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Abstract Relative Humidity (RH) in the arid region of the Tarim Basin is7

crucial for many reasons. The Tarim Basin has experienced a tendency to8

become wetter in recent decades, and the RH here also shows an increase9

over the past decade. However, there has been little examination of these RH10

changes and especially the changes to the extremes. This study investigates11

the changes in extreme values and the probability distribution function (PDF)12

of summer RH using quantile regression during 2006-2018 to understand the13

possible reasons for the increase in the summer RH anomaly. We find that14

extremely high values of RH show a consistent significant increase, while ex-15

tremely low values have no regionally consistent tendency. The overall average16

value of RH in the Tarim Basin becomes higher, driven by the upper half17

of the PDF. To explore the physical mechanism for these changes, we exam-18

ine the corresponding regional meteorological anomaly patterns. The patterns19

indicate that the anomalous southwesterly airflow at 500hPa brings ample20

moisture into the basin and the ground in the middle of the basin significantly21

cools down when an extreme wet event occurs, promoting the occurrence of22

the extreme high RH. In this process, the contributions of water vapor trans-23

port and temperature are of equal significance though with different relative24

timing. These corresponding regional meteorological patterns occur more of-25
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ten in the most recent decade, which coincides with the recent increase in RH26

extremes in this region.27

Keywords Relative humidity · Extreme wet · Quantile regression · Regional28

meteorological anomaly patterns · Tarim Basin · Asia29

1 Introduction30

Relative humidity (RH), describing the distribution of water vapor in the31

atmosphere is of great importance for multiple fields. The Tarim Basin is the32

major source of dust aerosols affecting East Asian countries, and its RH is33

closely associated with the formation of sandstorms and sand transmission34

(Mao et al, 2011; Li et al, 2019a; Yang et al, 2019). RH directly affects the35

formation of dew, which is the most important water source for plants and36

animals’ survival in the desert (Chen et al, 2020; Gong et al, 2019; Gerson et al,37

2014). The changes of RH are associated with the response of the ecological38

system in desert areas and water cycle to global warming (Held and Shell,39

2012; Wright et al, 2010). Understanding changes in RH can also provide a40

deeper understanding of changes in extreme events in this area (Tao et al,41

2014; Sun et al, 2014; Zhang et al, 2012).42

In the past decade, some researchers have shown that RH over land should43

have a downward trend with global warming, since the more rapidly increasing44

temperature over land than the ocean leads to a faster increase in saturated45

vapor pressure with global warming, while vapor pressure over land cannot in-46

crease as rapidly (Sherwood and Fu, 2014; Collins et al, 2013; Simmons et al,47

2010; Byrne and O’Gorman, 2016, 2018). This trend will lead to a drier cli-48

mate in the future (Fu and Feng, 2014). However, in contrast to the overall49

situation over the continents, an upward variation of RH in the South Xin-50

jiang, including the Tarim Basin region, has been observed in recent decades51

(Chen et al, 2020). Some more observations indicate that in Northwest China,52

a large region including the Tarim Basin, the precipitation has increased and53

the climate has become wetter in recent decades (Shi et al, 2007; Han et al,54

2019; Peng and Zhou, 2017; Wang et al, 2017; Chen et al, 2015; Li et al, 2016).55

Wetness over the Tarim Basin has shown a decadal change, i.e., specifically56

an increase in recent decades (Tao et al, 2014, 2016). This decadal variability57

suggests that large-scale theoretical analysis over land cannot simply be used58

to understand changes in regional-scale RH. So what causes the increase of59

RH in recent decade? Water transport in some form must be part of the story60

in such an arid region, but this has not been explored in detail.61

To better understand RH changes with global warming, the local con-62

ditions must be considered. Analyzing the probability distribution function63

(PDF) of RH locally provides a good perspective for interpreting the changes64

in RH distributions more broadly. This study focuses on summer RH over65

the Tarim Basin, since the majority of the precipitation falls in summertime66

(Huang et al, 2015), and the increase in wetness is mainly concentrated in67

summer (Li et al, 2016; Peng and Zhou, 2017). The change in the mean of the68
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time series has a close connection with its PDF and extreme values (Huybers69

et al, 2014; McKinnon et al, 2016). For example, in some areas, the increase70

in mean temperature is mainly manifested as the effect of either a decrease in71

extremely low values or an increase in extremely high values (Franzke, 2013,72

2015). This indicates that understanding changes in summer RH extremes73

can also help to understand the mean RH change and to explore the associ-74

ated physical mechanism. However, to our knowledge, no studies have focused75

on the full PDF of RH over the Tarim Basin. The changes to the PDF and76

particularly to the extreme values of summer RH are the subject of this study.77

In this study, we analyze daily summer RH data over the Tarim Basin in78

order to gain a more complete picture of changes in summer RH. We focus on79

the most recent decade and explore the mechanisms of changes in RH and the80

RH probability distribution function. Existing studies generally agree about81

the remarkable increase in summer precipitation in this region, but there is no82

