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Abstract

Through the analysis of the high-resolution radiosonde measurements over the U.S., we
identified a decreasing trend near the surface and an increasing trend at the upper levels, which
is consistent with previous studies. The decreasing trend of near-surface wind speed is
statistically significant (p<0.01). However, the statistical significance of the decreasing trend
drops with increases in altitude. We identified a largest negative trend in wind speed close to
the surface. The magnitude of this largest negative trend is up to 15 times of the values reported
in the previous studies. This might be due to the higher resolution in the vertical than data used
in the previous studies, but it could also be a short-term phenomenon due to the shorter record
considered as compared with the previous work. We also found a relationship between the
elevation of the sites and the trend of near-surface wind and wind aloft. We identified a
statistically negative relation between the magnitude of the decreasing trend and the elevation
of the stations. The height of the planetary boundary layer (PBL) is estimated using three
different methods. For non-elevated sites, a decreasing trend is seldom found for wind above
the PBL, suggesting an important role for the land surface in determining the trend of wind
speed. For elevated sites such as those in the mountainous west of the US, a decreasing trend
is found for both the near-surface wind and the wind aloft, indicating that the changes in free-
tropospheric circulation may also exert influence on changes in surface wind speeds for these
sites.
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Chapter 1

Introduction

Wind stilling refers to the decreasing trend found for surface wind speed. The decline of surface

wind is observed in many regions of the world and is a potential concern for various fields.

Indeed, near-surface wind speed are of great importance indicating possible impacts of

global climate change (Pryor et al., 2009). The decline of surface wind has been shown to be

the main cause for the decreasing pan evaporation, which has a strong impact on global

hydrological cycle (McVicar et al., 2012; Roderick et al., 2007). In China, a significant inverse

relationship (see Figure 1-1) is observed between the level of particulate matter pollution and

surface wind speed, that the sharp decrease in PM2.5 concentration is accompanied with an

almost simultaneous strong increase in the surface wind speed, indicating the importance of

strong wind for the diffusion of high level particulate pollutants in the city of Beijing. Similar

results suggesting the influence of wind stilling on the formation of particulate matter pollution

in Beijing and eastern part of China are reported by Guo et al., (2014) and Liang et al., (2015).

Stilling surface winds have been found in China (Xu et al., 2006), Netherlands (Smits et

al., 2005), Australia (McVicar et al., 2008), and the contiguous United States (Pryor et al.,

2009). Over China, wind decline was attributed to north-south warming gradient in winter, and

to sunlight dimming caused by air pollution in summer (Xu et al., 2006). Vautard et al. (2010)

reported that between 1979 and 2008 surface wind speeds have declined by 5-15% over almost

all continental areas in the northern hemisphere mid-latitudes, based on observational records
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of 822 sites in the study regions. McVicar et al. (2012).performed a meta-analysis over the 148

regional terrestrial (based on observational records) studies by calculating the mean trend for

surface wind speed. They found that the average trend was -0.014m s- a-' for studies with more

than 30 sites observing data for more than 30 years. Moreover, McVicar et al. (2012) suggested

that declines in surface wind speed are geographically widespread, with declines being reported

in the tropics and mid-latitudes of both hemispheres, and increases reported at high-latitudes

(latitude greater than ~ 70').

The stilling surface winds can be due to (1) changes in mean circulation and/or to the

decrease of synoptic weather system intensity, both of which are a consequence of climate

change, (2) changes in near-surface wind due to increasing surface roughness in the near field

of each station, (3) instrumental drifts or measurements artefacts. [1 Among them, (3) is not

likely. This is because independent pan evaporation trends have been modeled using forcing

meteorological (including surface wind speed) data in both northern and southern hemisphere.

The modeled pan evaporation rate trends were in general agreement with observed pan

evaporation rate trends, and in several studies the pan evaporation rate reductions have been

primarily attributed to declining surface wind speed. [21 This general agreement between

observations and model outputs of pan evaporation suggests that even if there are

measurements artefacts in wind speed data, they are not likely to lead significant biases in the

wind speed trend.

Vautard et al. (2010) attributed the decline in surface wind to the increase of surface

roughness. It is estimated that surface roughness increase could explain 25-60% of the stilling.

Here, the magnitude of changes in surface roughness is estimated from increases in biomass

and land-use change in Eurasia. This conclusion is drawn from the comparison between the

surface wind speed and upper-level wind speed (850hPa and above) measured by radiosonde.

