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Summer high temperature 
extremes over northeastern china 
predicted by spring soil moisture
Jingyong Zhang1,2, Zhanmei Yang1,2, Lingyun Wu3 & Kai Yang3

Current seasonal climate predictions mainly reside in the ocean anomalies. However, the prediction 
skills are generally limited over many extra-tropical land areas where the oceanic effects are relatively 
weak. In this study, we address the potential of preceding spring soil moisture condition to predict 
summer hot days over Northeastern China, a typical Northern Hemisphere mid-latitude region. The 
results show that spring soil moisture condition over central-eastern china is closely related with 
following summer hot days over Northeastern China for the period of 1979–2017. The statistical model 
based on the preceding spring soil moisture condition yields temporal cross-validated correlation skill of 
0.57 for summer hot days over Northeastern China. The spatial pattern correlation skills of independent 
hindcast experiments for 2009–2017 are also high, ranging from 0.87 to 0.94. Our results can be easily 
applied to practical prediction of summer hot days over Northeastern China, and help to provide better 
climate services and reduce the detrimental effects of extreme heat over this extra-tropical region.

Accurate seasonal climate forecasts save lives, support agriculture and water resource managements, and avoid 
or reduce economic losses. It is commonly acknowledged that the ocean anomalies serve as the primary source 
of seasonal climate forecasts1–3. The tropical temperature and precipitation can be successfully predicted months 
in advance to a large extend, thanks to continuingly improved understanding of ocean-atmosphere interactions, 
particularly the El Niño-Southern Oscillation (ENSO) events4–7. However, over the many extra-tropical land 
areas, the ocean has relatively weak impacts, and the seasonal prediction skills are generally low in both mean 
climate and climate extremes8–11.

The slowly varying soil moisture takes a crucial role in modulating surface climate during the summer over 
some middle and high latitude land areas such as Eastern China via altering local surface heat fluxes and also 
changing regional atmospheric circulation12–15. In particular, dry soil moisture anomalies are recently highlighted 
to dominate the occurrence of summer extreme high temperature events associated with daily maximum sur-
face temperature16–19, which exert many negative effects on human health, the economy, and the ecosystems20–27. 
Moreover, there are clear evidences that the preceding soil moisture or precipitation conditions provide poten-
tially key sources for predictability of summer hot extremes28–31.

Northeastern China, a typical Northern Hemisphere middle-latitude region, faces increasing impacts and risks 
of extreme heat events during the summer32–39. In this study, we investigate the role of spring (March-April-May) 
soil moisture condition in following summer (June-July-August) hot days over Northeastern China (Fig. 1a), and 
further explore the potential to use the preceding spring soil moisture information to predict summer hot days 
over this region.

We firstly used Empirical Orthogonal Function (EOF) analysis to check the spatial homogeneity of the sum-
mer hot days over Northeastern China. Next, we applied correlation analysis to investigate the relationship of 
spring soil moisture condition with summer hot days over Northeastern China, and identified the key region of 
spring soil moisture. Then, regression analysis was adopted to explore the possible underlying physical causes for 
the association of spring soil moisture condition over the key region with summer hot days over Northeastern 
China. Finally, we developed linear regression models to predict summer hot days over Northeastern China with 
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preceding spring soil moisture condition over the key region. Prediction skills were tested by using leave-one-out 
cross-validation and independent hindcast experiments.

