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ABSTRACT

The increase in the occurrence of hot extremes is known te tesulted in serious consequences for human society and
ecosystems. However, our ability to seasonally prediceRtytemes remains poor, largely due to our limited undedsteanof
slowly evolving earth system components such as soil m@istund their interactions with climate. In this study, weus on
North China, and investigate the relationship of the spsisigmoisture condition to summer hot extremes using soiktnce
data from the Global Land Data Assimilation System and oladiemal temperature for the period 1981-2008. It is found
that local soil moisture condition in spring is closely letkto summer hot days and heat waves over North China, adegunt
for 19%—34% of the total variances. Spring soil moisturenaales can persist to the summer season, and subsequéetly al
latent and sensible heat fluxes, thus having significantesfien summer hot extremes. Our findings indicate that thiagpr
soil moisture condition can be a useful predictor for sumhwgrdays and heat waves over North China.
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1. Introduction mate extremes such as heat waves one season or more in ad-

. . vance, limiting our ability to avoid or reduce their adverse
Hot extremes, which can cause severe societal, economic

and ecological losses, have been shown to have had anlmnF-)aCtS (e.g., Shukla, 1998; Zhang and Wu, 2014). Seasonal
cological, ' . cimate prediction must take advantage of the memories of

creasing trend in the past several decades (Easterling, et Ei‘(I)Wing evolving earth system components. In this regard

2000; Meehl and Tebaldi, 2004; Alexander et al., 2006). ) !

World Meteorological Organization (WMO) report showe r;en;C;?r?]azzsa?z?aﬁggS(Igere%ﬁ:;”;'IC allgg%(;'cﬁgv?l];\slzf_
that heat waves led to a 2300% increase in the loss of Iﬁ$ 9. N : ’

1200110 compared 0 1991-2000 (WHO, 2013, I e 50 (165 el wesiin e midatiude
ticular, the mega heatwaves that hit Europe in 2003 and ?gz 9. ’ ' Y

Russian Federation in 2010 caused over 66 000 and 55 200.3; Douville, 2004). Similar to sea surface tempeeat
0il moisture also has a long memory, and thus can offer the

deaths, respectively. Hot extremes over China have also By . ) ) S
i potential for improving seasonal climate prediction, jzart
come more frequent and severe in recent decades (Ren IS

n .
Zhai, 1998; Zhai et al., 1999; Yan et al., 2002; Gong et aa}ry re_gardmg the summt.-:‘rseason (., Kosfter_ etal.,&004
. . ] - eneviratne et al., 2006a; Zhang et al., 2008; Dirmeyer. et al
2004; Qian and Lin, 2004; Ren et al., 2010; Wang et a ) - )
) 009; Seneviratne et al., 2010; Wu and Zhang, 2013a). The
2012). For example, extraordinary heat waves struck man : : .
importance of soil moisture to hot extremes has been high-

areas of China in 201.3’ leading to dramatic impacts on hI'ijg_hted in both observational and modeling studies (Durre
man life, property, agriculture, and water resources. Tae f

guency and intensity of hot extremes have been projectecﬁ{oal" 2000; Diffenbaugh et al., 2005, Fischer et al., 2007;

) ) . : euling et al., 2010; Hirschi et al., 2011; Quesada et al.,
increase in the future over China and other regions of tBBlZ' Chen and Zhou, 2013 Liu et al., 2013). For example
globe (IPCC, 2012). ' ; ; o . ple,

N T . .Zhang and Wu (2011) demonstrated that soil moisture feed-
It is still a scientific challenge to accurately predict cli; oo

backs significantly enhance the occurrence of hot extremes
over the areas outside of the arid and semi-arid regions in
* Corresponding author: ZHANG Jingyong China. However, it is still unclear if antecedent soil moist

Email: zjy@mail.iap.ac.cn condition provide useful predictors for summer hot extreme

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag Berlin Heidelberg 2015



DECEMBER 2015 WU AND ZHANG 1661

Inthis study, we focus on North China (342N, 108— eastern China. Since surface soil moisture is immediately
118E), and investigate the relationship between spriraifected by precipitation, we use subsurface soil moisture
(March—April-May) soil moisture and summer (June—Julyfrom three land surface models including the Common Land
August) hot extremes for the period 1981-2008. This r&todel (CLM; Dai et al., 2003), Mosaic (Chen et al., 1996)
gion is a “hot spot” of soil moisture—temperature couplin@nd Noah (Ek et al., 2003) with subsurface layer thicknesses
as established by the Global Land—Atmosphere Coupling Ebf-9—138, 2—150 and 10-100 cm, respectively. We also use
periment (Koster et al., 2006) and previous statistical atatent heat and sensible heat flux data from GLDAS to ex-
regional climate modeling studies (Zhang and Dong, 201flpre the physical processes that explain our findings. S te
Zhang et al., 2011). Since soil moisture measurementstire robustness of our results, we use limited observed soil
China have many missing data, we use soil moisture from thisture data from the China Meteorological Administratio
Global Land Data Assimilation System (GLDAS) (Rodell ethttp://cdc.nmic.cn). We use observed soil moisture apéide
al., 2004). of 50 cm from two stations—Nangong (37°8Y, 115.38E)

