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ABSTRACT

Although the use of anomaly fields in the forecast process has been shown to be useful and has caught

forecasters’ attention, current short-range (1–3 days) weather analyses and forecasts are still predominantly

total-field based. This paper systematically examines the pros and cons of anomaly- versus total-field-based

approaches in weather analysis using a case from 1 July 1991 (showcase) and 41 cases from 1998 (statistics) of

heavy rain events that occurred in China. The comparison is done for both basic atmospheric variables

(height, temperature, wind, and humidity) and diagnostic parameters (divergence, vorticity, and potential

vorticity). Generally, anomaly fields show amore enhanced and concentrated signal (pattern) directly related

to surface anomalous weather events, while total fields can obscure the visualization of anomalous features

due to the climatic background. The advantage is noticeable in basic atmospheric variables, but is marginal in

nonconservative diagnostic parameters and is lost in conservative diagnostic parameters. Sometimes a mix of

total and anomaly fields works the best; for example, in the moist vorticity when anomalous vorticity com-

bines with total moisture, it can depict the heavy rain area the best when comparing to either the purely total

or purely anomalous moist vorticity. Based on this study, it is recommended that anomaly-based weather

analysis could be a valuable supplement to the commonly used total-field-based approach. Anomalies can

help a forecaster tomore quickly identify where an abnormalweather eventmight occur as well as more easily

pinpoint possiblemeteorological causes than a total field. However, one should not use the anomaly structure

approach alone to explain the underlying dynamics without a total field.

1. Introduction

A total or full atmospheric variable can be decom-

posed into its climatic and anomalous components. The

former is quasi-stationary and reflects an equilibrium

state between solar radiation distribution and geo-

graphical features (such as land–sea contrast and large-

scale topography), while the latter is a departure from

the equilibrium state varying at any moment. For

weather analysis, removing the climatic component

should result in easier identification of anomalous

weather events. Figure 1 is a schematic example in which

one can hardly see any anomalous events in the time

series of the total variable (the green curve), but it clearly

shows two ‘‘positive’’ events and one ‘‘negative’’ event (the

red curve) after the climatic component (the dashed curve)

is removed. For weather forecasting, those transient

weather systems revealed in anomaly fields are the ones

causing dailyweather changes and, therefore, should be the

focus of routine weather forecasts. It is the anomaly part

that needs to be predicted, while the climatic part needs

only to be understood and known. Although anomaly

fields are commonly used in seasonal forecasts (Van den

Dool 2007), they are not routinely used in current short-

range (1–3 days) weather analyses and forecasts.

However, the usefulness of anomalies in short-range

weather analyses and forecasts has been gradually
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recognized by both research and operational meteorol-

ogists. For example, normalized anomaly (NA) or stan-

dardized anomaly-based ‘‘anomaly forecasts’’ have been

proposed and used in case studies and operations in the

last decade for high impact weather events (Grumm and

Hart 2001; Hart and Grumm 2001; Junker et al. 2008;

Junker et al. 2009; Graham and Grumm 2010; Grumm

2011a,b; Graham et al. 2013). Du et al. (2014) further

proposed ‘‘ensemble anomaly forecasts’’ by combining

anomaly forecasts with ensemble prediction to quantita-

tively measure the confidence of an anomaly forecast,

which is similar to the idea of an extreme forecast index

(EFI) used at the European Centre for Medium-Range

Weather Forecasts (ECMWF; Lalaurette 2003; Zsoter

2006). The Storm Prediction Center of the National

Centers for Environmental Prediction (NCEP) has been

using anomaly-based forecasting for several years, and

the staff there have developed a web-based tool (http://

www.spc.noaa.gov/exper/envbrowser/) that allows users

to evaluate how the current and near-term forecast of

environmental conditions compare to climatology for

severe weather forecasting (Smith et al. 2012). In recent

years, a raw anomaly (RA) based analysis has also been

found to be useful in short-, medium-, and extended-

range diagnoses and forecasts of extreme weather

events such as freezing rain (Qian and Zhang 2012), heat

waves (Ding andQian 2012; Qian et al. 2016), heavy rain

(Qian et al. 2013), and typhoon tracking (Qian et al.

2014; Huang et al. 2015). The relationship between the

NA and RA is NA 5 RA/s, where s is the climato-

logical standard deviation of a variable. A systematic

comparison between RA and NA will be discussed in a

separate study. Generally speaking, RA is better in de-

scribing the spatial structure related to a surface anom-

alous weather event, while NA is better in indicating the

abnormality of an event relative to climatology. Since the

spatial structure of weather systems is a primary interest in

this study, RA is used here.

Wewould like readers to keep the following two things in

their mind when they read the paper. One is that this de-

composition approach should be considered as an alterna-

tive way to present information already contained in the

original total field rather than providing any new in-

formation as illustrated in Fig. 1. This newway of expression

will, however, help forecasters in a meaningful way such as

easier identification of anomalous episodes and better visu-

alization of anomalous structures. This could save fore-

casters time and effort in quickly grasping details related to a

high-impact weather event in a time-restriction operational

environment.Another is that an anomaly field should not be

used alone (without a total field) to interpret the under-

lying dynamics since atmospheric flow cannot be physi-

cally separated into two independent parts (anomaly and

climatic background) and any weather phenomenon

(such as precipitation) occurs as a result of total flow

rather than just one part of it. For example, when con-

sidering 300-hPa height anomalies in the mid- to high

latitudes of the Northern Hemisphere, an anomaly high

FIG. 1. A schematic diagram of the conversion of a total variable into an anomaly by re-

moving the climatic component to better reveal hidden anomalous weather episodes, where

two ‘‘positive’’ and one ‘‘negative’’ anomalous events are shown.
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north of an anomaly low translates into a weakening of