Results
Relationship of spring soil moisture condition with summer hot days over Northeastern 
china. The EOF first mode of summer hot days at 136 stations over Northeastern China for 1979–2017, 
which can explain 62.8% of the total variance, indicates that spatial pattern of summer hot days is homoge-
neous (Fig. 1a). Furthermore, the time series of the EOF first mode are highly consistent with those of sum-
mer hot days averaged over Northeastern China (Fig. 1b). Figure 2 presents that summer hot days averaged 
over Northeastern China are largely negatively correlated with preceding spring soil moisture conditions from 
GLDAS-Noah, GLDAS-Mosaic, and GLDAS-CLM, and SPEI as a proxy of soil moisture over Eastern Asia for 
original and detrended data of 1979–2017. The consistent strong correlations appear over the region of Central-
Eastern China enclosed by the blue box [107°E–124°E, 30°N–43°N] with most values significant at the 0.05 level 
for both original and detrended different datasets. We further calculate correlation coefficients of the spring soil 
moisture conditions averaged over Central-Eastern China with summer hot days averaged over Northeastern 
China for 1979–2017 (Fig. 3). The correlation coefficients of different GLDAS soil moisture datasets with sum-
mer hot days are all significant at the 0.01 level for both original and detrended data. For SPEI, the correlation 
coefficients are significant at the 0.01 and 0.05 levels, respectively. We also repeat our analyses using the data for 
1979–2008, and find that the conclusions agree well with those for 1979–2017 (Figs S1 and S2). The agreements 
among original and detrended different soil moisture condition datasets for both 1979–2017 and 1979–2008 
indicate the robustness of the close association of spring soil moisture condition over Central-Eastern China with 
summer hot days over Northeastern China.

Regression analysis shows that summer hot days correspond well with higher summer geopotential heights 
over Northeastern China (Fig. 4a,c,e), which is supported by previous studies33,40,41. According to dry spring soil 
moisture anomalies over upstream Central-Eastern China, there are significant and positive summer 200 hPa, 
500 hPa and 850 hPa geopotential height anomalies over Mongolia and Northeastern China (Fig. 4b,d,f). There 
are evidences that spring anomalies of land surface conditions can stimulate summer downstream changes of 
atmospheric circulations including geopotential heights42–47. For example, Koster et al. demonstrated that preced-
ing soil moisture dryness can trigger positive geopotential height anomalies over nearby non-local region based 
on numerical experiments44. Similar mechanisms may provide possible physical explanation for the link of 

Figure 1. (a) Spatial pattern of the EOF first mode of summer (June-July-August) hot days during 1979–2017 
at 136 stations over Northeastern China. The value above the figure indicates the fraction of variance explained 
by the first mode. The figure was created using NCAR Command Language (NCL) version 6.3.0 (https://doi.
org/10.5065/D6WD3XH5). (b) The temporal coefficient series of the EOF first mode from 1979 to 2017. The 
red and blue color indicate the positive and negative values.
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spring soil moisture anomalies over Central-Eastern China to following summer geopotential height anomalies 
over downstream Northeastern China. The positive summer geopotential height anomalies associated with dry 
spring soil moisture anomalies tend to lead to more downward solar radiation (Fig. 5a) and stronger sinking 
motion (Fig. 5b), which may subsequently enhance surface heat fluxes and subsidence warming in summer over 
Northeastern China, respectively. In addition, decreased precipitation associated with increased geopotential 
heights may result in significant soil dryness over Northeastern China (Fig. 5c), increasing local sensible heat 
and the entrainment of heat into planetary boundary layer (Fig. 5d). These changed processes possibly induced 

Figure 2. Spatial patterns of correlation coefficients between summer (June-July-August) hot days averaged 
over Northeastern China and spring (March-April-May) soil moisture conditions in (a,b) GLDAS-Noah (c,d) 
GLDAS-Mosaic (e,f) GLDAS-CLM and (g,h) SPEI as a proxy of soil moisture during 1979–2017 for original 
(left panel) and detrended (right panel) data. The strong correlation region, which is located in Central-Eastern 
China [107°E–124°E, 30°N–43°N], has been enclosed by the blue box. Straight black lines depict the boundaries 
of Northeastern China. Values of ±0.32 and ±0.41 represent that the correlations are significant at P < 0.05 and 
P < 0.01, respectively. The figure was created using NCAR Command Language (NCL) version 6.3.0 (https://
doi.org/10.5065/D6WD3XH5).
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by dry spring soil moisture condition over upstream Central-Eastern China together may cause more summer 
high temperature extremes over Northeastern China. Due to complex dynamical and thermodynamic processes 
involved, numerical experiments need to be further performed to better understand the underlying mechanisms 
explaining the close association of spring soil moisture condition over Central-Eastern China with summer hot 
extremes over Northeastern China.