The paper is organized as follows. In section 2, we briefgnd Fenyang (37.25!, 111.76E)—that have relatively com-
describe the data and method used in this study. Sectiopl8te data available for the period 1996—2008.
examines the relationship of spring soil moisture to summer For this analysis, we use the number of hot days (NHD)
hot days and heat waves over North China. In section 4, thied number of heat waves (NHW) to measure hot extremes.
physical mechanism involved is discussed. A summary of thiée two indices are defined based on daily maximum temper-
main findings is given in section 5. ature at a resolution of ®§CNO05), developed by Xu et al.
(2009). The CNO5 dataset has been constructed by interpo-
lating the data from 751 observation stations over mainland
2. Data and method China. NHD is defined as the number of days with daily

In this study, we use monthly soil moisture data frormaximum temperature meeting or exceeding the mean 90th
GLDAS version 1, at a resolution of°l for the period percentile for all summer days over the period 1981-2008.
1981-2008 (Rodell et al., 2004). The GLDAS soil moisNHW is defined as the frequency of the occurrence of at least
ture data have been evaluated extensively against obsetwep consecutive hot days. In other words, one NHW event
tions (Berg et al., 2005; Kato et al., 2007; Syed et al., 2008enotes two consecutive hot days or more than two consecu-
Zaitchik et al., 2010), and have been widely used to stutlye hot days.
the hydrological cycle, weather and subseasonal forecast- In this study, all data are linearly detrended before statis
ing, and land—atmosphere interactions (e.g., Koster et #ical analyses are performed. As a sample, Fig. 1 shows the
2004b; de Goncalves et al., 2006; Zhang et al., 2008; Wuginal time series of spring soil moisture for CLM and sum-
and Zhang, 2013b). Berg et al. (2005) demonstrated tmaer hot days regionally averaged over North China, and the
GLDAS soil moisture data agree well with observations ovéinearly detrended time series.
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Fig. 1. Time series of regionally averaged original (a) spring smisture and (c) summer hot days over North China,
and linearly detrended time series of (b) spring soil meesand (d) summer hot days.
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3. Spring soil moisture condition and summer Table 1. Correlation coefficients of regionally averaged spring soi

hot extremes over North China moisture with regionally averaged summer hot days and haatsv
over North China for the period 1981-2008. All data are lihea
Figure 2 shows the correlation patterns of spring salktrended before the correlation coefficient is calculated
moisture with summer hot days averaged over North China
(37°—42N, 108-118E) for the period 1981-2008. The CLM Mosaic Noah

correlations from CLM, Mosaic and Noah exhibit a similar

_ Hok _ * o *
pattern, albeit with some differences. Over most areas o'fIOt days 0.52 0.44 0.45
. . . . . *% *% *%*
North China, the correlations between spring soil moisturdeat waves —0.58 —0.48 —051
and summer hot days are negative and significant at the 95%
confidence level. *Significant at the 95% confidence level,

: . o . e Lo
The correlation patterns of spring soil moisture with sum->9nificant at the 89% confidence level.

mer heat waves averaged over North China are presented in
Fig. 3. The correlation patterns with heat waves are sirtive observed soil moisture measurements over North China
ilar to those with summer hot days. For all three modelgenerally have many missing data, we use averaged soil mois-
spring soil moisture anomalies mainly have negative carreture at a depth of 50 cm from two stations that have relatively
tions with the following-summer heat waves, with high corcomplete data available. The correlations of observedgpri
relations mainly appearing over North China. soil moisture to summer heat waves and hot days regionally
Table 1 lists the correlation coefficients of regionally avaveraged over North China are0.49 and—0.40 during the
eraged spring soil moisture with regionally averaged hgsdaperiod 1996—2008, significant at the 90% and 80% confi-
and heat waves over North China for the period 1981-20@&nce levels, respectively.
All correlation coefficients are negative and significarthat The above results show that the local spring soil mois-
95% confidence level. Among the three models, the spritigre condition is closely linked to, and can provide a useful
soil moisture condition in CLM have the strongest correlgredictor for, summer hot extremes over North China. In the
tions with summer hot days and heat waves. following section, we further examine if a clear physicakii
We further use the observed soil moisture to test the rage between spring soil moisture and hot extremes over North
bustness of the results from the GLDAS soil moisture. Sin€thina exists in our statistical analysis.
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Fig. 2. Correlations of summer hot days averaged over North Chimeldsed by the box) to spring soil
moisture in (a) CLM, (b) Mosaic and (c) Noah. All data are &g detrended before the correlation
coefficient is calculated. Correlations £0.32, +0.37 and+0.48 are significant at the 90%, 95% and
99% confidence levels, respectively.
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4. Physical mechanism moisture to summer soil moisture are generally significant a
the 90% confidence level over North China for the three mod-
Figure 4 shows the autocorrelations of spring soil moigis. In particular, they are significant at the 99% confidence
ture to summer soil moisture over North China for the periddvel in most grids in CLM and Noah. We further estimate
1981-2008. The autocorrelation coefficients of spring saibil moisture memory using the decorrelation time,
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Fig. 3. Correlations of summer heat waves averaged over North Gbimdosed by the box) to spring
soil moisture in (a) CLM, (b) Mosaic and (c) Noah. All data éirearly detrended before the correla-
tion coefficient is calculated. Correlations-60.32, +0.37 and+0.48 are significant at the 90%, 95%
and 99% confidence levels, respectively.
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Fig. 4. Autocorrelations of spring soil moisture to summer soil stafe in (a) CLM, (b) Mosaic and
(c) Noah. All data are linearly detrended before the coti@acoefficient is calculated. Correlations

