in the southern SWC were 
consistent with those in Figure 4b. The geographical WVT anomalies (Figure 14e,f) were also almost 
identical to those in Areas I–IV in Figure 5. Similar to the ERA-Interim results, these R2 results of 
coarse spatial resolution can also be acceptable in our study. It should be noted that similar 
comparison and preliminary conclusions were made by Zhou and Yu [28], although they studied 
WVT associated with the typical anomalous summer rainfall patterns in China with the datasets from 
R1 and ERA40. 

 
Figure 14. (a–d) Same as Figure 6a–d, respectively, which represent vertical cross-sections of 
composited meridional or zonal water vapor transport (WVT) for drought occurrences at the 
boundaries of Southwest China (SWC). (e,f) Same as Figure 5a,e, which are composites of: (e) zonal; 
and (f) meridional standardized anomalies (SA) of vertically integrated water vapor transport (WVT) 
for drought processes. (g) Same Figure 4b, which represents a composite of drought processes for 
vertically integrated water vapor flux divergence (D(Q); contours) and its standardized anomalies 
(SA; shadows) in SWC. The original data source of (a–g) is ERA-Interim re-analysis datasets. 

D(Q) 
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WVT anomalies that occurred during summer extreme rainfall events were investigated in 
previous studies. Compared with the WVT anomalies associated with typical anomalous summer 
rainfall in China, which were identified by Zhou and Yu [28], two different key points remain in our 
study. In terms of time scales, Zhou and Yu studied inter-annual variability such as dry and wet 
years, whereas we examined monthly drought processes and their different phases. Moreover, the 
definition of the Somali channels involved in these two studies is different. The Somali jet, originating 
from oceanic areas between 40° E and 60° E, is not related to the typical anomalous summer rainfall 
in China examined in their study. However, the Somali channel recognized in our study represents 
zonally less-than-normal African-Asian continental WVT anomalies originating from Somalia. The 
Somali channel is typically anomalous during the summer and early fall drought processes in SWC.  

The synchronous and lagged correlations between geographical WVT anomalies and drought 
and wetter processes were investigated. These correlations also lasted for several days, such as the 
approximately common high correlation of the indices of the IndoChina-Peninsula channel at the 
lead 25th day of wetter processes (Figure 12d). However, due to a natural period of these indices of 
WVT anomalies, the cycles of indices could have led to false high correlation at relatively long lead 
times. Even so, the present study indicates potential and relatively steady relationships between WVT 
anomalies with different lead time and meteorological drought and wetter processes in the short 
period. The feasible lead time, which makes the aforementioned relationships robust, is fundamental 
for end water managers to implement timely drought mitigation measures. Besides, how these 
identified drought-related WVT channels serve seasonal water management is an important issue. 
To match seasonal timescale, three-month SPI and three-month WVT anomalies should be used to 
investigate seasonal drought-related channels and appropriate relevant lead time. In addition, it is 
necessary to explore application of these channels at the appropriate lead day in early seasonal 
drought warning. 

Dynamic and thermodynamic anomalies are also important for the formation and maintenance 
processes of meteorological drought. For example, when investigating regional atmospheric 
anomalies responsible for the 2009–2010 severe drought, Lu et al. [30] reported that the warmer-than-
normal air temperature is important to the maintenance of the drought under dry atmospheric 
conditions. The persistent warm temperature makes it hard for the air to become saturated and thus 
hard for even light rains, which are efficient in mitigating drought, to form. Besides, Feng et al. [6] 
reported that dry-season droughts in SWC are generally consistent with local anomalous descent in 
the middle troposphere. Local descent is primarily maintained by the anomalous cold temperature 
advection processes. Further research will focus on local temperature anomalies and vertical motion, 
which are important factors in determining whether local water vapor can be transformed to 
precipitation during the summer and early fall droughts in SWC.  

5. Conclusions 

Water vapor transport (WVT) is an important and direct element for summer and early fall 
drought processes in SWC. In this study, we investigated WVT anomalies during severe summer and 
early fall drought processes and their different phases. SA-based indices were built, which enabled 
us to explore the potential relationship between drought and wetter processes and WVT anomalies. 
The main results are as follows. 

(1) The southern part of SWC is an important region for determining whether the entire SWC 
will experience summer and early fall drought and wetter processes. 

(2) On the basis of the composites of severe drought processes, we identified two drought-
related geographical WVT channels with SA below −0.2. The Somali channel is characterized by 
zonally less-than-normal African-Asian continental WVT anomalies originating from Somalia, 
whereas the IndoChina-Peninsula channel represents meridionally less-than-normal WVT anomalies 
originating from the IndoChina-Peninsula. Additionally, WVT anomalies at the south, east, and west 
boundaries are also essential for the development of drought processes. 



Water 2017, 9, 244 17 of 20 

 

(3) Both geographical and vertical WVT anomalies are intensified and concentrated at drought 
occurrence, and then weaken and become scattered at drought recovery. Most drought-related WVT 
anomalies are distinguishable from those of wetter processes. 

(4) The IndoChina-Peninsula channel performed better in correlations with these drought and 
wetter processes than the Somali channel. The lagged correlations between the IndoChina-Peninsula 
channel and most of the identified wetter processes peaked for the first time before the 25th day of 
lead time. 

Although drought-related WVT anomalies have been discussed in detail in the present study, 
further research will focus on dynamic and thermodynamic anomalies such as local temperature, 
associated temperature advection, and vertical motion, which are important factors in exploring 
drought mechanisms. 
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