the westerly jet (Fig. 2a) rather than a presence of an

easterly jet (Fig. 2b). On other hand, the anomaly can

help to immediately pinpoint the possible cause of the

weakening of the westerly jet, that is, whether it is due to

the increase of pressure in the north or the decrease of

pressure in the south or both, which cannot be easily told

by the total field. In this illustration, it is causedmainly by

the increase of pressure (weakening of the low system) in

the north (Fig. 2b). Land–sea breezes could be another

example, if the climatological pattern is an easterly on-

shore flow due to warm land in the west and cold water in

the east. But for some reason, the anomaly pattern is op-

posite (i.e., a westerly offshore flow). We cannot simply say

that there is a landbreezeby just viewing theanomalies since

in fact the total pattern is completely zeroed out so there is

no flow at all in reality. Theweather phenomenon along this

coastline should be associatedwith the total calmflow rather

than the anomalous westerly flow. Thus, just considering the

anomaly pattern would bemisleading. However, by viewing

the spatial scale and structure of anomaly patterns in wind

and temperature, one might quickly tell the cause of this

abnormality. For example, is it due to abnormally warmer

water temperature or colder than normal land temperature

or stronger large-scale westerly flow? Therefore, we suggest

that the anomaly approach shouldbeused as a supplemental

tool to a total field to mitigate any misuse of an anomaly

field. In this study, we will avoid dynamic explanation but

focus on the demonstration of the new way of expression

(i.e., pattern recognition). If there is any indication of dy-

namical implication in the description of our results below, it

is not our intention.

Using a heavy rain situation as an example, this paper

is intended to systematically examine the pros and cons

of employing anomaly fields compared to total fields in

weather analysis (weather forecasting is not a concern in

this paper). The paper is organized as follows. Section 2

describes the data and methodology. Results are pre-

sented in section 3, where basic atmospheric variables

(height, temperature, wind, and humidity) are examined

first and diagnostic parameters (divergence, vorticity,

potential vorticity, and their variations) are examined

separately in the following two subsections. A summary

and discussion are provided in section 4.

2. Data and methodology

a. Datasets

Two datasets are used in this paper. The first one is the

observed daily 24-h (1200–1200 UTC) accumulated

precipitation of 754 rain gauges in mainland China during

the period 1991–98. The gauges are dense and evenly

FIG. 2. A schematic comparison between (a) total height/wind and (b) anomalous height/wind at the 300-hPa level

in the Northern Hemisphere (H 5 high, L 5 low).
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distributed in space in eastern China. The siphon rainfall

recorder is used in these gauges. Quality control is per-

formed over the database on the criteria of outliers, ho-

mogeneity, and consistency. Details can be found in Feng

et al. (2004) for the homogeneity and consistency, and in

Chen et al. (2010) for the outliers. A daily local heavy rain

(LHR) event is defined as when the rainfall accumulated

over the 24-h period exceeds 50mm. A daily regional

heavy rain (RHR) event is determined as two or more

adjacent stations (less than 200km apart) reaching 50mm

within 24h. The term heavy rain is referred to as a daily

RHR event in this study. This observed precipitation

dataset is interpolated onto a 0.58 3 0.58 latitude–longitude
grid using the ordinary Kriging method of Chen et al.

(2010), and is used for quantitative calculation of various

measuring scores. The second dataset is the ECMWF in-

terim reanalysis (ERA-Interim) dataset (http://apps.

ecmwf.int/datasets/data/interim-full-daily/) with 0.758 3
0.758 latitude–longitude grid spacing and 37 standard

pressure levels (1000–50hPa) since 1979 (the modern

satellite era). The ERA-Interim dataset from 1981 to 2010

was used in the estimation of the climatology, while the

1991 and 1998 datasets were used for the case studies.

b. Method

A total atmospheric variable Fd,y(l, u, p, t) can be

decomposed into a climatic component ~Fd(l, u, p, t)
and an anomaly F 0

d,y(l, u, p, t) (Qian et al. 2014):

FIG. 3. (a) Total, (b) anomalous, and (c) climatic

winds (m s21) at 850 hPa at 0000 UTC 1 Jul 1991.

Red, green and blue open circles/dots indicate the

stations with rainfall over 50, 25–50, and 10–

25mmday21, respectively. Purple contours are the

isohyets of 10, 25, and 50mmday21 using the in-

terpolated gridded precipitation. In (a) the heavy

dashed arrow and heavy dashed line indicate the

southwesterly LLJ stream and LLWS line, re-

spectively. In (b) the heavy dashed line indicates the

anomalous convergence line. In (c) the heavy dashed

line indicates the LLWS line. Letters A and C denote

the anticyclone and cyclone centers, respectively. The

straight dashed line is along 114.758E, which will be

used for vertical–latitude cross section plots in

this study.
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FIG. 4. Vertical–latitude cross sections of (a1)–(a3) total and (b1)–(b3) anomalous height and

temperature in hemispheric, regional, and local scales, along 114.758E at 0000 UTC 1 Jul 1991.

Contours are for height or the height anomaly, and color shading is for temperature or the tem-

perature anomaly. The heavy dashed line denotes the axis of the height anomalies in (b1) and (b2).

The location of the surface rainband is indicated by the filled triangle. Different contour intervals

are used for different scales: In (a1) a 1003 10 gpm interval is used for height and a 5-K interval for

temperature; in (b1) a 13 10 gpm interval is used for the height anomaly and a 1-K interval for the

temperature anomaly. In (a2) 253 10 gpm and 2K are used; in (b2) 13 10 gpm and 1K are used.

In (a3) 13 10 gpm and 1K are used; in (b3) 0.23 10 gpm and 1K are used. Letters H/L andW/C

indicate the centers of the height and temperature anomalies, respectively.
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F
d,y
(l,u, p, t)5 ~F

d
(l,u,p, t)1F 0

d,y(l,u,p, t) , (1)

where t is the diurnal time (24hday21), d is the calendar

date (365 days yr21), y is the year, u is the latitude, l is

the longitude, and p is the pressure level. The climatic

field is estimated by averaging 30 yr (1981–2010) of data

based on the reanalysis dataset for a date d and a time t:

~F
d
(l,u,p, t)5 �

2010

y51981

F
d,y
(l,u,p, t)/30. (2)

It is assumed that the positive and negative anomalies of

meteorological variables at a specific grid point and a

given time roughly cancel each other during the 30-yr

period to approximate the quasi-static climatic state.