of £0.32,40.37 and+0.48 are significant at the 90%, 95% and 99% confidence leveiseotively.
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Fig. 5. Decorrelation time (in seasons) of soil moisture in (a) Cl(h),Mosaic and (c) Noah. All data
are linearly detrended before the decorrelation time isutated.
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Fig. 6. Correlations of summer soil moisture to summer latent)(kfid sensible heat (right) fluxes in

(a, b) CLM, (c, d) Mosaic and (e, f) Noah. All data are lineatBtrended before the correlation coeffi-
cient is calculated. Correlations &f0.32, +0.37 and+0.48 are significant at the 90%, 95% and 99%
confidence levels, respectively.
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ty = 1+a 7 (Harris et al., 2014)]. The correlation coefficients arepalé-
l1-a itive with values ranging from 0.33 to 0.57. Plus, they ate al

wherea is the autocorrelation between spring and summgignificant at the 90% confidence level.
soil moisture (von Storch and Zwiers, 1999). Soil moisture Previous global and regional climate modeling studies
generally has memory of one season or more in most grfi@ve demonstrated that summer soil moisture can strongly
over North China for the three models (Fig. 5). These raffect summer mean temperature and warm temperature ex-
sults indicate that spring soil moisture anomalies can pdéiemes mainly through its effects on the partitioning ofiava
sist to the summer season over North China. Compar@le energy into latent and sensible heat fluxes (Koster,et al
to previous studies, which have generally demonstrated tR206; Zhang and Wu, 2011). Our previous regional climate
soil moisture has a memory of several months (e.g., viodel simulation demonstrated that summer soil moisture af
and Dickinson, 2004; Seneviratne et al., 2006b), the dechrcts hot extremes over North China and also many other ar-
relation time method used in this Study may overestims#as of China, mainly through its modifications to latent heat
soil moisture memory length over some areas. Soil mo@td sensible heat fluxes (Zhang et al., 2011; Zhang and Wu,
ture affects, and is affected by, precipitation. We furth&011). Here, we statistically examine the physical linkage
calculate the correlations of regionally averaged sprireg p between summer soil moisture and hot extremes over North
cipitation to regionally averaged spring and summer su§hina.
surface GLDAS soil moisture averaged over North China The first part of the linkage is from soil moisture anoma-
for the period 1981-2008. The precipitation data are olies to latent heat and sensible heat anomalies. Figurevéssho
tained from Climatic Research Unit (CRU) at a resolution dhat the correlations of summer soil moisture to summer la-
0.5’ [http://www.cru.uea.ac.uk/cru/data/hrg/, CRU TS v. 3.2tnt and sensible heat fluxes are generally significant at the
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Fig. 7. Correlations of summer sensible heat flux to summer hot dajt} &nd heat waves (right) in
(a, b) CLM, (c, d) Mosaic and (e, f) Noah. All data are lineatBtrended before the correlation coeffi-
cient is calculated. Correlations &f0.32, +0.37 and+0.48 are significant at the 90%, 95% and 99%
confidence levels, respectively.
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95% confidence level in all three models, indicating that-suris also supported by the Jiangsu Collaborative Innovatient€r for
mer soil moisture anomalies are closely related with summ@imate Change.
latent and sensible heat fluxes.

