JGR Atmospheres

RESEARCH ARTICLE
10.1029/2019JD031792

Key Points:

« We find stronger temperature trends
on nonrainy days compared to rainy

days in observations from China

« The reason is likely to be the
different sensitivity of downwelling
longwave radiation to greenhouse
gases on nonrainy and rainy days

« Our findings are consistent with the
stronger temperature trends in drier

regions because of fewer rainy days

Correspondence to:

A. Kleidon and F. Sun,
axel.kleidon@bgc-jena.mpg.de;
sunfb@igsnrr.ac.cn

Citation:

Du, M., Kleidon, A., Sun, F., Renner,
M., & Liu, W. (2020). Stronger global
warming on nonrainy days in
observations from China. Journal of
Geophysical Research: Atmospheres,
125, €2019JD031792. https://doi.org/
10.1029/2019JD031792

Received 9 OCT 2019
Accepted 10 APR 2020
Accepted article online 17 APR 2020

© 2020. The Authors.

This is an open access article under the

terms of the Creative Commons

Attribution License, which permits use,

distribution and reproduction in any
medium, provided the original work is
properly cited.

A G ) s

SPACE SCIENCE

ik

Stronger Global Warming on Nonrainy Days
in Observations From China

Muye Du'?? (2, Axel Kleidon® 134,56

, Fubao Sun , Maik Renner? ("), and Wenbin Liu'

'Key Laboratory of Water Cycle and Related Land Surface Processes, Institute of Geographic Science and Natural
Resources Research, Chinese Academy of Sciences, Beijing, China, ?Max-Planck-Institute for Biogeochemistry, Jena,
Germany, 3College of Resources and Environment, University of Chinese Academy of Sciences, Beijing, China, “State Key
Laboratory of Desert and Oasis Ecology, Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences,
Urumgi, China, *Akesu National Station of Observation and Research for Oasis Agro-ecosystem, Akesu, China, *Center
for Water Resources Research, Chinese Academy of Sciences, Beijing, China

Abstract Nonrainy days have rather different hydrologic and radiative conditions than rainy days, but
few investigations considered how these different conditions contribute to the observed global warming.
Here, we show that global warming is considerably stronger on nonrainy days using observations from
China. We find that trends in mean temperature on nonrainy days are about 0.1 ° C/10 yr higher than on
rainy days, and that about 80% of the total temperature increase is contributed by nonrainy days. The main
reason is likely to be a stronger sensitivity of downwelling longwave radiation to greenhouse forcing on
nonrainy days due to fewer clouds and water vapor compared with rainy days, which is not a hydrological
effect but mainly a radiative effect. Our findings are consistent with the stronger mean temperature trends
in drier regions and imply that the different temperature sensitivities on nonrainy and rainy days may
have profound effects on natural and social systems.

1. Introduction

Nonrainy and rainy days are two distinct types of days with rather different hydrological conditions. On non-
rainy days, evapotranspiration removes water from the soil and adds it to the atmosphere, while the opposite
takes place on rainy days. The radiative conditions are also different since typically there are fewer clouds on
nonrainy days, enhancing solar radiation at the surface during the daytime and lowering downwelling long-
wave radiation compared to rainy days (Camberlin, 2016; A. Dai et al., 1997). As a result, the diurnal tem-
perature range on nonrainy days is typically higher with a higher maximum temperature during the day
and a lower minimum temperature during night (A. Dai et al., 1999; Stephens et al., 2012; Sun et al., 2000).
With these distinct differences in hydrological and radiative conditions, one may expect different manifesta-
tions of global warming on nonrainy and rainy days.