The climate defined by Eq. (2) varies from hour to hour

and from day to day. To obtain a smoother hour-to-

hour climatology, two other separate methods, the

four mode of Fourier expansion and the 21-day run-

ning mean, were individually applied at NCEP

(B. Yang 2013, personal communication). We have com-

pared these three methods and found that the differ-

ences in the mean among them are much smaller than

the variance at four selected times (not shown), which

implies that using any one of them as the ‘‘standard’’

climatology should lead to the same conclusion al-

though minor differences in the climatological values

are expected. Equations (1) and (2) are therefore used

to obtain the climatology and anomaly of the geo-

potential height H, temperature T, specific humidity q,

and wind v5 ui1 yj1vp based on the ERA-Interim

reanalysis data in this study.

FIG. 5. (a) Total, (b) anomalous, and (c) climatic

height and temperature at 925 hPa at 0000 UTC 1 Jul

1991. The red, green, and blue open circles/dots in-

dicate the stations with rainfall exceeding 50, 25–50,

and 10–25mmday21, respectively. In (a) and (c) the

contours are for height (10-gpm interval) and color

shading is for temperature (1-K interval). In

(b) contours are for height anomalies (10-gpm in-

terval) and shading is for temperature anomalies

(1-K interval). The heavy dashed line denotes the

height trough. Purple contours are the isohyets of

10, 15, and 50 mm day21 using the interpolated

gridded precipitation.
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3. Comparison between total and anomalous fields

a. Basic atmospheric variables

From 30 June to 12 July 1991, a prolonged stationary

flood-producing precipitation event occurred over the

lower Yangtze River basin, in response to a series of

short waves moving east across the area (Ding 1993). On

1 July 1991, 22 stations exceeded 50mmday21 of rainfall

with a maximum precipitation of 201.8mmday21 and an

average precipitation of 96.5mmday21. Figure 3 shows

the total, anomalous, and climatic winds at 850hPa at

0000 UTC 1 July 1991. In the total wind field (Fig. 3a), a

heavy rainband is located on the left side of the low-level

jet (LLJ) and near the horizontal low-level wind shear

(LLWS) line, where the southwesterly flow is much

stronger on the south side of the shear line; there is no

visible presence of cyclonic systems associated with this

rainband. By contrast, two synoptic-scale cyclonic

vortices, one over the upper Yangtze River valley

(labeled C1) and another over South Korea (C2), are

clearly observed in the anomaly wind field (Fig. 3b),

which are connected by an anomalous wind shear line

along the Yangtze River. Two anticyclone centers (A1

and A2) are situated on each side of the anomalous

wind convergence line over the lower Yellow River

and the subtropical northwest Pacific, respectively.

The anomalous convergence line overlaps with the

heavy rainband. Although the LLWS lines in both the

total and anomaly fields indicated the rainband loca-

tion equally well, the anomalous lows and highs can

only be revealed in the anomaly wind field. The LLWS

lines in the climatic wind are apparently not a good

FIG. 6. Vertical–latitude cross sections of (a) total,

(b) anomalous, and (c) climatic winds along 114.758E
at 0000 UTC 1 Jul 1991. The heavy rain area is in-

dicated by the filled triangle. Westerly and easterly

velocities are shaded in red and blue colors (m s21). In

(a) and (b), the fine dotted lines denote the ascending

area with vertical velocity exceeding 0.5 Pa s21 (en-

larged by 10 times), and the heavy dashed line denotes

the convergence line. SW, NW, and NE denote the

southwesterly, northwesterly, and northeasterly winds,

respectively.
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indicator for the heavy rainband (Fig. 3c), as one

would expect.

Figure 4 compares the vertical–latitude cross sections

of the total and anomalous height-temperature distri-

butions, along 114.758E (corresponding to the straight

vertical dashed line in Fig. 3) at 0000 UTC 1 July 1991.

To have a complete comparison, three different scales

(hemispheric, regional, and local) are provided. At all

three scales, both the total and anomalous temperature

fields have an equally visible signal (a frontal zone with a

large temperature contrast) connecting to the heavy rain

event. However, there is no obvious signal that allows

for identification of the rainband from the total height

distribution in hemispheric and regional scales as a re-

sult of the small difference in geopotential height across

the heavy rain area (Figs. 4a1 and 4a2). At the local

scale, the heavy rain was located in a height ridge area in

the total field (Fig. 4a3) because it is climatologically a

subtropical-high area (not shown). By contrast, the

height anomalies show a clear signal indicating the

rainband, where an axis of negative height anomalies is

extended down and southward from the upper tropo-

sphere to the heavy rain area in all scales (Figs. 4b1–3).

These features indicate that vertical coupling between

the lower- and upper-troposphere atmospheric systems

might have played a role in the formation of this heavy

rain event. Apparently, this vertical coupling in-

formation cannot be easily seen from the total height

field. This demonstrates that some small but important

features are hard to see or may be obscured in the

presence of the climatological background in a total field

but can be vividly revealed after the climatology part is

removed. This is an added value of the anomaly ap-

proach to the total-field-based analysis.

Since both the height and temperature anomalies

have clear signals in the lower troposphere as shown in

Fig. 4b, the horizontal distributions of the total, anom-

alous, and climatic height–temperature distributions at

925 hPa at 0000 UTC 1 July 1991 are compared in Fig. 5.

As in Fig. 4, both the total and anomalous temperature

fields have similar capability to indicate the heavy rain;

that is, a large temperature gradient zone lies along the

rainband. In the 925-hPa height field, the north bound-

ary of the heavy rainband is better defined by the narrow

anomaly trough (Fig. 5b), while it is located on the north

edge of a large total-height gradient zone (Fig. 5a).