Prediction of summer hot days over Northeastern China. As described above, the summer hot 
days over Northeastern China have strong correlations with preceding spring soil moisture condition over 
Central-Eastern China. Here, we use soil moisture from GLDAS-Noah which has the highest correlation with 
summer hot days among three GLDAS soil moisture data and SPEI, as the predictor, and further establish lin-
ear regression models for summer hot days averaged over Northeastern China. Figure 6 shows that the cor-
relation coefficient between the observed summer hot days and leave-one-out cross-validation estimates over 
Northeastern China is 0.57 for 1979–2017. And the result indicates that about one third (32.5%) of the total 
variance of summer hot days over Northeastern China can be predicted by the statistical models based on the 
spring soil moisture condition.

Then, we predict spatial patterns of summer hot days over Northeastern China with independent hindcast 
experiments for 2009 to 2017 by using 30-year-moving prediction models for each of 136 stations. Figure 7 
presents examples of 2016 and 2017 for the observed and predicted summer hot days at 136 stations over 
Northeastern China. The observed and predicted summer hot days generally show the consistent spatial pattern 
with a obvious south-to-north gradient. We also calculate the spatial pattern correlation coefficients between the 
observed and predicted summer hot days over Northeastern China for 2009–2017 (Fig. 8). The correlation coef-
ficients range from 0.87 to 0.94, indicating that the statistic models we developed have high prediction skills for 
spatial patterns of summer hot days over Northeastern China.

conclusions and Discussion
Northeastern China which is located in middle latitudes of Northern Hemisphere, is increasingly influenced by 
extreme high temperature events during the summer. However, current limited skills of seasonal climate predic-
tion impede our ability to deal with these heat events. In this study, we identify that preceding spring soil moisture 
conditions over Central-Eastern China have robust and negative associations with summertime hot days over 
Northeastern China for 1979–2017. These close relationships point to that spring soil moisture condition can be 
used as the potentially important predictor for summer hot days over Northeastern China.

Dry soil moisture condition in spring over upstream Central-Eastern China corresponds well to summer geo-
potential heights over Northeastern China. The increased geopotential height may subsequently rise downward 
solar radiation reaching land surface and enhance subsidence warming, leading to warmer surface air temper-
ature and more hot days over Northeastern China during the summer. In addition, the increased geopotential 
height tends to result in less precipitation and drier soil over Northeastern China, which may subsequently cause 
stronger local surface sensible heat fluxes and enhance the entrainment of warm air into the planetary boundary 
layer. These possible physical processes directly and indirectly resulted from dry soil moisture condition favor the 
occurrence of summer hot days over Northeastern China.

Spring soil moisture condition over Central-Eastern China is further used to predict hot days over 
Northeastern China during the following summer. The statistical models developed with spring soil moisture 

Figure 3. Correlation coefficients between summer (June-July-August) hot days averaged over Northeastern 
China and spring (March-April-May) soil moisture condition averaged over Central-Eastern China 
[107°E–124°E, 30°N–43°N] in GLDAS-Noah, GLDAS-Mosaic, GLDAS-CLM and SPEI as a proxy of soil 
moisture during 1979–2017. Blue and grey bars represent original and detrended time series, respectively. 
Below the two dash lines of –0.32 and –0.41, the correlations are significant at P < 0.05 and P < 0.01.
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over Central-Eastern China yield significant leave-one-out cross-validated correlation skill of 0.57 for the predic-
tion of summer hot days averaged over Northeastern China for the period of 1979–2017. Independent hindcast 
experiments for 2009–2017 show that the pattern correlation skills range from 0.87–0.94. These results indicate 