We further look for the second part of the linkage from
summer sensible heat flux to hot extremes. Figure 7 shows
the correlations of summer sensible heat flux to summer ha@tiexander, L. V., and Coauthors, 2006: Global observed gban
days and heat waves over North China for the period 1981 in daily climate extremes of temperature and precipitation
2008. In all three models, summer sensible heat flux have Geophys. Res,, 111, D05109, doi: 10.1029/2005JD006290.
strong and positive correlations with both hot days and hedterg. A. A., J. S. Famiglietti, M. Rodell, R. H. Reichle, Unda
waves, indicating that sensible heat anomalies induced by Por. S L. Holl, and P. R. Houser, 2005: Development of a
soil moisture anomalies can subsequently affect hot exdsem hyd.rom.eteorologlcall forcing data set for global soil miet
over North China. It should be noted that soil moisture estimation.nter. J. Climatal., 25(13), 16971714,

i | ffect hot ext N t%ane, M. A., S. E. Zebiak, and S. C. Dolan, 1986: Experimental
anomalies may also affect summer hot extremes over Nor forecasts of El NifioNature, 321(6073), 827-832.

China through its effects on atmospheric circulations.(e.g Chen, F., and Coauthors, 1996: Modeling of land-surfacpanea

Taylor et al., 2011; Koster et al., 2014; Zhang et al., 2015). tion by four schemes and comparison with FIFE observations.
J. Geophys. Res., 101, 7251-7268.

Chen, H. S., and J. Zhou, 2013: Impact of interannual soistmog
anomaly on simulation of extreme climate events in China.

Temperature extremes have much more important effects Part II: Sensitivity experiment analysi&hinese J. Atmos.
P P ., 37(1), 1-13, doi: 10.3878/j.issn.1006-9895.2012.11048.

on natural and human systems than mean temperature. Over (in Chinese)

China and other regions of the globe, hot extremes have bgy; v. 3. and Coauthors, 2003: The Common Land MoBell.
come more frequent and severe in recent decades, and have aAmer. Meteor. Soc., 84, 1013-1023, doi: 10.1175/BAMS-84-
been projected to continually increase throughout the iema 8-1013.

der of the present century. However, our current ability tale Goncalves, L. G. G.,W. J. Shuttleworth, S. C. Chou, Y. Le Xu
predict hot extremes is largely limited by poor understand-  P. R. Houser, D. L. Toll, J. Marengo, and M. Rodell, 2006:
ing of slowly evolving earth system components such as soil Impact of different initial soil moisture fields on eta model
moisture, and their interactions with climate. In this stud weather forecasts for South AmericaGeophys. Res,, 111,

we investigate the relationship of the spring soil moisture D17102, doi: 10.1029/2005JD006309. o
condition to summer hot extremes over North China, whictPiffenbaugh, N. S., J. S. Pal, R. J. Trapp, and F. Giorgi, 2005

is a “hot spot” of soil moisturetemperature coupling (e.g Fine-scale processes regulate the response of extremis even
- I to global climate changdroc. Natl. Acad. ci. U. S A, 102,
Koster et al., 2006; Zhang et al., 2011). g 9

; ) ) 15 774-15 778, doi: 10.1073/pnas.0506042102.
The results show that the local spring soil moisture conpjrmeyer, P. A., M. J. Fennessy, and L. Marx, 2003: Low skill

dition is Closely related with hot extremes over North China in dynamical prediction of boreal summer climate: Grounds
The correlation coefficients of regionally averaged spsioi) for looking beyond sea surface temperatukeClimate, 16,
moisture condition with regionally averaged hot days and  995-1002.
heat waves range from0.44 to—0.58, accounting for 19%— Dirmeyer, P. A., C. A. Schlosser, and K. L. Brubaker, 200%-Pr
34% of the total variances. Spring soil moisture anomalies  cipitation, recycling and land memory: An integrated analy
can persist to the summer season. Furthermore, it is found ~SiS-Journal of Hydrometeorology, 10, 278-288, doi: 10.1175/
that summer soil moisture anomalies have a strong ability to gOOBJHMlOlG.l. L
affect summer latent and sensible heat flux, thus exertibng sybouville, H., 2004: _Releyange of §Q'I. moisture for Seas‘?“ﬂ‘o'
. _— g spheric predictions: Is it an initial value problenClimate
stantial effects on summer hot extreme.s.. Ogr findings indi- Dyn., 22, 429-446,
cgte that_ the spring soil moisture condition is clqsely aSSOhrre, 1., J. M. Wallace, and D. P. Lettenmaier, 2000 Depend
ciated with summer hot extremes over North China, with & ot extreme daily maximum temperatures on antecedent soil
clear physical linkage. Since the spring soil moisture con-  moisture in the contiguous United States during sumidier.
dition can be monitored easily, we recommend that spring  Climate, 13, 2641-2651.
soil moisture anomalies should be implemented into practiEasterling, D. R., G. A. Meehl, C. Parmesan, S. A. Changnon, T
cal predictions of hot extremes over North China. R. Karl, and L. O. Mearns, 2000: Climate extremes: Obser-
vations, modeling, and impactScience, 289, 2068-2074.
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