Therefore, the rainband width, especially its north

boundary, looks to be more easily defined by the narrow

anomaly trough than by the wide pressure-uniform area

in the total height field. In the climatic field (Fig. 5c)

there is nowell-defined signal indicating the rainband, as

expected. Figure 5b also shows an extension of the

anomaly trough across southern South Korea with an

anomaly low center. Although the dataset utilized in this

study did not contain rainfall records outside of China,

the South Korean observations confirmed that a re-

gional heavy rain event did occur over southern South

Korea in response to this anomaly vortex.

The total and anomalous winds in the vertical–latitude

cross sections along 114.758E at 0000 UTC 1 July 1991

FIG. 7. Vertical–latitude cross sections of q along 114.758E at 0000UTC 1 Jul 1991. (a) Total q (red line in 2 g kg21

interval), as well as its climatic component (black dashed line, 2.5 g kg21 interval). (b) The q anomaly (shaded with

1 g kg21 contour interval). The thick dashed lines in (a) represent the axes of maximum total specific humidity.
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FIG. 8. Horizontal distributions of (a) total, (b) anomalous, and (c) climatic RH (q/qs) at 850 hPa at

0000UTC 1 Jul 1991, in 0.1 or 10% contour intervals. (d) The ratio of the total RH to the climatic RH,

at 0.1 contour intervals. (e) Total and (f) anomalous q, in 1 g kg21 contour intervals. Red, green, and blue

open circles/dots indicate the stations with rainfall over 50, 25–50, and 10–25mmday21, respectively.

FEBRUARY 2016 Q IAN ET AL . 79



are compared in Fig. 6. The convergence of the winds and

ascending motion are evident in the mid- to low tropo-

sphere over the heavy rain area in both the total (Fig. 6a)

and anomalous (Fig. 6b) winds. However, the contrast

between southwesterly (SW) and northeasterly (NE) is

clearer and more concentrated in the anomaly field, par-

ticularly between 950 and 400hPa, because of the reduced

SW and the enhanced NE after the climatology (Fig. 6c) is

removed. This is consistent with the results from Fig. 3.

Besides the deeper depth of the low-level convergence, the

convergence zone in the anomaly field is vertically more

tilted and shifted more to the south near the surface.

The advantage of an anomaly-based over a total-field-

based approach is also noticeable in the moisture field.

Both specific humidity q and relative humidity (RH)

q/qs are examined. In the vertical distribution of q, both

the total (Fig. 7a) and anomaly (Fig. 7b) fields do show

an axis of maximum value directly above the heavy rain

area. But the structure is more visible andwell organized

in the anomaly field: the axis of the positive moisture

anomaly is accompanied by a negative moisture anom-

aly on both the north and south sides. Because of the

climatologically high value (the black contours in

Fig. 7a), the distribution of q is almost opposite in the

FIG. 9. (a) Total and (b) anomalous divergence; (c) total and (d) anomalous relative vorticity at 850 hPa at

0000UTC 1 Jul 1991. Contour interval is 23 1025 s21. Convergence bands or positive voriticy bands are denoted by I–

IV. The areas of divergence (vorticity) lower than223 1025 s21 (greater than 23 1025 s21) are shaded. Red, green,

and blue open circles/dots indicate the stations with rainfall over 50, 25–50, and 10–25mmday21, respectively.
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total and anomaly fields near 258N,with amoisture ridge

in the total field but a moisture trough in the anomaly

field. In the horizontal distribution of RH, both the total

(Fig. 8a) and anomaly (Fig. 8b) fields do have a high RH

belt that covers the Yangtze River heavy rainband.

However, the high RH belt in the total field covers a

much wider area extending from Vietnam all the way to

the Yangtze River via southwest China (area II 1 I in

Fig. 8a). The RH within this area is almost uniform

(with a maximum in the nonheavy rain area II) and in-

distinguishably covers both the heavy rain and nonheavy

rain regions. In contrast, the anomalous RH shows a

maxima zone that is concentrated mainly in the heavy

rain area (area I in Fig. 8b). This certainly provides a

more meaningful signal to forecasters. The reason why

the false-alarm area II is absent in the anomaly field is

that Vietnam and southwest China are climatologically

wetter than the Yangtze River valley (Fig. 8c). After the

climate background is removed, what is revealed is an

anomaly signal that has a closer relation with daily

weather anomalies. This anomaly signal is even clearer if

it is expressed by the ratio of the total RH to the climatic

FIG. 10. MD at 850 hPa at 0000 UTC 1 Jul 1991. (a) MD_TT, (b) MD_AA, (c) MD_TA, and (d) MD_AT. The

contour interval is 13 1025 s21 and k5 10 is used in the calculations. Red, green, and blue open circles/dots indicate

the stations with rainfall over 50, 25–50, and 10–25mmday21, respectively.
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RH (Fig. 8d). The climatic component mainly reflects

the large-scale wet southwest Asian monsoon and dry

air mass in the northwest China desert region, which

has little correlation with the heavy rain event. The

horizontal distribution of specific humidity field is

generally similar to that of the relative humidity in

both the total (cf. Figs. 8e and 8a) and anomalous (cf.

Figs. 8f and 8b) components. The heavy rainband is

collocated with a maximum band of positive specific

humidity anomalies. One advantage of using q instead

of RH exists in the climatologically dry region, that is,

the anomalously wet zone in terms of RH is now re-

placed by an anomalously dry zone in terms of q in the

northwest corner where no rain was observed. This

positive RH anomaly was likely caused by the abnor-

mally lower temperature (as indicated by Fig. 5b)

rather than by excessive moisture content. Note that

since dynamical factors are not considered, not all

areas with anomalously high moisture are expected to

have heavy rain events (the impact of combining

moisture and dynamical factors together has been in-

vestigated in detail in Qian et al. 2015).