Figure 4. Linear regression coefficients of summer (June-July-August) geopotential heights in (a,b) 200 hPa, 
(c,d) 500 hPa, (e,f) 850 hPa against summer (June-July-August) hot days (in gpm/day, left panel) and spring 
(March-April-May) soil moisture condition(multiplies -1) averaged over Central-Eastern China [107°E–124°E, 
30°N–43°N] in GLDAS-Noah (in gpm/mm, right panel) during 1979–2017. Stippling denotes areas where 
the regression coefficients are significant at P < 0.05. The blue box denotes the key region [107°E–124°E, 
30°N–43°N], where is located in Central-Eastern China. Straight black lines depict the boundaries of 
Northeastern China used in this study. The figure was created using NCAR Command Language (NCL) version 
6.3.0 (https://doi.org/10.5065/D6WD3XH5).
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Figure 5. Linear regression coefficients of summer (June-July-August) (a) surface downward solar radiation 
(in W/m2) (b) 500 hPa vertical velocity (in 10−4 Pa/s) (c) soil moisture (in mm) and (d) planetary boundary 
layer height (in m) against spring (March-April-May) soil moisture condition (in mm, multiplies -1) averaged 
over Central-Eastern China [107°E–124°E, 30°N–43°N] in GLDAS-Noah during 1979–2017. Stippling denotes 
areas where the regression coefficients are significant at P < 0.05. The blue box denotes Central–Eastern China 
[107°E–124°E, 30°N–43°N]. Straight black lines depict the boundaries of Northeastern China. The figure was 
created using NCAR Command Language (NCL) version 6.3.0 (https://doi.org/10.5065/D6WD3XH5).

Figure 6. Time series of summer (June-July-August) hot days (in days) averaged over Northeastern China from 
1979 to 2017. The black and blue lines represent the observation and prediction according to leave-one-out 
cross-validation, respectively.
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that summer hot days over Northeastern China can be largely predicted with preceding spring soil moisture over 
Central-Eastern China.

This study highlights the importance of spring soil moisture condition over upstream Central-Eastern China 
for predicting summer high temperature extremes over Northeastern China. Meanwhile, some limitations exist. 
These proposed physical mechanisms underlying the close association of spring soil moisture condition with 
following summer high temperature extremes over Northeastern China need to be further tested by model simu-
lations in the future. In addition to soil moisture condition, sea surface temperature, soil temperature, vegetation, 
sea ice among others have the potential for summer high temperature extreme prediction47,48. For example, Zhang 
et al. made the relative accurate prediction of summer high temperature extremes over the source region of the 
ancient Silk Road in China by taking spring soil temperature, sea surface temperature and large-scale climate 
indices as preceding precusors49. In particular, the ENSO is well known to largely control the interannual climate 
variability on the global scale. However, our preliminary analysis does not identify significant correlations of 
summer high temperature extremes over Northeastern China with preceding ENSO indices, which are subject 
to additional investigation. Current dynamical models generally show very low skills in forecasting high temper-
ature extremes, and realistic soil moisture initialization and improved representation of soil processes have the 
potential to enhance the monthly-to-seasonal forecast skills in dynamical models17,50. Our findings are expected 
to facilitate the improvement of practical seasonal forecasting for summer hot days over Northeastern China.

Figure 7. Maps of summer (June-July-August) hot days (in days) over Northeastern China for (a,b) 2016 
and (c,d) 2017: observations (left panel) and predictions (right panel). The figure was created using NCAR 
Command Language (NCL) version 6.3.0 (https://doi.org/10.5065/D6WD3XH5).

Figure 8. Spatial pattern correlation coefficients between observed and predicted summer (June-July-August) 
hot days over Northeastern China from 2009 to 2017.
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Methods
Data preparation. The daily surface air temperature records for 699 stations in China were obtained from 
the China Meteorological Data Service Center. In this study, we chose 136 stations over Northeastern China 
with complete records of daily maximum surface air temperature in summer (June-July-August) for 1979–2017 
(Fig. 1a). Soil moisture data were obtained from the Global Land Data Assimilation System (GLDAS) version 
1.0 at a resolution of 1.0° × 1.0°, which were produced by driving offline land surface models with integrated 
observation based data51. Spring (March-April-May) soil moisture data from GLDAS-Noah, GLDAS-Mosaic, 
and GLDAS-CLM for 1979–2017 were applied with soil layers of 0.1–1 m, 0.02–1.5 m, 0.09–1.38 m, respectively. 
We took the standardized precipitation evapotranspiration index (SPEI) data at a 3-month time scale as a proxy 
of soil moisture52 to test if our results depend on the choice of soil moisture datasets.

The monthly geopotential heights at 200 hPa, 500 hPa and 850 hPa, surface downward solar radiation, 500 hPa 
vertical velocity and planetary boundary layer height were taken from the European Center for Medium-range 
Weather Forecasts (ECMWF)’s ERA-interim reanalysis dataset53.