They found that the trend of wind speed is negative near the surface for all of the four study

regions (Europe, Central Asia, East Asia and North America), whereas the trend turns to

positive aloft. For altitude above 500hPa, the trend of wind speed is positive for all study

regions (see Figure 1-2), indicating that the upper-level wind is increasing instead of

decreasing between 1979 and 2008. Moreover, the decreasing trend of surface wind is not fully

captured by reanalysis products. National Center for Environmental Prediction/National Center
20



ofAtmospheric Research (NCEP/NCAR) reanalysis does not exhibit any trend in surface (lOim)

winds over land (Vautard et la., 2010). European Center for Medium-range Weather Forecast

(ECMWF) ERA-interim reanalysis only partially capture the decreasing trend geographically.

The potential explanation for this is that reanalyses do not take land use changes into account,

therefore, this discrepancies between observations and reanalysis supports the argument of

Vautard et al. (2010).

4 200
3.5 180

\-160 6

0 --------

3 - 140 E-
2.5 spee 120 

2 1100 '
1.5 -- 80
1.

0.5 ~20 t
00

--- Wind speed - PM2.5

Figure 1-1: Measured daily PM2.5 concentration ( g/m3) and wind speed (m/s) at 15m above the
ground. No measurements of PM2.5 were taken during 03/07/2014.-03/06/2014. Red dashed
circle marked the inverse relation between PM2.5 concentration and wind speed. Data is obtained
from College of Environmental Sciences and Engineering, Peking University. Refer to Wu et al.,
(2007) for detailed information about the station where the measurements were taken.

There are some additional evidence that makes the argument of Vautard et al. (2010) more

plausible. Surface wind speed over the ocean has been reported to have an increasing trend by

several studies using the in situ observational systems (Flohn and Kapala, 1989; Cardone,

Greenwood and Cane, 1990; Thomas et al., 2008) and satellite remotely sensed observational

systems (Young et al., 2011). Young et al., (201 1) shows that wind speeds over the majority of

the world's oceans have increased by at least 0.25-0.5% per year. The trend is stronger in the

southern hemisphere than the northern hemisphere. However, the causes for this increasing

trend are unknown. Griffin et al., (2010) showed that the continental surface wind speed

indicates a significant decreasing trend while the trend of the coastal wind is quite unclear.

They suggested that this is because the coastal wind is under the influence of both continental

wind and oceanic wind which have opposite trend patterns. This comparison indicated that the
21



interactions with the underlying surface (e.g. land, ocean) may have significant influences on

wind speed trend.

Despite the evidence supporting the argument of Vautard et al., (2010), there are

controversial results for the trend of upper-level wind speed. Vautard et al., (2010), based on

observations, suggested an increasing trend in the upper-level wind speed. In contrast, Coumou

et al., (2015) showed a decreasing trend of upper-level zonal wind in the mid-latitudes in

summer from 1979 - 2013 based on NCEP/NCAR and ERA-interim reanalysis. Moreover,

McVicar et al., (2012) studied the trend in surface wind speed in Australia using both gridded

data and observations from stations. They found that the trends of wind speed calculated from

both datasets agree with each other, indicating that the preceding discrepancy between Vautard

et al., (2010) and Coumou et al., (2015) is not likely to be caused by whether the data is gridded

or not.

On the other hand, the discrete plots of the upper-level wind speed trend (see Figure 1-2)

suggest that the resolution of upper-level wind speed is relatively low (5 measurements in total

from 1 OOOhPa to 200hPa) in Vautard et al., (2010). With this low-resolution data, some vertical

variations of wind speed trend might be missing. Even without the contradictory results with

Coumou et al., (2015), it still requires a higher resolution vertical wind profile to draw relevant

conclusions about the trend in upper-level wind speed.
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200 200 in Europe
300 300 -

Central Asia40 
400- 0="n Eastern Asia
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Wind speed trend (m 0 per decade) Normalized wind speed trend (per decade)

Figure 1-2: Vertical profile of mean wind speed trend in Vautard et al. (2010). The right-hand
panel shows the normalized wind speed trend in the unit of 'per decade'. The normalized trend
equals absolute trend (m/s per decade) divided by the grand mean of wind speed (m/s) at the
corresponding pressure level. Reprinted by permission from Macmillan Publishers Ltd: [Nature
Geoscience] (Vautard et al., 2010), copyright (2010).
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For this reason, we propose to use a high-resolution wind speed dataset (details in Chapter

2) to study the trend of wind speed. To study the influence of land surface on vertical wind

speed trend, we also calculate the planetary boundary height (PBL). We compare the calculated

PBL height with the vertical wind speed trend profile. We also study the role of elevation of

time of day when the measurements are taken in determining the trends. The following chapters

are organized in this way. We discuss the wind speed dataset and methods used in the

calculation in Chapter 2. The calculated wind speed trend profiles are discussed in Chapter 3.