Figures 3–8 demonstrated that anomaly-based weather

analysis has advantages over the total-field-based ap-

proach. Generally speaking, the anomalies have a more

concentrated signal (pattern) near the heavy rainband

FIG. 11. As in Fig. 10, but for MV with k 5 10. The contour interval is 2 3 1025 s21.
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leading to an easier identification of anomalous episodes.

Although the total fields also have a positive indication of

the rainband, the anomaly fields provide more detailed

anomalous structures. Therefore, the anomaly-based

weather analysis can be a valuable supplement to the

current total-field weather analysis to give forecasters a

more complete picture of a weather event. Examination

of numerous other heavy rain events (including those that

occurred during the period of 30 June–12 July 1991 as

well as another 41 cases from 1998 that were used in

sections 3b and 3c) supported the results found in this

case study. In addition to heavy rain (Qian et al. 2013),

similar results have been found for other weather events

such as freezing rain, heat waves, summer low tem-

peratures, and typhoon tracks (Qian and Zhang 2012;

Ding and Qian 2012; Qian et al. 2014; Qian and Jiang

2014; Qian et al. 2016; Huang et al. 2015). Therefore,

we are confident that the above result with respect to

basic atmospheric variables is representative and can

be generalized.

b. Nonconservative thermodynamic parameters

In this section, a few nonconservative thermodynamic

parameters including divergence, relative vorticity,

moist divergence (MD), moist vorticity (MV), specific

humidity q, and the two products of divergence and

FIG. 12. As in Fig. 10, but for DQ. The contour intervals are 20 3 1025 s21 g kg21 in (a) and (d) and

2.5 3 1025 s21 g kg21 in (b) and (c).
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vorticity directly multiplying by q (DQ and VQ) will be

examined. These are given by

D5
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� q , (8)

where k5 10 is used in the MD and MV following Qian

et al. (2015). For details about the concept of MD and

MV, readers are referred to Qian et al. (2015). By ap-

plying Eq. (1) to the zonal and meridional wind com-

ponents u and y, the divergence and vorticity can be

expressed in total, climatic, and anomalous components,

that is, D5 (›u/›x)1 (›y/›y), ~D5 (›~u/›x)1 (›~y/›y),

and D0 5 (›u0/›x)1 (›y0/›y) for divergence; and

FIG. 13. As in Fig. 10, but for VQ. The contour intervals are 25 3 1025 s21 g kg21 in (a) and (d) and

5 3 1025 s21 g kg21in (b) and (c).
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z5 (›y/›x)1 (›u/›y), ~z5 (›~y/›x)1 (›~u/›y), and z0 5
(›y0/›x)1 (›u0/›y) for vorticity.
Figures 9a and 9b compare the total-wind- and

anomaly-wind-based divergences at 850hPa at 0000UTC

1 July 1991. Generally speaking, the results are quite

similar to each other. In the total-field-based divergence,

there are three bands of convergence located, respec-

tively, over northChina (I), theYangtzeRiver valley (II),

and south China (III), where only the one along the

Yangtze River is associatedwith heavy rain (Fig. 9a). The

convergence band in south China, however, is largely

reduced in the anomalous divergence (Fig. 9b) because it

is caused by the climatic wind (not shown). Therefore, the

anomalous divergence has a slightly better indication of

heavy rain than the total divergence. As for the strong

convergence band in north China revealed in the anom-

alous divergence field, it did not produce heavy rain be-

cause of the lack of atmospheric moisture (see Fig. 8).

Figures 9c and 9d compare the total-wind- and anomaly-

wind-based vorticities at 850hPa at 0000 UTC 1 July

1991. There are a total of four bands of positive vorticity

located over north China, northeast China, the Yangtze

River valley, and southwest China (IV). As with di-

vergence, the anomalous vorticity is generally similar to

the total vorticity in the larger picture with only two

differences: one is the elimination of the southwest ex-

tension of band IV and the other is a slightly southward

shift of the same band (III) in the anomalous vorticity

as a result of the removal of the climatic component.

The elimination of the southwest extension (IV) can be

deemed to be an improvement, while the southward

shift is too small to have a meaningful impact in this

case. The fact that the positive vorticity band in north

China does not correspond to any heavy rain is again

due to the lack of atmospheric moisture over that region

(see Fig. 8).

TABLE 1. Averaged TS, POD, areal bias, and FAR of MPV and specific humidity q at 850 hPa, GMPV at 925 hPa, as well as various

forms of divergence and vorticity at 850 hPa in depicting heavy rain locations ($25mmday21) based on 41 cases that occurred in eastern

China in 1998. The optimal thresholds used for each parameter are listed.

Parameter POD Bias FAR TS Optimal threshold

Divergence (850 hPa; s21) Div 0.295 1.12 0.707 0.169 22.0 3 1025

Div0 0.355 1.60 0.757 0.167 21.4 3 1025

Moist divergence (850 hPa; k 5 10; s21) MD_TT (div 3 q/qs) 0.488 1.37 0.612 0.270 20.5 3 1025

MD_TA (div 3 q0/qs0) 0.449 1.22 0.592 0.263 20.5 3 1025

MD_AT (div0 3 q/qs) 0.476 1.33 0.610 0.268 20.5 3 1025

MD_AA (div0 3 q0/qs0) 0.441 1.23 0.603 0.257 20.4 3 1025

Vorticity (850 hPa; s21) Vort 0.357 1.27 0.694 0.196 4.3 3 1025

Vort0 0.403 1.51 0.711 0.201 3.4 3 1025

Moist vorticity (850 hPa; k 5 10; s21) MV_TT (vort 3 q/qs) 0.538 1.749 0.656 0.262 1.4 3 1025