consensus regarding changes in the RH distribution and physical reasons for83

the changes. Is this an intensification of the hydrological cycle or a change in84

the regional weather patterns? We study the changes in RH extreme events85

and the regional anomalous meteorological patterns corresponding to the ex-86

treme events to provide a way to better understand the physical mechanisms.87

This paper is organized as follows: Section 2 describes the data used in this88

study. In section 3, we examine the decadal change of RH. In section 4 we89

present the statistical examination of recent changes in RH, including analysis90

of extremes and probability distribution function changes. We examine the91

corresponding regional anomalous meteorological patterns in section 5. We92

then present discussion and conclusions in section 6.93

2 Data94

In this study, observed daily mean RH data from meteorological stations in the95

Tarim Basin area are obtained from the China Meteorological Administration96

(http://data.cma.cn/) for 1979 to 2018 (as shown in Fig. 1). The quality of the97

data has been controlled, and after removing stations that are missing data98

for 7 or more continuous days during the whole period (1979.1.1-2018.12.30),99

19 stations remain for this analysis. Linear interpolation has been used to fill100

periods of missing data less than 7 days.101

In addition to the observed RH records, the 2-meter temperature, 2-meter102

dewpoint temperature (from which RH can be calculated) and precipitation103

from the ERA5-Land hourly reanalysis dataset over 1981-2018 (Copernicus104

Climate Change Service (C3S), 2019; Hersbach et al, 2020) with the resolu-105

tion 0.1◦ × 0.1◦ are used. We also use 500-hPa geopotential height (Z500),106

850-hPa geopotential height (Z850), and zonal (u) and meridional (v) wind107

speed on 500hPa and 850hPa from the ERA5 hourly dataset on pressure over108

1981-2018 (Copernicus Climate Change Service (C3S), 2017; Hersbach et al,109

2020), with resolution 0.25◦×0.25◦. In this study, all data from the ERA5 and110

ERA5-Land datasets except precipitation are processed into daily data, which111
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is obtained by the average value of 4 time points (0:00, 6:00, 12:00, 18:00) per112

day. This averaging procedure is not necessary for precipitation because daily113

accumulated precipitation is directly available in the ERA5-Land data set.114

The summer in this study is defined as June, July and August, and all anoma-115

lies are obtained by removing the seasonal cycle, similar to previous studies116

(Koscielny-Bunde et al, 1998): the climatological seasonal cycle is calculated117

as the long-time average for each day between 1981 and 2018.118

3 Increasing local tendency of summer RH during the recent119

decade120

We first examine the summer RH anomaly by calculating the mean in each121

year averaged over the 19 stations, shown in Fig. 2(a). From the previous stud-122

ies, it is clear that RH may show interannual variability (Du et al, 2012), and123

in our analysis we see distinct interannual and decadal variability of summer124

RH over the Tarim Basin (Fig. 2a). The recent decade can be easily identified125

as having an upward tendency (consistent with the ”becoming wetter” men-126

tioned in section 1). But we want to understand how RH has changed beyond127

just the change in the mean.128

If we understand the recent decadal-scale trend towards higher RH, we may129

be able to better understand the mechanisms causing interannual variability130

in RH. To determine the beginning of the increasing variation, the Sequential131

Mann-Kendall (SQMK) method (Nasri and Modarres, 2009) is used to check132

for the location of a change point in the summer RH anomaly time series. The133

method is described in the Appendix. The result shows that the transition134

point year is around 2006 and so we chose 2006-2018 as the period of interest135

for this study. The spatial distribution of the linear slope in the Tarim Basin136

is examined in Fig. 2(b). It shows that most stations have a tendency towards137

higher RH, which matches the results in previous studies (Han et al, 2019;138

Peng and Zhou, 2017; Wang et al, 2017).139

4 Statistical examination of recent changes in RH140

4.1 Tendencies of the extreme high and extreme low RH anomaly using141

Quantile Regression142

To understand changes in extreme values of summer RH anomaly during143

the past decade, a non-parametric technique to estimate the slope in any144

percentile of a distribution, quantile regression, is employed (Koenker and145

Bassett Jr, 1978; Cade and Noon, 2003; Gao and Franzke, 2017; Huybers et al,146

2014). Linear slopes in quantiles from the 5th, 50th and 95th percentiles of the147

summer RH anomaly time series at station 51639 are shown as examples (Fig.148

3). This method can effectively show the year-by-year local trend of a specific149

percentile value. (For the total 92 days in the summer of each year, there is150
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no impact from the day-to-day ordering on the quantile slopes.) The different151

slopes of the 5th and the 95th percentiles imply a change in RH intraseasonal152

variability.153

A block bootstrap is used here for the estimation of significance of the154

sign of the linear slopes, following McKinnon et al (2016). The fitted linear155

slope in the data is removed first and then the residuals are resampled with156

replacement using a 92 day block, which is chosen based on the assumption157

the RH is correlated within any given summer, but has negligible interannual158

correlation. After adding these values back to the linear trend removed in the159

first step, the trend is re-estimated. The process is repeated 1000 times. As in160