Global warming, the increase in near-surface temperature due to the enhanced greenhouse effect at global
scale, has clearly been reflected in observations over the last 50 years (Brown & Caldeira, 2017,
Easterling, 1997; Fischer & Knutti, 2015; Ji et al., 2014; Piao et al., 2010), impacting the natural and social
systems (W. Liu, Lim, et al., 2018; W. Liu, Sun, et al., 2018; Lobell et al., 2011; Trenberth, 2011; C. Zhou &
Wang, 2017). Temperature trends vary significantly among different regions and seasons (Cohen et al., 2012;
J. Huang et al., 2012; James et al., 2017; Morice et al., 2012). Although several factors, such as adjustments in
the atmospheric circulation, land surface-atmosphere interactions, and snow cover changes, were consid-
ered to contribute to global warming, the underlying mechanisms have not been clearly identified (Choi
et al., 2018; S. Dai et al., 2016; Davy et al., 2017; Guan et al., 2015; Guo et al., 2018; Y. Zhang et al., 2017;
L. Zhou, 2016). In previous studies, temperature trends have been decomposed into trends in daytime and
nighttime temperatures (Davy et al., 2017), in different seasons (Choi et al., 2018), in different regions
(James et al., 2017; Morice et al., 2012), and in different periods (Ji et al., 2014). Here, we focus on how global
warming manifests itself on nonrainy and rainy days, an aspect that would be important for the effects of
global warming on agriculture and ecology. Moreover, if different temperature trends on nonrainy and rainy
days were detected, it would lead to a peculiar pattern of global warming due to the uneven distribution of
precipitation frequency, which would contribute to the observed pattern of global warming, and would also
affect the occurrence of extreme events such as droughts and heatwaves.
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To analyze this difference in trends, we used daily observations of air temperature and precipitation from
meteorological stations in China to calculate temperature trends on nonrainy and rainy days separately.
In the last 50 years, near-surface temperatures in China showed clear trends with simultaneous and signifi-
cant changes in precipitation (Chen et al., 2018; Jianping Huang et al., 2017; W. Liu & Sun, 2019; Piao
etal., 2010; A. Wang & Zeng, 2011; R. Zhang, 2017). We decomposed the total temperature trends into trends
on nonrainy and rainy days using a weighted-average framework. We then evaluated the likely reasons for a
different response from the perspective of the surface energy balance using the same data sets to keep it con-
sistent with our results. We describe the data and methodology in the next section, present our results, dis-
cuss the likely reasons for the differences in trends and their implications. We close with a brief summary
and conclusions.

2. Data and Method
2.1. Data

We used daily (20:00-20:00 local time) precipitation, air temperature, and relative humidity observations for
the period 1951-2017 from the Dataset of Daily Climate Data from Chinese Surface Stations (V3.0) consisting
of 839 meteorological stations (Figure 1a) with daily observations. These data have been quality-controlled
by the China Meteorological Data Service Center (CMDC, http://data.cma.cn/) before being released to the
scientific community. To have a consistent sample size of stations with continuous and long records, we
selected the years 1966-2017 as the time period considered here with 659 stations remaining. From these sta-
tions, we first discarded 140 stations with discontinuous precipitation records, because we cannot determine
rainy and nonrainy days from those records. We then discarded 63 stations with missing temperature obser-
vations on more than two consecutive days. One station was discarded with more than 10% of the values
missing for relative humidity in a single year. For stations with missing data of temperature and humidity
that were not discarded we filled the gaps by linear interpolation. We also discarded 38 stations which chan-
ged the locations with a corresponding significant break point in observations according to the meta data
document and the SNHT test (Alexandersson & Moberg, 1997).

The selection of continuous records resulted in a total of 455 stations distributed in both arid and humid
regions across China, which cover a wide range of climatological conditions. To show this, the spatial pattern
of the radiative dryness index surrounding the stations is presented in Figure 1b. The radiative dryness index
is the ratio of net radiation to the latent heat of precipitation, which was proposed by Budyko
(Budyko, 1974). We calculate this index from the ratio of potential evapotranspiration to precipitation, with
potential evapotranspiration estimated by the Hargreaves equation from the temperature observations
(Hargreaves & Samani, 1985).

For the classification of nonrainy and rainy days, we regard days with precipitation less than 0.1 mm as non-
rainy days and the effects of fog, dew, and frost were neglected. This is different from the definition in some
of the previous studies, which defines a nonrainy day by precipitation being less than 1 mm (Agnese
et al., 2014; Frich et al., 2002; Q. Zhang et al., 2011). The reason that we used a less stringent criterion here
is to get a sufficiently large sample size of rainy days in arid regions. We also tested the stricter criterion,
which led to similar results, but resulted in less spatial coverage.