Relevant conclusions and implications are addressed in Chapter 4.
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Chapter 2

Data and Methods

2.1 Radiosonde Data

We used the US high vertical Resolution Radiosonde Data measured by National Oceanic and

Atmospheric Administration (NOAA) and maintained by the Stratospheric Processes and their

Role in Climate Data Center (Wang and Marvin, 2003).

It includes data for the period of 1998 - 2011 for 94 US operated stations. Two soundings

are launched per day, one at 00:00 UTC, and the other at 12:00 UTC. The locations of the

stations are displayed in Figure 2-1. Among them, the sounding records of 5 sites (denoted

with square) are too short to calculate the trend (see Section 2.2.2 for the criteria used in the

calculation of trends), so they are not included in the analysis. The dataset spans a period during

which NOAA progressively upgraded their upper air stations from the MicroART

radiotheodolite tracking system to the Radiosonde Replacement System (RRS) which utilizes

GPS tracking. Consequently, each station dataset transitions from the 6-second (-30 meter)

resolution MicroART format to the 1-second (~5 meter) resolution RRS format at a specific

date between 2005 and 2011. To obtain longer records, we use both 6-second data and 1-second

data in this study. To examine whether this change of measuring frequency affects the wind

speed data, we performed three types of tests (1) comparing the shapes of the distribution of

the wind speed data measured by the two types of devices; (2) calculating of the ratio of annual

mean wind speed to the corresponding standard deviation; (3) calculating the trend in wind
25



speed by including the 6-second data only. Among them, (2) is based on the assumption that,

for a given site and whatever the height or exposure of the measurement station, the ratio

between mean and standard deviation should remain almost constant and be a characteristic of

the meso-scale environment (Verkaik, 2000). The results of (1) are listed in Appendix 1. It

suggests that the distribution of 1-second data is similar to that of the 6-second data for the

selected pressure levels. Test (2) suggests for each of the 94 stations although the mean-to-

standard-deviation ration varies between different pressure levels, within in each pressure level

the ratio of 1-second data generally falls into the range of that of the 6-second data. For this

reason, no significant differences are brought by the change of measurement resolution as

shown by Test (2). An example of the calculate mean-to-standard-deviation ratio is shown in

Appendix 2. This results corresponds to Station located at Elko, NV (47.870, -115.73 0). The

results of test (3) are discussed in Section 3.5.

ILi.-.. ". . .....

1 * US sfts in he anelysIs
. non-US S In the analysIs
E US dits not In the unelysh
0 non-US s1 not In thw onlysIS

Figure 2-1: US high resolution radiosonde measurements stations: red color denotes the stations
belong to US, blue color denotes the stations belong to other countries, dot denotes the stations
included in this study, square denotes the stations excluded from this study; blue rectangle indicates
the same geographical range of North America used in Vautard et al., (2010).

2. 2 Methods of trend calculation

2.2.1 Interpolation and vertical coordinates
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For each individual sounding at the same station, it may measure wind speed at different levels

after the same time after launching. As illustrated in Figure 2-2, consider two soundings

launched at the same station but at different time (e.g. 0 UTC and 12UTC). For sounding 1, it

measures wind speed at 30.5m after 6s departing the surface and wind speed at 62m after 12s

departing the surface. However, since sounding 2 is launched at a different time and the

atmospheric conditions changes, it may measures wind speed at 29.5m and 61 m after 6s and

12s departing the surface, respectively. Given the fixed measuring frequency (6s or Is), the

spatial position of the corresponding measurements can be different across soundings event at

the same station. On the other hand, the elevation of the stations varies substantially from one

to another. Figure 2-3 shows that the elevation of the 94 stations ranges from 2m to 2179m

above the sea level. Therefore, the level which the radiosonde measures after the same

departing time can be completely different across stations.

T, p, (U, f) at 62n
seon . -T, p, (U, V) at 61m

12 second--....-
60m

T, p, (U, T) at 30.5m

6 r second T p, (U T) at 29.5m

Surface
Sounding 1 Sounding 2

Figure 2-2: Illustration of two sounding launched at different time at the same station. Black solid
line denotes the land surface of the station. Black dashed denotes the level which the radiosonde
measures. The number in red shows the altitude of the levels that the radiosonde measures. The
blue solid line denotes the level to be interpolated from the measurements.

For these reasons, in order to implement analysis across time and stations, it is necessary

to interpolate the real measurements of the radionsonde to some standard levels measured in

either pressure or altitude. As shown in Figure 2-2, the measurements taken by the two

soundings are both interpolated to 30m and 60m. Here we used both pressure and altitude above

ground (A.G.L.) as the vertical coordinate to interpolate between levels of measurements.