McKinnon et al (2016), the resulting distribution of bootstrap trends is used to161

determine whether the trend is significant, with a somewhat unusual definition162

of significant as when 95% of the bootstrap slopes are of the same sign as the163

observed trend (regardless of the magnitude of the bootstrap slopes). This164

method will determine whether there is a detectable non-zero linear slope in165

the interannual change.166

The quantile regression method is applied at all 19 stations in the Tarim167

Basin to investigate the changes in the summer RH extreme values. The ex-168

treme dry and wet days are defined when the corresponding RH is lower than169

the 5th percentile and higher than the 95th percentile for each summer, re-170

spectively. Figure 4 shows that there is an increasing local tendency of the171

95th percentile of summer RH anomaly across nearly the entire Tarim Basin172

area (Fig. 4c) and a weaker trend that is nevertheless largely spatially coher-173

ent in the 50th percentile (Fig. 4b). (Of course this is very similar to Fig.174

2a.) There is no equivalent positive tendency for the 5th percentile (Fig. 4a);175

the extreme dry values of RH anomaly demonstrate a complex distribution176

of changes with few significant tendencies. In general, the high values become177

higher, while the low values have no uniform tendency. The average value of178

RH in the Tarim Basin increases, which is driven by increases in the upper179

half of the distribution. We thus expect that the intraseasonal variance of RH180

has also increased, and we analyze the PDF in the next section.181

4.2 Changes in the probability distribution function182

The PDF provides a more compute picture of summer RH variability and its183

changes. In order to observe the changes of extreme values and mean values, it184

is necessary to study the change of the PDF over time. We divide the data of185

the past 13 years into two time periods (2006-2012 and 2012-2018), and then186

qualitatively examine the PDF in both periods. Figure 5a shows a case study187

(station 51639), and the PDF of 2012-2018 is wider than the PDF during the188

previous time period. This case study suggests an increase in the variance of189

RH variability over time. To test whether it is the case in the entire region,190

the year-by-year standard deviation of RH anomalies are calculated. Figure191

5b shows that the mean standard deviation of each year (that is, the average192
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of the annual standard deviations of 19 stations) increasing in the past decade,193

as we expected from Figure 5a.194

The PDF of summer RH anomaly in the Tarim Basin is non-Gaussian with195

a long wet side and a short dry side. Because the changes of non-Gaussian196

distributions are more complicated than those of normal distributions, the197

changes of extreme value are not necessarily simply a shift with the mean198

(Huybers et al, 2014; McKinnon et al, 2016; Loikith and Neelin, 2019). Com-199

pared with the PDF in the previous period, the long tail on the wet-side of the200

PDF during 2012-2018 obviously moves towards the higher value, while there201

is little change on the dry-side (Fig. 5a). A slight shift in the distribution peaks202

can also be observed (Fig. 5a). Although they differ in some details, the PDFs203

of the other 18 stations show similar and significant movement across the two204

periods, which corresponds to the results of the mean change (Fig. 2) and205

quantile regression (Fig. 4). There is only one station where the deviation of206

the second period is not obvious. Combined with the analysis above, the 95th207

percentile of RH anomaly demonstrates a consistent increasing trend in the208

past decade. This increase exhibits remarkable regional consistency, implying209

that more extreme wet events have occurred throughout this arid area over210

2006-2018. In the next section, we aim to understand this extremum change.211

5 Meteorology associated with recent changes in extreme high RH212

The previous analyses demonstrate that the changes in the mean are driven213

by the upper part of the distribution, and there is an increase in the wet ex-214

tremes of summer RH over the Tarim Basin during the recent decade. We now215

examine the large-scale meteorological conditions associated with the increase216

in extremes.217

To analyze the weather associated with extreme events, one useful method218

is to make composites of the atmospheric fields(Gao and Franzke, 2017). Since219

the distribution of meteorological station data is uneven, reanalysis data has220

great advantages for investigating the spatial pattern of climate variables.221

5.1 Comparison between ERA5 reanalysis and observed records over the222

Tarim Basin223

We use ERA5 reanalysis data to examine the conditions of the weather pat-224

terns when extremely high RH occurs in the observations. To verify that this225

is providing an adequate representation of the moisture, we first compare the226

summer RH anomalies in observations with those in ERA5 data, as shown227

in Figure 6. The mean value for each summer averaged over all grid boxes228

in the research area using ERA5 data shows similar variability to that from229

19 meteorological stations, especially in the recent decade (Fig. 6a). We also230