Since precipitation frequency and temperature both have seasonal patterns in China, we removed the clima-
tological seasonal variation in temperature before the analysis to simplify the results. To do this, we first cal-
culated the multiannual mean for each day of the year using 11-day moving averages to obtain a
climatological seasonal variation for each station. We then subtracted this variation from the original data
series to derive the anomalies. We also performed the analysis with seasonal means (i.e., without removing
the seasonal variation) and found similar results (not shown).

2.2. Decomposition of Temperature Trends

We used a weighted-average framework to evaluate the contributions of temperature trends on nonrainy
and rainy days to total temperature trends. First, mean characteristics (T) for daily mean temperature
(Tmean), diurnal temperature range (DTR), minimum temperature (Tmin), and maximum temperature
(Tmax) are calculated as the arithmetic mean of daily observations. This could also be expressed as the
weighted average of mean temperature characteristics of rainy (T,) and nonrainy days (T,):
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Figure 1. Spatial distribution of 839 meteorological stations in China. (a) The spatial distribution of stations used in this
study (blue dots), stations with location moved (red dots) and stations with too short or discontinuous observations (black
dots). (b) The radiative dryness index aggregated to a 2 © x 2° grid. The aggregation was done by averaging the values of
the stations used in the study and that are located within the respective grid cell.

T=AT,+(1-21)T, (1)

where A represents precipitation frequency (assumed to be equal to the frequency of rainy days).

With global warming, we assume each variable in equation 1 changes by a certain amount. The total change
AT then results from the contributions of temperature changes on nonrainy days, ATy, rainy days, AT,, as
well as a change in the frequency of rainy days AA:

AT = (1= A)-AT, + A-AT, + AA- (T, — Tn + AT, — AT,,) )

The change in temperature is thus composed of three terms: The first two terms, (1 —1)-AT, and A-AT,,
represent the contributions by the changes taking place on nonrainy and rainy days, respectively, while
the third term, AA-(T, — T, + AT, — AT,), represents the contribution due to changes in the frequency of
rainy days.

We calculated annual means, anomalies as well as the linear trends for each variable in equation 1. The lin-
ear trends are obtained by ordinary least squares (OLS). Based on this, we then quantify the contributions of
nonrainy and rainy days to total temperature trends using equation 2.

3. Results

3.1. Temperature Characteristics on Nonrainy and Rainy Days

We first evaluated the differences in mean temperature characteristics on nonrainy and rainy days to show
that these differences are consistent with differences in radiative conditions (Figure 2a, Table 1). Most sta-
tions show higher mean temperature (with a median difference of +1.29 ° C), a greater diurnal temperature
range (with a median difference of +3.81 ° C), lower minimum temperatures (with a median difference of
—0.73 ° C), and higher maximum temperatures (with a median difference of +2.88 © C) on nonrainy days
than on rainy days. These differences are consistent with what would be expected due to the higher solar
radiation and lower greenhouse forcing on nonrainy days caused by fewer clouds. Cloud radiative effects
therefore appear to be a crucial part in the relationship between precipitation and temperature.

3.2. Temperature Trends on Nonrainy and Rainy Days

We next calculated the temperature trends using all days as well as nonrainy and rainy days separately
(Figure 3, with statistics shown in Table 1). We found that at most stations, temperature characteristics on
nonrainy days respond generally more strongly than those on rainy days. Specifically, temperatures gener-
ally warm about 0.1 ° C/10 yr more strongly on nonrainy days than on rainy days, which is about 27-50%
of the temperature trends on rainy days. The trends in diurnal temperature range are more concentrated
around zero for rainy days, while they show a larger spread for nonrainy days (Table 1, Figures 2b and 2c).
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Figure 2. Differences in temperature characteristics between nonrainy and rainy days. The histograms show the
differences in (a) mean values and (b) trends as well as (c) the ratio of trends on nonrainy and rainy days for 455
meteorological stations in China. Red dashed lines represent the median values.