Hot day definition and EOF analysis. A day in summer (June-July-August) was defined as a hot day in 
which daily maximum temperature was equal to or above 30 °C. EOF analysis, which can extract the principal 
spatial and temporal characteristics from the variable, is applied to check the spatial homogeneity of the summer 
hot days at 136 stations over Northeastern China.

correlation with spring soil moisture. The correlation analysis was employed to examine the relationship 
between summer hot days averaged over Northeastern China and spring soil moisture over East Asia for 1979–
2017. We also conducted the correlation analysis after removing the linear trends of data. Student’s t-test was used 
to identify the key region of statistical significance for both original and detrended data. As shown in Fig. 2, the 
identified key region of spring soil moisture is located in Central-Eastern China. In addition, we also tested the 
robustness of the key region by the correlation analysis of the data for 1979–2008 (Figs S1 and S2).

physical process analysis. Regression analysis was applied to explored the possible physical processes 
associated with the link between summer hot days over Northeastern China and spring soil moisture conditions 
over Central-Eastern China. We calculated the regression coefficients of 200 hPa, 500 hPa and 850 hPa geopoten-
tial heights, surface downward solar radiation, 500 hPa vertical velocity, soil moisture, and planetary boundary 
layer height in summer against spring soil moisture averaged over Central-Eastern China for 1979–2017.

prediction model development and evaluation. We developed linear regression prediction model for 
summer hot days over Northeastern China based on the identified spring soil moisture over Central-Eastern 
China. We used leave-one-out cross-validation to evaluate how well the statistical models perform. Each time, 
one year observation from 1979–2017 was chosen as the validation set, and the remaining observations were 
used as the training set. Both spring soil moisture and summer hot days for each prediction year are dropped out 
when statistical model is developed. This cross-validation process was repeated 39 times until all predictions were 
conducted. We used the correlation coefficient between the observed and the corresponding cross-validation 
estimates to measure the prediction skill.

Spatial pattern prediction. Finally, we conducted independent hindcast experiments of summer hot days 
at 136 stations over Northeastern China from 2009 to 2017. The 30-year-moving prediction models at each sta-
tion were established based on the identified spring soil moisture over Central-Eastern China. For example, we 
used the data for 1979–2008, 1980–2009 and 1981–2010 to establish the prediction models for summer hot days 
at each station in 2009, 2010 and 2011, respectively. The observed and predicted summer hot days at 136 stations 
in 2016 and 2017 were shown in Fig. 7. The correlation coefficients between the observed and predicted spatial 
patterns of summer hot days for 2009–2017 were computed to evaluate the prediction skills (Fig. 8).

Data Availability
The data sets within the article are available from authors upon reasonable request.

References
 1. Shukla, J. Predictability in the midst of chaos: A scientific basis for climate forecasting. Science 282, 728–31 (1998).
 2. Goddard, L. et al. Current approaches to seasonal to interannual climate predictions. International Journal of Climatology 21, 

1111–52 (2001).
 3. Doblas-Reyes, F. J., García-Serrano, J., Lienert, F., Biescas, A. P. & Rodrigues, L. R. L. Seasonal climate predictability and forecasting: 

status and prospects. Wiley Interdisciplinary Reviews: Climate Change 4, 245–68 (2013).
 4. Saha, S. et al. The NCEP climate forecast system. J.Climate 19, 3483–517 (2005).
 5. Stockdale, T. N. et al. Understanding and predicting seasonal-to-interannual climate variability–the producer perspective. Procedia 

Environmental Sciences 1, 55–80 (2010).
 6. Smith, D. M., Scaife, A. A. & Kirtman, B. P. What is the current state of scientific knowledge with regard to seasonal and decadal 

forecasting? Environmental Research Letters 7, 015602 (2012).
 7. Timmermann, A. et al. El Niño-Southern Oscillation complexity. Nature 559, 535–545 (2018).
 8. Jan van Oldenborgh, G., Balmaseda, M. A., Ferranti, L., Stockdale, T. N. & Anderson, D. L. T. Evaluation of atmospheric fields from 

the ECMWF seasonal forecasts over a 15-year period. J. Climate 18, 3250–69 (2005).
 9. Wang, B. et al. Advance and prospectus of seasonal prediction: assessment of the APCC/CliPAS 14-model ensemble retrospective 

seasonal prediction (1980–2004). Climate Dynamics 33, 93–117 (2008).
 10. Hamilton, E. et al. Forecasting the number of extreme daily events on seasonal timescales. Journal of Geophysical Research: 