compare extremely high values of summer RH in ERA5 data to those in the231

observations, similar to the temperature analysis done by Mao et al (2010).232
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We find that values of 95th percentile RH for each summer averaged over233

the research area using ERA5 data agree reasonably well with those averaged234

from 19 meteorological stations (Fig. 6b). Thus, ERA5 data shows a good235

coincidence with the observations not only for the mean values but also for236

extremely high values, and so it can provide a relatively reliable analysis for ex-237

treme wet days. This result is not surprising, because ERA5-Land assimilates238

near-surface temperature and humidity data (Hersbach et al, 2020).239

5.2 Dry and hot climatology of the Tarim Basin240

Before analyzing the possible causes of extreme RH events, we show the cli-241

matology in the Tarim Basin region to help contextualize the mechanism for242

extreme events. The Tarim Basin maintains high-temperature climatology in243

summer (Lu et al, 2019), an extremely arid desert area where drought occurs244

often (Zhang et al, 2015; Wang and Qin, 2017). Water is extremely scarce in245

this area, with annual precipitation less than 200 mm (Wang and Qin, 2017).246

The center of the basin is the vast Taklimakan Desert, located in northwest-247

ern China. The climatological seasonal cycle’s shown in Fig. 7a, showing that248

the RH of this region in summer is relatively low (Wang and Gaffen, 2001),249

and the soil is relatively drier than other seasons (Su et al, 2016). All these250

indicate that summer is a dry season. In this case, the climatological 2-m tem-251

perature of the entire basin in summer is above 300K and the climatological252

daily accumulated precipitation for JJA is less than 0.1mm (Fig. 7). Hot and253

dry conditions are the normal state in JJA for the Tarim Basin, correspond-254

ing to low RH. It is difficult for moisture to be transported into the desert255

region. The 38-year climatological mean wind in summer shows the prevail-256

ing westerlies, with weak southwesterly airflow entering the basin at 500 hPa257

and leaving the west side of the basin without penetrating the center of the258

desert (Fig. 7). Furthermore, near the surface, the airflow from the southwest is259

mainly blocked by the Himalaya Mountains, as well as the Kunlun Mountains260

at the south edge of the basin, which is one of the reasons for the formation261

of this desert (Hartmann, 2015). Tianshan Mountains are also important for262

the formation of the climatological characteristics in this region (Baldwin and263

Vecchi, 2016). The climatology at 850 hPa demonstrates a dry and hot cur-264

rent bypassing the Tianshan Mountains and entering the basin area from the265

northeast, where the Gurbantünggüt Desert is located. The mountains to the266

north and south of the basin inhibit the transport of humid air. We seek to267

understand the extremely high RH condition in such an arid area.268

5.3 Regional anomalous meteorological patterns for extreme wet events269

An detailed study of the evolution of the local weather system when extreme270

events occur will provide a way to better understand the underlying physical271

mechanism, as is commonly done to study extreme events in the extratropics272
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(e.g., Westby and Black, 2015; Smith and Sheridan, 2018; Loikith and Neelin,273

2019; Risbey et al, 2019; Gershunov et al, 2009; Teng et al, 2013). We look at274

composites of regional anomalous meteorological patterns during and leading275

up to extreme wet events, defined as those exceeding the 95th percentile of an276

averaged RH anomaly time series. This time series is defined during summer277

over 2006-2018 as an average over 4 stations along the edges of the Tarim278

Basin (red stars shown in Figs. 1 and 8), thus minimizing the effects of the279

uneven the distribution of meteorological stations. For simplicity, only day 0280

(when extremes happen), day -2 and day -4 are shown (Fig. 8), but days -3281

and -1 have no surprising features.282

Figure 8 shows composites of anomalies in precipitation, temperature, 500283

hPa geopotential height (Z500), 850 hPa geopotential height (Z850) and the284

corresponding anomalous wind vector over the Tarim Basin for the extreme285

wet days (day 0), two days preceding the extreme wet days (day -2), and four286

days preceding the extreme wet days (day -4). Before extreme events occur,287

at day -4, a small amount of anomalous precipitation occurs in the oasis and288

mountains on the edge of the desert. Although the desert area in the center289

of the basin is relatively dry (Fig. 8a), the surrounding atmosphere is getting290

wet. At this time, temperature anomalies are weakly negative over the basin. A291

low pressure anomaly appears on the western side of the basin (with the weak292

airflow from the south at 500 hPa). Z850 anomalies do not change within the293

basin, but negative changes can be seen around the Tianshan Mountains on the294

southern edge of the basin (Fig. 8a). Approaching the day when the extreme295

event occurs, these phenomena become more pronounced. At day -2, positive296

precipitation anomalies and negative temperature anomalies take place in the297

basin (Fig. 8b), and the temperature decreases rapidly in the area of cold298

anomalies, coinciding with high pressure appearing near the surface of the299

Tarim Basin at 850 hPa. High vapor pressure and relatively low temperature300

are the conditions for high RH. The declining temperature and increasing301

moisture in the area suggest a change towards high RH conditions for this302

region.303

The changes in temperature and precipitation are exacerbated at day -2. A304

large-scale cyclone centered at the west of the Tarim Basin has its east half over305