MV_TA (vort 3 q0/qs0) 0.561 1.846 0.658 0.266 0.9 3 1025

MV_AT (vort0 3 q/qs) 0.511 1.507 0.619 0.274 1.5 3 1025

MV_AA (vort0 3 q0/qs0) 0.534 1.700 0.646 0.267 0.9 3 1025

MPV (850 hPa; PVU) MPV 0.330 4.992 0.926 0.064 0.03

MPV1 0.239 1.467 0.824 0.111 0.2

MPV2 0.280 1.316 0.777 0.131 20.2

MPV0 0.322 4.286 0.915 0.007 0.05

MPV10 0.244 1.572 0.834 0.109 0.2

MPV20 0.249 1.311 0.814 0.116 20.1

GMPV (925 hPa; k 5 10; PVU) GMPV 0.420 1.748 0.739 0.188 0.4

GMPV1 0.315 1.935 0.822 0.129 0.2

GMPV2 0.343 1.720 0.774 0.154 0.2

GMPV0 0.464 2.043 0.756 0.189 0.3

GMPV10 0.326 2.080 0.827 0.127 0.2

GMPV20 0.316 1.827 0.811 0.132 0.1

Specific humidity (850 hPa; g kg21) q 0.674 3.902 0.734 0.179 12.9

q0 0.582 2.915 0.758 0.192 2.3

DQ (850 hPa; s21 g kg21) DQ_TT (div 3 q) 0.349 0.962 0.631 0.219 221.8 3 1025

DQ_TA (div 3 q0) 0.419 1.300 0.637 0.228 22.9 3 1025

DQ_AT (div0 3 q) 0.369 1.088 0.648 0.219 217.3 3 1025

DQ_AA (div0 3 q0) 0.441 1.500 0.671 0.222 22.1 3 1025

VQ (850 hPa; s21 g kg21) VQ_TT (vort 3 q) 0.434 1.333 0.659 0.231 45.2 3 1025

VQ_TA (vort 3 q0) 0.469 1.562 0.656 0.240 6.79 3 1025

VQ_AT (vort0 3 q) 0.458 1.302 0.636 0.250 38.4 3 1025

VQ_AA (vort0 3 q0) 0.528 1.863 0.679 0.244 4.7 3 1025
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The MD and MV are evaluated in four forms: purely

total-field based (using total wind and total moisture,

denoted as *_TT), purely anomaly-field based (anoma-

lous wind and anomalous moisture, *_AA), and two

hybrid versions of mixed total- and anomaly-field based

(total wind and anomalous moisture, *_TA; anomalous

wind and total moisture, *_AT), where * can be replaced

by either MD or MV. Figure 10 shows the four forms of

MD at 850hPa, where the heavy rainband is generally

collocated with the strongest convergence zone for all

four forms. Although the four versions are similar in

general, the two with total moisture (MD_TT and MD_

AT) have a stronger convergence zone and are better

than the two with anomalous moisture (MD_TA and

MD_AA). For example, MD_TT and MD_AT cover

the southwest tail of the heavy rainband better than

MD_TA andMD_AA. A very similar result is found for

the MV at 850 hPa (Fig. 11). The heavy rain is generally

collocated with the maximum positive vorticity zone in

all four forms: MV_TT (Fig. 11a) and MV_AT

(Fig. 11d) are similar to each other and have a stronger

signal; MV_TA (Fig. 11c) and MV_AA (Fig. 11b) are

similar to each other with a weaker signal. Although

MV_AT and MV_TT are generally similar, the former

looks slightly better than the latter because the clima-

tologically induced ‘‘false alarm’’ tail in southwest China

is gone in MV_AT (cf. Figs. 11a and 11d). This implies

that under some circumstances, the mixing of the total

and anomaly fields might have the best coverage with

the heavy rain area than either using the purely total-

field- or purely anomaly-field-based methods for a

compound parameter.

As for the MD and MV, the DQ and VQ are exam-

ined in the same four forms (*_TT, *_AA, *_TA and

*_AT, where * can be replaced by either DQ or VQ). In

the two forms (*_AA and *_TA) that involve anoma-

lous q, only positive q0 is applied in the calculation (i.e.,

negative q0 is treated as zero) since heavy rain is our

concern. The results for DQ and VQ are shown in

Figs. 12 and 13, respectively. They show that all four of

the forms have a band of high value collocated with the

heavy rainband. The two forms using anomalous q

FIG. 14. Average (a) TS, (b) POD, (c) areal bias, and (d) FARof various vorticity and divergence forms as well as

specific humidity (total field shown by black bar, with anomaly versions in gray and other lighter colors) in depicting

the heavy precipitation area ($25mmday21) based on a total of 41 daily heavy rain cases that occurred in eastern

China during 1998.
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(*_AA and *_TA in Figs. 12b, 12c, 13b, and 13c) have a

more concentrated signal singling out the heavy rain-

band because only positive q0 is used in the calculation.

To have a robust and quantitative result, we have

systematically examined the other 41 daily heavy rain

events that occurred in eastern China during 1998. The

threat score (TS; Palmer and Allen 1949) is used to

quantitatively measure how well an area defined by a

parameter overlaps with a heavy precipitation area of

exceeding 25mmday21 over China. To be fair for each

parameter, an optimal threshold value is estimated first

for each parameter, which gives the highest TS on av-

erage of the 41 cases (Table 1). The TS results are

summarized in Fig. 14a, which reiterates the above case

study findings. The TSs suggest that the performances

are generally similar between the total and anomaly

versions for these parameters. The hybrid version of

mixed anomaly-wind- and total-moisture-based MV_AT

and VQ_AT covers the heavy rain area slightly

better than either the purely total-field-based MV_TT

and VQ_TT or the purely anomaly-based MV_AA and

VQ_AA (but the differences are not statistically

significant).