3.3. Decomposition of Temperature Trends

We then quantified the contribution of nonrainy days to the overall temperature trends in which the trend is
decomposed into the contributions by nonrainy days, rainy days, and the change in frequency of rainy days.
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Table 1
Median and Interquartile Range (in Brackets) for Temperature Characteristics and Trends on Nonrainy (Index n) and
Rainy (Index r) Days
Tmean DTR Tmin Tmax
_ 1.29 (1.08) 3.81 (1.25) —0.73 (1.51) 2.88 (1.35)
T,—T,(°C)
0.30 (0.14 —0.11 (0.23 0.37 (0.22 0.25 (0.14
T ecrom (0.14) (0.23) (0.22) (0.14)
0.32 (0.16 —0.13 (0.26 0.42 (0.25 0.28 (0.16
AT, CC/10y1) (0.16) (0.26) (0.25) (0.16)
0.21 (0.12 —0.11 (0.13 0.29 (0.14 0.17 (0.14
AT, (o109 (0.12) (0.13) 0.14) (0.14)
0.10 (0.11 —0.02 (0.17 0.11 (0.15 0.10 (0.11
AT, — AT, (°C/10yr) G 5 ) )
1.48 (0.54) 1.26 (1.49) 1.38 (0.50) 1.51 (0.73)

AT, /AT, (dimensionless)

We find that the mean temperature trends are mostly shaped by the trends in nonrainy days (Table 2,
Figure 4). The temperature increases on nonrainy days account for most part of the total trend (76-86% in
the median), while rainy days only account for a small part (19-24% in the median). The effect of changes
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8 L7 4 y=0.72x+0.01 (?=0.72)
7
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Figure 3. Temperature trends on nonrainy (red) and rainy (blue) days against trends on all days in °C/10 yr. (a) Daily

mean temperature; (b) diurnal temperature range; (c) minimum temperature; (d) maximum temperature. Histograms
represent the distributions of temperature trends.
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Table 2

Median and Interquartile Range (in Brackets) for the Contributions of Nonrainy and Rainy Days and the Change in
Precipitation Frequency (A, Assumed to be Equal to the Frequency of Rainy Days) to Total Temperature Trends

(see Equation 2)
Tmean DTR Tmin Tmax
(1—A)-AT, 76% (18%) 86% (22%) 76% (17%) 76% (20%)
T 22% (15%) 19% (27%) 24% (18%) 20% (15%)
1-AT,
1% (4%) —4% (22%) —0.3% (2%) 4% (8%)

AA- (T, — T, + AT, — AT,,)

in the frequency of rainy days is small, contributing —3-4% in the median. This disproportionally large
contribution by nonrainy days to the overall temperature trend is caused by the combination of the
higher frequency of nonrainy days (1 — A, about 69% in the median) and the stronger temperature

increases on nonrainy days (AT),).

(a) Tmean
Trend(AT)=0.303
Trend(y1)=0.234

- Trend(y2)=0.064
Trend(ys)=0.005

(unit: °C/10yr)

0.0

-0.5

Trend(AT)=-0.126
Trend(y1)=-0.105
Trend(y2)=-0.034
Trend(ys)=0.014

-1.0 ‘A (unit: °C/10yr) _u_
0% 100% -1.0F 0% 100%
—15¢F i R : Trepd Contribu'gion i i i Trelnd Contribu;ion
1960 1970 1980 1990 2000 2010 2020 1960 1970 1980 1990 2000 2010 2020
(c) Tmin (d) Tmax
15F 15F
Trend(AT)=0.385 Trend(AT)=0.259
Trend(y1)=0.300 Trend(y1)=0.195
1.0F Trend(y2)=0.087 1.0F Trend(y2)=0.052
Trend(ys)=-0.002 Trend(ys)=0.012
0.5F (unit: °C/10yr) 0.5 (unit: °C/10yr)
0.0 0.0
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Figure 4. Decomposition of temperature trends to the warming on nonrainy days (red), rainy days (blue) as well as the changes in frequency of rainy days (green)
for (a) daily mean temperature; (b) diurnal temperature range; (c) minimum temperature; (d) maximum temperature. Histograms represent the distributions of
the contributions of three parts to the total temperature trends.
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4. Discussion

To provide a plausible interpretation for these different temperature trends, we analyzed the changes in the
surface energy balance. We considered three factors, shortwave radiation, evapotranspiration, and longwave
radiation, which could have changed, to analyze whether they show different trends on nonrainy and
rainy days.