the desert (Fig. 8b). Compared with the composites of the Z500 anomalies and306

wind vector anomalies at day -4, Z500 anomalies have decreased substantially307

as a low pressure center has developed on the west of the Tarim Basin at day308

-2 (Fig. 8b). In this case, the relatively humid air current enters the basin from309

the south with strong winds. We note how unusual this pattern is by recalling310

that the mean wind pattern is just westerly (Fig. 7d).311

The extreme wet day composite shows positive precipitation anomalies312

throughout the basin (Fig. 8c). The cold temperature anomalies have devel-313

oped, with not only a strong reduction, but also an extension of the area314

anomalies to the entire basin. These strong negative temperature anomalies315

also coincide with high pressure developed at 850 hPa near the surface. At316

day 0, the cyclone at 500 hPa amplifies considerably with the center moving317

eastward, increasing Z500 anomalies over the west of the Tarim Basin to the318
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east, implying stronger wind from the direction of the Indian Ocean entering319

the basin region. We note that upper-level moisture transport from the south320

plays an important role in causing heavy precipitation in the summer (Huang321

et al, 2015), and this transport has happened more with the recovery of the322

Indian monsoon beginning in the early 2000’s (Jin and Wang, 2017; Huang323

et al, 2020). Although the increase in the RH that we observe begins in 2006324

and not the early 2000’s, the strengthening of the Indian summer monsoon is325

conducive to more water vapor transport into the Tarim Basin. This mecha-326

nism may contribute to the increase in the value of extreme RH in the past327

decade. These conditions work together to cause the extreme wet events.328

5.4 Contribution of moisture transport and temperature for extreme wet329

events330

Since RH is controlled by both water vapor transport and temperature, we331

further explore their separate evolution during the development of this regional332

weather system for extreme wet events. The definition of RH is333

RH =
e

es
, (1)334

where e is vapor pressure, and es is saturation vapor pressure. es is a function335

of temperature T (e.g. by the Teten formula, Xu et al (2012)). Assuming that336

the air pressure is constant, e is a function of specific humidity q, which is337

defined as the mass of water vapor in a unit mass of moist air. For efficient338

decomposition, the logarithmic form is adopted:339

lnRH = ln e− ln es. (2)340

To calculate the anomaly, we use lnRH = lnRH+(lnRH)′, ln e = ln e+(ln e)′341

and ln es = ln es + (ln es)
′. lnRH is the logarithmic climatological average of342

RH, and similarly for ln e and ln es. Then the local derivative to analyze the343

change of (lnRH)′ in time using Eq. (2) is calculated:344

∂

∂t
(lnRH)′ =

∂

∂t
(ln e)′ + (−

∂

∂t
(ln es)

′) (3)345

Using daily data, the daily tendency term, ∂

∂t
(lnRH)′, represents the daily346

change of RH anomaly. (The use of daily data avoids the influence of unwanted347

diurnal signals.) Using Eq. (3), daily change of RH anomaly, ∂

∂t
(lnRH)′,348

(computed as a finite difference according to ∂

∂t
(lnRH(t))′ = lnRH(t) −349

lnRH(t− 1)), can be represented as the contribution of water vapor (the first350

term on the right side) and temperature (the second term on the right side).351

Figure 9 shows the composites of the local daily change of (lnRH)′,−(ln es)
′

352

and (ln e)′ for extreme wet days (day 0) and 1-4 days prior to the extreme wet353

days (days -1, -2, -3, and -4). ∂

∂t
(lnRH)′ increases incrementally until day -1354

(Fig. 9b-e), when changes in the regional anomalous meteorological patterns355
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are similar between day -1 and day 0 than between any other two days (not356

shown). This reveals a more rapid development of the weather system at the357

beginning, approaching its mature state on day -1, then the rate of changes358

slows down, with the anomalies reaching their maximum size on day 0. Com-359

pared with ∂

∂t
(ln es)

′, the contribution of ∂

∂t
(ln e)′ exhibits stronger growth at360

day -4, providing a considerable contribution of 70% to the total growth rate361

and thus suggesting a fairly important role of water vapor transport in the362

initial development. Then the vapor pressure contribution becomes almost the363

same as that of ∂

∂t
(ln es)

′ at day -3, indicating the equal importance for water364

vapor transport and temperature at this time. Subsequently, the contribution365

of ∂

∂t
(ln es)