To better understand the performance or TS result,

we calculated the probability of detection (POD;

Fig. 14b), areal bias (Fig. 14c), and false alarm ratio

(FAR; Fig. 14d) for the same optimal thresholds used in

TS [the equations of these scores can be found in Zhou

and Du (2010)]. From Fig. 14 we can see that when

moisture q is used alone to depict the heavy rain area, it

is often too wide in its coverage (high bias) and leads to a

high false alarm ratio although its probability of de-

tection is high, which results in worse performance or a

lower TS. When the dynamic factor (divergence and

vorticity) is used alone, it has a higher false alarm ratio

and a lower detection rate, which implies that its loca-

tion does not match the heavy rain area well and leads

to a lower TS. When the moisture and dynamics factors

are combined (MV, MD, VQ, and DQ), the false alarm

ratio is reduced and the probability of detection is

FIG. 15. Vertical–latitude cross sections for (top) total field of (a)MPV1, (b)MPV2, and (c)MPV (the sumofMPV1 andMPV2), as well

as (bottom) the anomaly field of (d) MPV10, (e) MPV20, and (f) MPV0 (the sum of MPV10 and MPV20) along 114.758E at 0000 UTC 1 Jul

1991. The interval for positive (solid line) and negative (dashed line) cases is 0.2 PVU (1 PVU 5 1026 K kg21 m2 s21). Heavy solid and

heavy dashed lines denote themaximum axis of the positive and negative PV. The thick horizontal line at the surface represents the area of

heavy rain.
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increased, which results in better performance with a

higher TS. The MD and MV are even more superior to

the DQ and VQ. Therefore, we recommend combining

dynamical and moisture factors together to form a hy-

brid compound parameter to increase the ability to de-

pict areas of heavy rain, as in Qian et al. (2015).

c. Conservative thermodynamic parameters

For a conservative parameter, it is conservative only

in its total field but not in its anomaly field. Therefore, it

will be interesting to see how an anomaly field behaves.

Two conservative thermodynamic parameters will be

examined in this section: moist potential vorticity

(MPV) and generalized MPV (GMPV).

MPV5 r21§
a
� =u

e
, (9)

where r is the air density, §a 5 f 1 §5 2V sinu1
[(›y/›x)1 (›u/›y)] is the absolute vorticity, f is the

Coriolis parameter,V is the angular speed of the earth’s

rotation, u is the earth’s geographical latitude, and ue
is the equivalent potential temperature. The MPV is

conservative in moist-adiabatic and frictionless conditions

(Schubert et al. 2001) and can be decomposed into two

terms:

MPV152g(§1 f )
›u

e

›p
52g

��
›y

›x
2

›u

›y

�
1 f

�
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e

›p
(9a)

and

MPV25 g

�
›y

›p
� ›ue
›x

2
›u

›p
� ›ue
›y

�
. (9b)

When the equivalent potential temperature in Eq. (9) is

replaced by the generalized equivalent potential tem-

perature, u*5 u � exp[(Lqs/cpT)(q/qs)
k], the MPV be-

comes the GMPV (Gao et al. 2004a):

GMPV5 r21§
a
� =u*, (10)

where L is latent heat released from condensation by a

unit air mass, cp is the heat capacity of dry air held at a

constant pressure, q is air specific humidity, qs is air

saturated specific humidity, and T is air temperature. In

GMPV, k 5 10 is used following Qian et al. (2015).

FIG. 16. (top) Total fields of (a) MPV1, (b) MPV2, and (c) MPV, as well as (bottom) anomaly fields of (d) MPV10, (e) MPV20, and
(f) MPV0 at 850 hPa at 0000 UTC 1 Jul 1991. The interval for positive (solid line) and negative (dashed line) is 0.2 PVU. Red, green, and

blue open circles/dots indicate the stations with rainfall over 50, 25–50, and 10–25mmday21, respectively.
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Similar to MPV1 and MPV2, GMPV1 and GMPV2 can

be defined as

GMPV152g(§1 f )
›u*

›p

52g

��
›y

›x
2

›u

›y

�
1 f

�
›u*

›p
and (10a)

GMPV25 g

�
›y

›p
� ›u*
›x

2
›u

›p
� ›u*
›y

�
. (10b)

Gao et al. (2004a,b) argued that maximum MPV

(GMPV) and maximum surface rainfall are nearly col-

located as a result of the impact of heat and mass forcing

on the development of MPV (GMPV). Therefore, the

MPV (GMPV) can be used to track the propagation of

rain systems (e.g., Figs. 1–4 inGao et al. 2004b).We here

compare the MPV or GMPV area with the heavy rain

area. Similarly, total MPV (GMPV) can be decomposed

into climatic and anomalous components if Eq. (1) is

applied to all the involved basic variables. Figure 15 is a

comparison between the total and anomalous MPV

along with its two components in a vertical–latitude

cross section along 114.758E at 0000 UTC 1 July 1991,

which shows no obvious advantage of anomaly-field-

based MPV0 over total-field-based MPV. Since the

maximum axis of MPV1 andMPV2 at 850 hPa is located

right over the heavy rainband (Figs. 15a,b), the hori-

zontal comparison is carried out at the 850-hPa level by

Fig. 16. The total field (especially MPV1 and MPV)

covers a widespread area, while the anomaly field

(MPV10, MPV20, and MPV0) covers a smaller area and

focuses more on the heavy rain regions.

Figure 17 shows the total-field- and anomaly-field-

based GMPV along with its two components in a

vertical–latitude cross section. There is no major dif-

ference betweenGMPV andGMPV0 in the distribution.

Both show a generally correct signal in the lower tro-

posphere pointing to the heavy rain location. Since the

signals from GMPV concentrate in the lower tropo-

sphere, Fig. 18 shows a spatial distribution of GMPV at

925 hPa. We can see both the advantages and disad-

vantages associated with the total-field GMPV and

anomaly-field basedGMPV. Consistent with Fig. 17, the

two components have the same sign and all of them,

FIG. 17. As in Fig. 15, but for GMPV: (a) GMPV1, (b) GMPV2, (c) GMPV (the sum of GMPV1 and GMPV2), (d) GMPV10,
(e) GMPV20, and (f) GMPV0 (the sum of GMPV10 andGMPV20), using k5 10. The interval for positive (solid line) and negative (dashed

line) is 0.5 PVU.
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including their combined term GMPV, more or less

cover the heavy rain area. Similar to the MPV, the total

GMPV has much wider areal coverage than the anom-

alous GMPV0. Therefore, GMPV has better coverage

but has many false alarms relative to the heavy rain

areas, while the GMPV0 signal has a much smaller cov-

erage area resulting in many misses but focuses more

directly on the heavy rain regions. Figure 19a shows the

averaged TSs based on the 41 cases under each param-

eter’s optimal threshold (also in Table 1). For GMPV,

the anomaly-field-based GMPV0 shows similar perfor-

mance in depicting the heavy rain area when compared

to the total-field-based GMPV, while GMPV10 and

GMPV20 are slightly worse than GMPV1 and GMPV2.