If the trends of surface solar radiation due to global dimming, brightening, or changes in precipitation inten-
sity (Zhai et al., 2005; C. Zhou & Wang, 2017) were higher on nonrainy days than on rainy days, it could
result in stronger mean temperature trends, but also in higher trends in the diurnal temperature range on
nonrainy days than on rainy days. However, we find that for many stations the trends in the diurnal tem-
perature range on nonrainy days is lower (see Figure 2b and Table 1). This suggests that a different trend
in solar radiation on nonrainy and rainy days is unlikely to be the primary cause for these differences in
temperature trends.

If changes in precipitation intensity altered evaporation differently on nonrainy and rainy days, it could also
impact temperature trends. This change in evaporation would depend on water availability and radiative
conditions, which would affect the differences in temperature trends differently in arid regions, where eva-
poration is limited by precipitation, and humid regions, where evaporation is limited by net radiation.
However, we did not find such consistent differences across regions (Figure 5). Thus, the evaporative cooling
effect cannot be the main cause for the different temperature trends neither.

As the third possible cause we looked at changes in downwelling longwave radiation, R4. It is well known
that global warming is mainly caused by the increase in R;; due to the increase in concentrations of green-
house gases and the water vapor feedback (Held & Soden, 2000; IPCC, 2014; Philipona et al., 2005).
Therefore, if R); increases more strongly on nonrainy days than rainy days, it could lead to a stronger tem-
perature trend on nonrainy days. Since long-term observations for longwave radiation do not exist over the
length of the meteorological records used here, we use a commonly used semiempirical parameterization
(Crawford & Duchon, 1999; K. Wang & Liang, 2009) to estimate R4, which we then use to evaluate possible
trends in Ry4. The first step is to determine downwelling longwave radiation for clear-sky conditions, R4

Rige = Eco'Ta4 ©)

where ¢, < 1 is the clear-sky atmospheric emissivity which is generally determined by the concentration of
greenhouse gases in the atmosphere (Brutsaert, 1975), o represents the Stefan-Boltzmann constant, and T, is
the near-surface air temperature (unit: K). Since the well-known greenhouse effect of clouds, it is important
to correct it with cloud fraction f when estimating R;; (Crawford & Duchon, 1999; K. Wang & Liang, 2009):

Ry = foTo* + (1 — f)Ryge 4)

The cloud fraction f can be obtained from solar fluxes at the surface by (Crawford & Duchon, 1999; K. Wang
& Liang, 2009):

f =1- de/dec (5)

where Ry, is the downwelling flux of solar radiation at the surface and Ry, is the equivalent flux under
clear-sky conditions.

With the increase in concentrations of greenhouse gases as well as the water vapor feedback, €. in equation 3
increases, thus Ry as well as Rj; increase, which heat the surface more strongly, resulting in warmer tem-
peratures. On the one hand, cloud fraction fis generally lower on nonrainy days than rainy days, which
would enhance the increase of R;; on nonrainy days according to equation 4. On the other hand, €, could also
behave differently on nonrainy and rainy days. We can estimate such a change in ¢, using absolute humidity
o, (unit: g/m®) derived from station data according to a semiempirical approach (Brutsaert, 1975):

€. = 1.24(e/To)"" = 1.24(o,R,)"" (6)

where e is water vapor pressure (unit: hPa) and R, is the ideal gas constant of water vapor. Combining
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Figure 5. (a) Spatial distribution of differences between mean temperature trends on nonrainy and rainy days (T,, — T ),
aggregated to a 2 ° X 2° grid and (b) its relationship with the radiative dryness index.

equations 3-6, this stronger sensitivity in R;; on nonrainy days can be seen by taking the derivative of Rj4
to py,

dRig _ 1.24RV1/7p /7

o, 7 , 7 (1= f)oTs* @)

which shows clearly that the sensitivity of R, to p,, decreases with cloud fraction fand p,. Considering that
nonrainy days typically have lower fand p, than rainy days, it is reasonable for R}, to increase more strongly
on nonrainy days. Using observations of relative humidity to derive absolute humidity, we found that rainy
days have higher values than nonrainy days (12.68 g/m? vs. 8.83 g/m>, Table 3), although they have similar
trends in p, on nonrainy and rainy days (both around +0.07g/m3 /10 yr in their median).