′ is comparable with ∂

∂t
(ln e)′ at day -2, becoming considerably366

more important at day -1 to day 0 and reaching 96% at day 0. This progres-367

sion shows that the impact of temperature grows gradually with the increasing368

contribution of daily changes in saturation vapor pressure. Evaporation after369

precipitation will cool the surface, and along with the increased water va-370

por in the air, these conditions favor the increase of RH. The relationship371

between precipitation and surface cooling over desert is complex (Knippertz372

et al, 2009), however, and more observation and analysis is needed over the373

Tarim Basin in the future.374

5.5 Frequency of the regional anomalous meteorological patterns375

In the analysis above, we identified regional anomalous meteorological patterns376

associated with extreme wet events in the Tarim Basin. These patterns may377

also lead to many wet days that do not have RH as high as the 95th percentile.378

The increase in frequency of high RH events is not guaranteed to be due to an379

increase in the occurrence of this pattern. The intensifying hydrological cycle380

could potentially explain the change without any change to the statistics of381

the weather patterns. To determine if the weather pattern we identified above382

is related to the increase in high RH events, we look to see if the pattern is383

happening more often in later years of our time series.384

To identify the specific regional anomalous meteorological patterns over385

the whole period, we first define the patterns for the extreme wet days (i.e.,386

day 0) shown in Figure 8c as the featured patterns. In Figure 8, the study area387

is 70◦E-100◦E and 30◦N-50◦N, and there is a pattern of cooling, which shows388

distinct differences from the climatological mean state. Anomalous structure is389

also visible in the Z500 and Z850 fields. For efficient comparison and identifica-390

tion of days with similar patterns, the Pearson correlation is checked between391

the featured patterns and each day of summers 1981-2018. Due to the small392

amount of precipitation, only temperature, Z500 and Z850 are used. Correla-393

tion significance is determined using a t-test. Days that meet the requirement394

of all three fields being significantly correlated (at 99% confidence level) with395

their counterparts in the composite extreme wet day are considered to have396

the same regional anomalous meteorological patterns as the extreme wet day.397

(Note that similar results can be obtained by choosing a threshold value for the398
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correlation coefficient, but this t-test method is less arbitrary.) The number of399

effective days per year is counted as the number of occurrences of the specific400

regional anomalous meteorological patterns (Fig. 10). There is a large amount401

of interannual variability in the occurrence of this pattern during the whole402

period, but nevertheless, the frequency of occurrences has a roughly increasing403

tendency in the recent decade (Fig. 10). This is in line with our conjecture.404

In the past ∼ 10 years, as the 95th percentile of RH has increased, the re-405

gional anomalous meteorological patterns that occur simultaneously have also406

appeared more frequently. Comparing Figures 6a and 10, we see that the in-407

creasing summer RH tendency coincides with an increasing number of the408

regional anomalous meteorological patterns during 2006-2018, which suggests409

that the regional anomalous meteorological patterns are not only associated410

with extreme wet days, but also play an important role in maintaining the sea-411

sonal mean RH. The decadal-scale variability occurs both in the mean summer412

RH time series and in the frequency of the regional anomalous meteorological413

patterns.414

6 Discussion and Conclusions415

In the past half century, the impact of global warming has greatly increased the416

water holding capacity of the atmosphere (Dai, 2006). Correspondingly, the417

atmosphere over land is drying, since the speed of water vapor transport from418

ocean to land cannot keep up with the speed of the increase in temperature over419

land (Byrne and O’Gorman, 2018). This large-scale behavior is a clear example420

showing that global warming can impact the interannual change of RH over421

land. The magnitude of the internal variability within the Earth’s climate422

system is important for understanding interannual variability and trends in423

RH. In addition, the regional behavior may in cases be quite different from424

the overall expectation of drying over land.425

We analyzed daily summer RH data over the Tarim Basin, which is an426

extremely arid region dominated by a large desert. Over the record at the427

stations in the Tarim Basin, the RH has exhibited a large amount of decadal-428

scale variability, including an upward tendency in the summertime mean of429

RH during 2006-2018. In light of the large-scale, long term drying trend pre-430

dicted, it is important to understand the internal variability that can cause431

regional deviations. The desert provides a relatively simple case study, and as432

moisture is critical in this region, it is also an important area for predicting433

local environmental and economic impacts.434

Studies exploring why the Tarim Basin is getting wetter (whether measured435

by precipitation or humidity) find different results (Huang et al, 2015; Wang436

et al, 2017; Li et al, 2019b; Peng et al, 2020), and this disagreement implies437