Between the two levels of measurements, linear interpolation is implemented to calculate the

wind speed at the desired standard levels. For pressure coordinate, we interpolate the
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measurements within the range of I OOOhPa - IOOhPa at a step of 2hPa, that is to say, standard

levels to which we interpolate are I OOOhPa, 998hPa, 996hPa,..., 102hPa, 1 OOhPa. As for A.G.L.

coordinate, we interpolate the measurements within the range of Om-15000m at a step of 30m,

which means that the standard levels after interpolation are Om, 30m, 60m,..., 14970m,

15000m. Figure 2-4 shows the comparison between the original sounding and interpolated

sounding in terms of wind speed at one station. It suggests that the interpolated sounding agreed

well with the original sounding.

It should be noted that more than 1/3 stations are located above 100m higher than the sea

level, therefore, there are much fewer measurements near the surface in the pressure coordinate

system than in the A.G.L. system, so the A.G.L coordinate system is better at characterizing

the interactions between wind and the land surface. For this reason, we only use the plots with

pressure coordinates to compare with Figure 1-2, and use the A.G.L. system for the rest of the

analyses.

2000
, .1750 E

1500 c
0

1250 :-0
1000 >
750
500 a

.250

10

Figure 2-3: The elevation of the 94 stations included in the high resolution radionsode dataset.

The color of the dots represents the elevation with darker color indicating higher elevation.

2.2.2 Calculation of the trend in wind speed

Before the calculation of the trend in wind speed, outliers were filtered using the same filtering
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method used by Vautard et al. (2010). The filtering process is based on data of a single vertical

layer (measured in either pressure or A.G.L. coordinate) of a single month for each station.

Wind speeds that lie outside the range l[rnean-3xstd, mean+3xstd] are removed from the

analysis, where std is the standard deviation of the data of that month and vertical layer.

03020 1998010100 Wind speed 03020 1998010100 Wind speed

30

200
25

2 400 20
E

U)
in 2 15

6001
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5

1000 LL
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

wind speed (m/s) wind speed (m/s)

Figure 2-4: Illustration of comparisons between the original sounding and the interpolated

sounding. The measurements were taken at 0 urc on 1998/01/01 at Santa Teresa, NM (site #

03020). The original sounding is shown in blue and the interpolated sounding is shown in green.

The right-hand panel shows the results using A.G.L. coordinate. The interpolation range is Om-

15000m. The left-hand panel shows the results using pressure coordinate. The interpolation range

is 10OOhPa - 1OOhPa. Note that sounding in the left-hand panel starts above 10OOhPa, indicating

that this station is elevated.

We require (1) at least 50% of data presented in one month/season/year; and (2) no

consecutive gap larger than 1/3 of the timespan used to calculate the mean values exists. For

each vertical layer (measured in either pressure or A.G.L.), the wind speed trend (m/s per year)

is obtained by taking an ordinary least square (OLS) linear fit over the annual mean wind speed.

We also calculate the 90%, 95%, and 99% confidence intervals of the slope in order to test if

the trend is statistically significant. To better understand the trend in wind speed in terms of

atmospheric dynamics, we also calculated the trend in zonal (U) and meridional wind (P), and

displayed them together with the trend of wind speed. Figure 2-5 shows one of the linear fits

over the annual mean wind speed data as an example. It suggests that the trend in wind speed

at 1OOhPa constant pressure surface at Santa Teresa, NM is decreasing, however, it is not
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statistically significant (p<O.1). Note that the trend calculated in this way is in the unit of m/s

per year. In order to better compare with the results of Vautard et al. (2010) which is in the unit

of m/s per decade, the results calculated here were multiplied by 10 and are therefore measured

in m/s per decade.

To eliminate the influence of the absolute value of wind speed on the trend and its

associated uncertainties, we normalized the trend with the grand mean as Vautard et al. (2010)

did in Figure 1-2. A rule that "at least 7 years' (half of the time span of the dataset) of data is

present" is applied when calculating the slope. In order to test whether the results are affected

by the minimum number of years required to calculate the trend, we applied a more stringent

rule that "at least 10 years' of data is required to calculate the trend" in the sensitivity analysis.