Atmospheres 117, D03144 (2012).
 11. Pepler, A. S., Díaz, L. B., Prodhomme, C., Doblas-Reyes, F. J. & Kumar, A. The ability of a multi-model seasonal forecasting ensemble 

to forecast the frequency of warm, cold and wet extremes. Weather and Climate Extremes 9, 68–77 (2015).

https://doi.org/10.1038/s41598-019-49053-9


9Scientific RepoRtS |         (2019) 9:12577  | https://doi.org/10.1038/s41598-019-49053-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

 12. Douville, H. Influence of soil moisture on the Asian and African monsoons. Part II: Interannual variability. J. Climate 15, 701–20 
(2002).

 13. Koster, R. D., Dirmeyer, P. A. & Guo, Z. Regions of strong coupling between soil moisture and precipitation. Science 305, 1138–40 
(2004).

 14. Zhang, J., Wang, W. & Wei, J. Assessing land-atmosphere coupling using soil moisture from the Global Land Data Assimilation 
System and observational precipitation. Journal of Geophysical Research 113, D1711, https://doi.org/10.1029/2008JD009807 (2008).

 15. Berg, A. et al. Land–atmosphere feedbacks amplify aridity increase over land under global warming. Nature Climate Change 6, 
869–74 (2016).

 16. Durre, I., Wallace, J. M. & Lettenmaier, D. P. Dependence of extreme daily maximum temperatures on antecedent soil moisture in 
the contiguous United States during summer. J. Climate 13, 2641–51 (2000).

 17. Seneviratne, S. I. et al. Investigating soil moisture–climate interactions in a changing climate: A review. Earth-Science Reviews 99, 
125–61 (2010).

 18. Zhang, J., Wu, L. & Dong, W. Land-atmosphere coupling and summer climate variability over East Asia. Journal of Geophysical 
Research 116, D05117, https://doi.org/10.1029/2010JD014714 (2011).

 19. Lorenz, R., Daniel, A., Markus, G. D. & Andrew, J. Influence of land-atmosphere feedbacks on temperature and precipitation 
extremes in the GLACE-CMIP5 ensemble. Journal of Geophysical Research 121, 607–23 (2016).

 20. Son, J. Y., Lee, J. T., Anderson, G. B. & Bell, M. L. Vulnerability to temperature-related mortality in Seoul, Korea. Environmental 
Research Letters 6, 034027 (2011).

 21. Coumou, D. & Rahmstorf, S. A decade of weather extremes. Nature Climate Change 2, 491–96 (2012).
 22. IPCC: Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation. A Special Report of Working 

Groups I and II of the Intergovernmental Panel on Climate Change Cambridge University Press 582pp.
 23. McEvoy, D., Ahmed, I. & Mullett, J. The impact of the 2009 heat wave on Melbourne’s critical infrastructure. Local. Environment 17, 

783–96 (2012).
 24. Mills, K. et al. Fisheries management in a changing climate: Lessons from the 2012 ocean heat wave in the Northwest Atlantic. 

Oceanography 26, 191–95 (2013).
 25. Perkins, S. E. A review on the scientific understanding of heatwaves—Their measurement, driving mechanisms, and changes at the 

global scale. Atmospheric Research 164–165, 242–67 (2015).
 26. Mazdiyasni, O. et al. Increasing probability of mortality during Indian heat waves. Science advances 3, e1700066 (2017).
 27. Watts, N. et al. The 2018 report of the Lancet Countdown on health and climate change: Shaping the health of nations for centuries 

to come. Lancet 392, 2479–2514 (2018).
 28. Mueller, B. & Seneviratne, S. I. Hot days induced by precipitation deficits at the global scale. Proceedings of the National Academy of 

Sciences of the United States of America 109, 12398–403. (2012).
 29. Quesada, B., Vautard, R., Yiou, P., Hirschi, M. & Seneviratne, S. I. Asymmetric European summer heat predictability from wet and 

dry southern winters and springs. Nature Climate Change 2, 736–41 (2012).
 30. Orth, R. & Seneviratne, S. I. Using soil moisture forecasts for sub-seasonal summer temperature predictions in Europe. Climate 