that more work needs to be done. We provide a novel perspective on the438

recent increase in RH. We studied the changes in the PDF and extreme values439

of summer RH. The results using quantile regression show that there was440

an increasing trend for the 95th percentile during 2006-2018, while there is441



12 Da Nian et al.

no consistent regional tendency for the 5th percentile. This coincides with442

increasing variance and PDF changes of the summer RH anomalies during443

the most recent decade. High values become higher, while the low values do444

not have a consistent change. The average value of RH in the Tarim Basin445

becomes higher, likely driven by the upper half of the PDF.446

To explore why the 95th percentile is increasing, we distinguished the re-447

gional anomalous meteorological patterns that occur at the same time as ex-448

treme wet events. The corresponding regional anomalous meteorological pat-449

terns show abnormal southwesterly airflow at 500 hPa that transports water450

vapor into the basin and abnormal low temperature and high pressure near451

the surface with local precipitation. These processes cause the water vapor452

pressure to increase with more atmospheric water vapor and the saturated453

water vapor pressure to decrease with low surface temperature, resulting in454

an extremely high RH. The contributions of water vapor pressure and tem-455

perature show equal importance to the mechanism. In the development of this456

regional anomalous meteorological pattern, water vapor transmission has a457

greater impact in the early stage, and temperature has a greater impact in the458

later stage.459

In addition to examining the progression of the events themselves, we460

identify the regional anomalous meteorological patterns associated with the461

extreme events. We find the occurrence of the regional meteorological pat-462

tern has increased over the past decade, providing a reasonable qualitative463

explanation for the increase of summer RH extreme wet days. This and the464

asymmetric changes to the distribution both suggest that dynamical changes465

are important for the recent change and that the changes are not simply a466

thermodynamically-driven intensification of the water cycle.467

The Tarim Basin is a clear demonstration of large interannual variability468

in RH that complicates the detection of any forced trend without much longer469

time series. The decadal-scale variability in RH extremes in this specific re-470

gion is not consistent with the overall expectation for drier land areas with471

climate change. This recent change is likely dynamical in nature, and we see472

an increase in variance as well as an increase in the mean. We have focused on473

the most recent period as an example, and more research is needed to identify474

the mechanisms for the inter-decadal variability in summer RH in the Tarim475

Basin. More regional studies of the variability and tendency of RH in different476

areas are also necessary to investigate the nuances in predictions of decreased477

RH over land in the future.478
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A Methods used to detect the starting point of the recent trend in483

RH484

A.1 Sequential Mann-Kendall test485

To identify the change point in the summer RH time series, the Sequential Mann-Kendall486

(SQMK) test is adopted. Based on Mann-Kendall test, Sneyers (1991) introduced sequential487

values to help determine the approximate year of the beginning of a significant trend. This488

method calculates forward and backward sequences of the test statstic and enables detection489

of the approximate change point of a trend from the intersection point of the two sequences.490

The SQMK method is frequently used to identify trend start points (Yang and Tian, 2009).491

For more details and calculation see Nasri and Modarres (2009).492

A.2 Standard Normal Homogeneity test493

We also use another method, the Standard Normal Homogeneity test (SNHT), to check494

the change point. The result shows that the change point year is 2005 (Other results are495

not sensitive to this distinction; selecting 2005 as the starting year yields similar patterns496

and tendencies.) The SNHT was first applied in climate science by Alexandersson (1986).497

SNHT is a popular and effective way to detect a change point with its nonparametric variant498

(Salehi et al, 2020). Under the null hypothesis, the annual means of summer RH are assumed499

independent and identically distributed and thus the series is homogeneous. Then the test500

can detect the year where break occurs (Kang and Yusof, 2012). The details of this method501

can be found in Pohlert (2020) .502
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Fig. 1 Location and distribution of observation stations in the Tarim Basin. The red stars 
indicate the four stations located on the four edges of the desert (station 51639, shown in Fig. 
3, is an edge station at the north edge). The center of the basin is the Taklimakan Desert, 
with tall mountains in the north and south. The map is created from the geographical 
information using the Google Maps API (http://code.google.com/apis/maps/) with the 
M Map mapping package ((Pawlowicz, 2020)) and Matlab code (Bar-Yehuda, 2020).
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Fig. 2 (a) JJA (June, July, August) mean value of RH averaged over the 19 stations for
1981-2018, the error bar shows the standard deviation of this spatial mean value; (b) the
tendency of RH in JJA over 2006-2018 for each station. The black circle indicates stations
with a significant trend at 95% confidence based on a two-sided t-test. The blue shaded area
represents the period 2006-2018. Most stations show the increasing tendency over the Tarim
Basin reflected in the mean (not shown).
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Fig. 3 Quantile regression example for RH anomalies in JJA at station 51639 in the Tarim
basin. Daily RH anomaly data is shown as a function of year (black circles). The dashed
lines are the trends in the different percentiles, with red corresponding to the 95th percentile,
blue corresponding to the 5th percentile, and green corresponding to the 50th percentile.