For MPV, the MPV0, MPV10, and MPV20 results are

found to be slightly worse thanMPV,MPV1, andMPV2

overall. Since the scales represented in the anomaly field

are much more detailed than those in the total field, the

TS, which penalizes more for misses than false alarms,

probably favors more the total-field approach compared

to the anomaly field. Slightly worse TSs for the anomaly

field than for the total field might indicate they have

similar performance. Probability of detection, areal bias,

and false alarm ratio are also calculated for MPV and

GMPV. These scores are generally similar between the

total and anomaly-based fields (Figs. 19b–d). When one

interprets the results between figures and scores, it

should keep in mind that the same contour interval was

normally used for both the total and anomaly fields in

the figures but the scores were calculated based on the

optimal threshold of each individual parameter.

4. Conclusions and discussion

Although the use of anomalies in the forecast process

(such as an ‘‘anomaly forecast’’) has been shown to be

useful and has gradually caught forecasters’ attention,

current short-range (1–3 days) weather analyses and

forecasts are predominantly total-field based. This paper

has systematically examined the pros and cons of

anomaly-based versus total-field-based approaches in

weather analysis using a case study from 1 July 1991 and

41 cases from 1998, to quantify the results, of heavy rain

events that occurred in China. The comparison is done

FIG. 18. As in Fig. 16, but for (top) total field of (a) GMPV1, (b) GMPV2, and (c) GMPV, as well as (bottom) anomaly field of

(d) GMPV10, (e) GMPV20, and (f) GMPV0 at 925 hPa at 0000 UTC 1 Jul 1991. The interval for positive (solid line) and negative (dashed

line) is 1.0 PVU. Heavy dashed lines denote the maximum axis of the positive PV.
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for both basic atmospheric variables (height, tempera-

ture, wind, and humidity) and diagnostic compound

parameters (divergence, vorticity, and potential vortic-

ity). Generally, anomaly fields show a more enhanced

and concentrated signal (pattern) directly related to

high-impact weather events, while total fields can ob-

scure the visualization of anomaly features as a result of

the climatic background. This benefit depends, however,

on the types of variables. Specifically, the advantage is

noticeable for basic atmospheric variables, but is mar-

ginal (similar or slightly better) in nonconservative di-

agnostic parameters, such as divergence and vorticity,

and is lost in conservative diagnostic parameters such as

potential vorticity. For the conservative parameters

MPV and GMPV, the anomaly-field-based results do

show advantages over those that are total-field based;

that is, the anomaly fields are more focused on heavy

rain locations. At the same time, the anomaly fields have

disadvantages; that is, they are not able to completely

cover heavy rain areas because of the smaller areal

coverage. Our results also suggested that under some

circumstances, neither total nor anomaly fields (but

rather a mix of the two) depicts heavy rain area the best

for a compound parameter. Overall, the anomaly-based

weather analysis could be a valuable supplement to the

conventional total-field-based analysis.

There are limitations as well as benefits when using

this anomaly approach. First, this decomposition approach

should be considered as an alternative way to present

information already contained in the total field rather

than providing new information. However, this new

method of expression could help forecasters in a

meaningful way such as easier identification of anoma-

lous episodes and better visualization of anomalous

structures. Since a large deviation from climatology is a

strong indicator that anomalous weather events may

occur, an anomaly approach can quickly draw a fore-

caster’s attention to what he or she should pay attention

to in daily weather forecasting. This could save fore-

casters time and efforts in a time-restricted operational

environment. Second, an anomaly field cannot be used

alone (without a total field) to interpret underlying dy-

namics since any weather phenomenon (such as pre-

cipitation) occurs as a result of total flow rather than just

FIG. 19. Average (a) TS, (b) POD, (c) areal bias, and (d) FAR of various MPV and GMPV forms (total field

shown by the black bar; anomaly field in gray) in depicting heavy precipitation areas ($25mmday21) based on

a total of 41 daily heavy rain cases that occurred in eastern China during 1998.
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anomalous flow alone. At the same time, a spatially or

temporally anomalous pattern may immediately pin-

point possible meteorological causes to an abnormal

weather event. Therefore, the anomaly and total fields

should be used together to maximize the advantages of

both approaches.

Our ultimate goal is to use this anomaly approach to

decomposemodel data to improve upon amodel’s direct

forecasts; further work is needed to demonstrate this

potential in an operational environment. For example,

cases to examine include how model-derived anomalies

of other dynamical and moisture variables can improve

upon a model’s direct precipitation forecasts. As an

early attempt, we evaluated a few dynamic-moisture

compound diagnostic parameters (MV, MD, VQ and

DQ) in the second half of this paper. By comparing

Figs. 14 and 19, we can see that the pair (all versions)

of MV and MD (;0.26–0.27 in TS) is most capable for

indicating regional heavy rain areas followed by the

combination of DQ and VQ (;0.22–0.25 in TS). The

GMPV group (;0.13–0.19 in TS) has a similar per-

formance level compared to the group of vorticity and

divergence (;0.17–0.20 in TS) and the group of q

(;0.18–0.19 in TS), while the MPV group is the least

capable (;0.01–0.13 in TS). Therefore, the advantage

of combining dynamical and moisture factors together

to form a hybrid compound parameter is apparent

in efforts to increase the ability to depict heavy

rain areas.
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