Dynamics 43, 3403–18 (2014).
 31. Liu, X. et al. Spatially distinct effects of preceding precipitation on heat stress over eastern China. Environmental Research Letters 12, 

115010, https://doi.org/10.1088/1748-9326/aa88f8 (2017).
 32. Scherrer, S. C. & Baettig, M. B. Changes and inter-model spread in 21st century scenarios for temperature and precipitation extremes 

as seen with the climate change index (CCI). Environmental Research Letters 3, 034005 (2008).
 33. Ding, T., Qian, W. & Yan, Z. Changes in hot days and heat waves in China during 1961–2007. International Journal of Climatology 

30, 1452–1462 (2010).
 34. Sun, Y. et al. Rapid increase in the risk of extreme summer heat in Eastern China. Nature Climate Change 4, 1082–85 (2014).
 35. Wang, W., Zhou, W., Li, Y., Wang, X. & Wang, D. Statistical modeling and CMIP5 simulations of hot spell changes in China. Climate 

Dynamics 44, 2859–72 (2014).
 36. Leng, G., Tang, Q., Huang, S. & Zhang, X. Extreme hot summers in China in the CMIP5 climate models. Climatic Change 135, 

669–81 (2015).
 37. Qin, D. China national assessment report on risk management and adaptation of climate extremes and disasters. (Science Press, pp124, 

2015).
 38. Chen, Y. & Zhai, P. Revisiting summertime hot extremes in China during 1961–2015: Overlooked compound extremes and 

significant changes. Geophysical Research Letters 44, 5096–103 (2017).
 39. Papalexiou, S. M., AghaKouchak, A., Trenberth, K. E. & Foufoula-Georgiou, E. Global, regional, and megacity trends in the highest 

temperature of the year: Diagnostics and evidence for accelerating trends. Earth’s Future 6, 71–79 (2018).
 40. Luo, M. & Lau, N. Heat waves in Southern China: Synoptic behavior, long-term change, and urbanization effects. J. Climate, 30, 

703–720 (2017).
 41. Gao, M. et al. Footprints of Atlantic Multidecadal Oscillation in the low-frequency variation of extreme high temperature in the 

Northern Hemisphere. J.Climate 32, 791–802 (2019).
 42. Wu, G., Liu, Y. & Liu, P. The effect of spatially non-uniform heating on the formation and variation of subtropical high Part I Scale 

analysis. Acta Meteorologica Sinica 57, 257–263 (1999).
 43. Liu, Y., Liu, H., Liu, P. & Wu, G. The effect of spatially non uniform heating on the formation and variation of subtropical high Part 

II Land surface sensible heating and East Pacific subtropical high. Acta Meteorologica Sinica 57, 385–396 (1999).
 44. Koster, R. D., Chang, Y., Wang, H. & Schubert, S. D. Impacts of local soil moisture anomalies on the atmospheric circulation and on 

remote surface meteorological fields during boreal summer: a comprehensive analysis over North America. J.Climate 29, 7345–7364 
(2016).

 45. Sillmann, J. et al. Understanding, modeling and predicting weather and climate extremes: Challenges and opportunities. Weather 
and Climate Extremes 18, 65–74 (2017).

 46. Miralles, D. G., Pierre, G., Seneviratne, S. I. & Teuling, A. J. Land-atmospheric feedbacks during droughts and heatwaves: State of 
the science and current challenges. Annals of the New York Academy of Sciences 1436, 19–35 (2018).

 47. Xue, Y. et al. Spring land surface and subsurface temperature anomalies and subsequent downstream late spring-summer droughts/
floods in North America and East Asia. Journal of Geophysical Research: Atmospheres 123, 5001–5019 (2018).

 48. Zhang, J., Wu, L., Huang, G., Zhu, W. & Zhang, Y. The role of May vegetation greenness on the southeastern Tibetan Plateau for East 
Asian summer monsoon prediction. Journal of Geophysical Research 116, D05106, https://doi.org/10.1029/2010JD015095 (2011).