20 Da Nian et al.

Fig. 4 Quantile regression trends of (a) 5th, (b) 50th and (c) 95th percentile of RH over
JJA in the Tarim Basin during 2006-2018. The black-outlined circles show stations where
the trends are found to be significant based on a bootstrap analysis (see text), whereas the
circles without outlining show stations with insignificant trends. The 95th percentile shows
a consistent and increasing tendency during this period, while the 5th percentile does not
have a consistent tendency.
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Fig. 5 (a) Probability distribution function (PDF) of RH anomaly in JJA at station 51639
for two periods, where the red line is for 2012-2018, and the blue line is for 2006-2012.
The dashed line is a normal distribution with the same mean and standard deviation as the
JJA RH anomaly PDF during 2012-2018. (b) Mean standard deviation of RH anomaly each
year during summertime (JJA), computed by averaging each year’s standard deviations over
all 19 stations. The error bar shows the standard deviation of each year’s collection of 19
station standard deviations. The blue shaded area indicates the period 2006-2018, which is
the period that this study focuses on. It clearly shows that the standard deviation started
to increase around 2006.
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Fig. 6 (a) JJA (June, July, August) mean of RH anomaly in each year averaged over the
study area (74◦E-90◦E, 35◦N-43◦N) using ERA5 data over 1981-2018 (black line). JJA mean
of RH anomaly calculated from the observations is shown as a gray line, which indicates
good agreement between the two sets of data. The blue shaded area indicates the period
2006-2018. (b) The Tarim Basin-averaged 95th percentile value of JJA RH anomaly for each
year. The red line is calculated by averaging the observed station-level 95th percentiles over
the 19 stations and the black line is calculated by averaging the ERA5 grid box-level 95th
percentiles over the whole study area. There is good agreement between the observations
and ERA5 data for these extremely high values of JJA RH anomaly. The error bars in both
panels show the (spatial) standard deviations of the individual station (OBS) or grid box
(ERA5) values.



Title Suppressed Due to Excessive Length 23

Fig. 7 (a) The climatology of RH averaged over 1981-2018. The climatological mean in JJA
for (b) 2-m Temperature (K), (c) precipitation (cumulative daily amount; mm), (d) 500-hPa
geopotential height (m) (Z500), (e) 850-hPa geopotential height (m) (Z850). The red vector
arrows indicate the climatological wind speed (m/s) at 500 and 850 hPa, respectively. The
wind speed intensity is indicated in the upper right corners of (d) and (e). For Z850, the
area where the surface pressure is lower than 850-hPa is set to white to avoid attempting
to interpret data on underground pressure surfaces. Note that the 500 and 850 hPa wind
vectors have different scalings. Overall, these climatological fields show that the Tarim Basin
maintains a dry and hot climate.
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Fig. 8 Composite time-evolution maps for (a) day -4 (the first column), (b) day -2 (the
second column) and (c) day 0 (the third column) for extreme wet days exceeding the 95th
percentile of the distribution of an averaged RH anomaly, which is computed from 4 sta-
tions (51639, 51810, 51839, 51765, shown as red stars) at the edges of the Tarim Basin,
during JJA (local summer). Composites are for anomalies of climate variables: total pre-
cipitation anomalies (Precipitation, mm); 2-m temperature anomalies (T2m, K); 500-hPa
geopotential height anomalies (Z500, m) and 500-hPa wind anomalies (vectors, m/s); 850-
hPa geopotential height anomalies (Z850, m) and 850-hPa wind anomalies (m/s; vectors).
For Z850, the area where the surface pressure is lower than 850-hPa is set to white. The
wind speed intensity is indicated in the upper right corner of the relevant panels.
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Fig. 9 Composite time-evolution maps for (a)day 0, (b)day -1, (c)day -2, (d)day -3 and
(e)day -4 for the extreme RH events (same definition as in Fig. 8). The study region is 74◦E-
90◦E and 35◦N-43◦N. The three columns of composites describe the local tendency changes
of (lnRH)′, −(ln es)′ and (ln e)′, respectively. Non-dimensionalization has been applied
before transforming to the log form of these climate variables. Daily data are used here and
the units are 1/day for all local tendencies. These local tendencies also can be regarded as
the daily change of (lnRH)′, −(ln es)′ and (ln e)′ before the extreme wet events. The ratio
of the shaded-region averages of − ∂

∂t
(ln es)′ and ∂

∂t
(lnRH)′ are shown in the upper right

corner of each middle-column panel. Similarly, the ratio between ∂

∂t
(ln e)′ and ∂

∂t
(lnRH)′

shown in the upper right corner of each right-column panel. These ratios roughly show the
contributions of the two components of ∂

∂t
(lnRH)′ each day before the extreme wet days.
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Fig. 10 Frequency of occurrence of the regional anomalous meteorological pattern corre-
sponding to the 95th percentile extreme wet events each year from 1981 to 2018. The blue
shaded area represents the period 2006-2018. We see that during 2006-2018 the anomalous
weather pattern tends to occur more frequently over time.
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