To support this line of reasoning further, we looked at how downwelling longwave radiation has likely chan-
ged if only water vapor increases according to equation 6 using median values obtained from observations
(shown in Table 3). Since cloud cover is not included in the observations, we used the ERA5 reanalysis
(C38, 2017) to estimate the average cloud fraction on nonrainy and rainy days over China. To do this, we
extracted the mean value using daily data on land for the region that covers China [73°E,136°E,3°N,54°N]
for the time period 1980-2017 and took the median values for all grid cells. Noticing that gridded data would
significantly enlarge the frequency of rainy days, the real difference of cloud fraction between nonrainy and
rainy days could be larger than what we show here.

With the values shown in Table 3, we estimated the differences in trends of R;; on nonrainy and rainy days to
be ~0.13 W m™2/10 yr, which is considerable compared to the global mean strength of the water vapor feed-
back of ~1.5 W m™> K~* (R. Liu, Su, et al., 2018). Therefore, even if greenhouse gases increase the same
amount on nonrainy and rainy days, downwelling longwave radiation would react more strongly on non-
rainy days since the mean greenhouse effect on nonrainy days is much lower than that on rainy days. It is
thus reasonable for nonrainy days to warm more strongly.

Our interpretation is consistent with the main geographic variation of temperature trends across China
(Figure 6a). Given that arid regions with low precipitation frequencies, such as deserts, typically have less
water vapor in the atmosphere (Figures 6b, 6¢, and 6e), they are likely to have stronger temperature trends,
as shown in Figure 6d. This finding is consistent with previous studies that reported stronger temperature
trends in regions with less precipitation (Portmann et al., 2009; Liming Zhou et al., 2008).

This difference in sensitivities of nonrainy and rainy days may have

Table 3 further implications for interpreting patterns of global warming. As land
Median Values for Equation 7 is typically drier than oceans, it could well be that this effect contributes
Rainy days Nonrainy days to the higher climate sensitivity over land than over oceans
3 3 (Huntingford & Cox, 2000; Kleidon & Renner, 2017; Sutton et al., 2007).
doy/dt RO e 1 g +0.07g/m7/10yr Thig would, however, require a more detailed evaluation of the different
Py 12.68 g/m 8.83 g/m e . . . .
f 0.30 0.07 sensitivity of longwave downwelling radiation to substantiate the inter-
oT,’* 396.0 Wm > 380.5 W m 2 pretation that we have provided here.
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Climate Data Store (CDS, https://doi.
org/10.24381/cds.adbb2d47).
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Figure 6. Spatial distribution of (a) mean temperature trends, (b) absolute humidity, and (c) precipitation frequency
(each 2 ° x 2° grid cell presents the average value of the stations contained in); and relationships between
precipitation frequency and (d) mean temperature trends (e) absolute humidity.

5. Conclusions

Using observations from meteorological stations, we found that the temperature trends on nonrainy days are
distinctly higher than those on rainy days in China and that most of the observed temperature increase is
contributed by nonrainy days. We attributed this difference to the higher sensitivity of downwelling long-
wave radiation on nonrainy days because of fewer clouds and water vapor. Our findings are consistent with
previous studies showing stronger temperature increases in more arid regions.

Our findings identify an indirect connection between hydrologic cycling and global warming in that regions
with less precipitation frequency also typically have fewer clouds and less water vapor and thus warm more
strongly. This is, however, not a hydrologic effect, but rather likely due to different sensitivities of radiative
effects. What our results imply is that the stronger temperature trends on nonrainy days is significant and
may play an important role in amplifying the temperature response during extreme events, such as heat
waves and droughts.
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