 49. Zhang, J., Yang, Z. & Wu, L. Skillful prediction of hot temperature extremes over the source region of ancient Silk Road. Scientific 
Reports 8, 6677, https://doi.org/10.1038/s41598-018-25063-x (2018).

 50. Koster, R. D. et al. The contribution of land surface initialization to subseasonal forecast skill. Geophysical Research Letters 37, 
489–496 (2010).

 51. Rodell, M. et al. The Global Land Data Assimilation System. Bulletin of the American Meteorological Society 85, 381–94 (2004).
 52. Vicente-Serrano, S. M., Beguería, S. & López-Moreno, J. I. A multiscalar drought index sensitive to global warming: The 

Standardized Precipitation Evapotranspiration Index. J.Climate 23, 1696–718 (2010).
 53. Dee, D. P. et al. The ERA-Interim reanalysis: configuration and performance of the data assimilation system. Q J R Meteorol Soc 

137(656), 553–597 (2011).

https://doi.org/10.1038/s41598-019-49053-9
https://doi.org/10.1029/2008JD009807
https://doi.org/10.1029/2010JD014714
https://doi.org/10.1088/1748-9326/aa88f8
https://doi.org/10.1029/2010JD015095
https://doi.org/10.1038/s41598-018-25063-x


1 0Scientific RepoRtS |         (2019) 9:12577  | https://doi.org/10.1038/s41598-019-49053-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

Acknowledgements
The research was funded by the National Natural Science Foundation of China (NSFC) Project (41675085) and 
the National Key R&D Program of China (2018YFA0606501). J.Z. was also supported by Jiangsu Collaborative 
Innovation Center for Climate Change, China.

Author contributions
J.Z. designed the research. Z.Y. collected the data and conducted the statistical analysis with contribution from 
K.Y. J. Z., L.W. and Z.Y. interpreted the results and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-49053-9.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-49053-9
https://doi.org/10.1038/s41598-019-49053-9
http://creativecommons.org/licenses/by/4.0/

	Summer high temperature extremes over Northeastern China predicted by spring soil moisture
	Results
	Relationship of spring soil moisture condition with summer hot days over Northeastern China. 
	Prediction of summer hot days over Northeastern China. 

	Conclusions and Discussion
	Methods
	Data preparation. 
	Hot day definition and EOF analysis. 
	Correlation with spring soil moisture. 
	Physical process analysis. 
	Prediction model development and evaluation. 
	Spatial pattern prediction. 

	Acknowledgements
	Figure 1 (a) Spatial pattern of the EOF first mode of summer (June-July-August) hot days during 1979–2017 at 136 stations over Northeastern China.
	Figure 2 Spatial patterns of correlation coefficients between summer (June-July-August) hot days averaged over Northeastern China and spring (March-April-May) soil moisture conditions in (a,b) GLDAS-Noah (c,d) GLDAS-Mosaic (e,f) GLDAS-CLM and (g,h) SPEI a
	Figure 3 Correlation coefficients between summer (June-July-August) hot days averaged over Northeastern China and spring (March-April-May) soil moisture condition averaged over Central-Eastern China [107°E–124°E, 30°N–43°N] in GLDAS-Noah, GLDAS-Mosaic, GL
	Figure 4 Linear regression coefficients of summer (June-July-August) geopotential heights in (a,b) 200 hPa, (c,d) 500 hPa, (e,f) 850 hPa against summer (June-July-August) hot days (in gpm/day, left panel) and spring (March-April-May) soil moisture conditi
	Figure 5 Linear regression coefficients of summer (June-July-August) (a) surface downward solar radiation (in W/m2) (b) 500 hPa vertical velocity (in 10−4 Pa/s) (c) soil moisture (in mm) and (d) planetary boundary layer height (in m) against spring (March
	Figure 6 Time series of summer (June-July-August) hot days (in days) averaged over Northeastern China from 1979 to 2017.
	Figure 7 Maps of summer (June-July-August) hot days (in days) over Northeastern China for (a,b) 2016 and (c,d) 2017: observations (left panel) and predictions (right panel).
	Figure 8 Spatial pattern correlation coefficients between observed and predicted summer (June-July-August) hot days over Northeastern China from 2009 to 2017.