It turns out that the trends calculated for each vertical layer at each site using the two criteria

are almost identical. For example, Figure 2-6 and Figure 2-7 show the vertical profile of the

trends calculated using both criteria for the station located at Elko, NV (40.87', -115.73'). As

marked with the green dashed circle in the figure, only a slight difference is observed over the

surface layer of the meridional wind. Similar conditions also applies to other stations, therefore,

the 7-year criterion and the 10-year criterion result in almost identical outcome, so we used the

7-year criterion for the rest of the analysis in this thesis.
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(C) 25pressure = 100.0 | var_type = ws pressure = 100.0 1 vartype = Ucmp pressure = 100.0 1 vartype = Vcmp
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Figure 2-5: Calculation of the trend in wind speed of 1OOhPa constant pressure surface at Santa
Teresa, NM and (a) 90% confidence interval of the trend, (b) 950/ confidence interval of the trend,
and (c) 99% confidence interval of the trend. The bands indicate the confidence intervals. 'ws' is
short for 'wind speed', 'Ucmp' is short for U component (i.e. zonal component) of wind speed,
and 'Vcmp' is short for V component (i.e. meridional component) of wind speed.
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Figure 2-6: Vertical profile of trends in wind speed with pressure vertical coordinate for Station
Elko, NV. The upper panel (a) shows the (absolute) trends (m/s per decade) in wind speed (ws),
zonal wind (Ucmp), and meridional wind (Vcmp) calculated based the 7-year criterion. The lower
panel (b) shows the same trends calculated based on the 10-year criterion. The dashed green circles
mark the difference between the two types of trends.
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Figure 2-7: Vertical profile of t1
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(m/s per decade) in wind speed (ws), zonal wind (Ucmp), and meridional wind (Vcmp) calculated
based the 7-year criterion. The lower panel (b) shows the same things calculated based on the 10-
year criterion. The dashed green circles mark the difference between the two types of trends.
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2.3 Calculation of PBL height

When calculating PBL height, we deliberately avoided the Artic regions (e.g. Alaska) where

the PBL often exhibits surface-based inversion, tropical regions (e.g. Hawaii), which we would

frequently experience deep convection and thus ill-defined PBL heights. Therefore, we only

calculate PBL height using data of the 65 stations located over the contiguous United States.

We employed three methods to calculate the PBL height.

First, we use the bulk Richardson number (Ri, the dimensionless ratio of suppression of

turbulence by buoyancy to production of turbulence by wind shear) method. The bulk

Richardson number method is regarded as the best method for calculating the climatological

PBL height (Seidel et al., 2012), because it is suitable for both stable and convective boundary

layers, identifies a nonnegative height in all cases, and is not strongly dependent on sounding

vertical resolution.

Ri is defined as

Ri(z)= (g/ )(O, -O )(z-2z') (2.1)
(u 'u)2 + (Vz -V,)2 +(U2)

where z is the height, and s denotes the surface, g is the acceleration of gravity, 0, is the virtual

potential temperature (excluding condensate loading, rL=O), u and v are component wind

speeds, b is a constant, and u* is the surface friction velocity. The virtual potential temperature

is

0, =O(1+0.61r - r,) (2.2)

Since u* is not known from radiosonde data, according to Seidel et al. (2012), we set b =

0, and thus ignore surface frictional effects, which is much smaller than the bulk shear terms

in the denominator, and is not significant in stable conditions. Based on Vogelzang et al. (1996),

PBL height is the lowest level z at which interpolated Ri crosses the critical value of 0.25,

z(Rio.25).

Although the bulk Richardson number method is regarded the best fit for PBL calculation

based on radiosonde measurements, we also include the other two methods i.e. (1) elevated

inversion method which identifies PBL height as the height of the base of an elevated

temperature inversion; (2) air parcel method which identifies PBL height based on hypothetical

33



vertical displacement of a parcel of air from the surface and characterization of the height at

which virtual potential temperature is equal to the surface value (Seidel, Ao, and Kun, 2010).

This is because the bulk Ri method incorporates wind speed (u, and v) into the calculation,

therefore, may bring underlying association with the wind speed profile, which makes it harder

to detect the relation between the trend in wind speed and PBL height. For this reason, PBL

heights calculated from these three methods are compared in later analysis to identify a better

estimate of PBL height.
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Chapter 3

Results and Discussion

3.1 Vertical profile of trends in wind speed

To compare with the results of Vautard et al. (2010) over the same geographical range in North

America as shown in Figure 1-2, we calculate the trend in wind speed over the 79 stations

located in North America. To do this, we first calculate the average annual mean wind speed

over the 79 stations and then calculate the trends based on the annual mean. The geographical

range of these stations are shown within the blue rectangles in Figure 2-1. Figure 3-1 shows

the results using pressure as the vertical coordinate. The upper panel (a) shows the trend in

wind speed (ws), zonal wind (Ucmp), and meridional wind (Vcmp) and the lower panel (b)

shows the normalized trend. The trend in wind speed in Figure 3-1 is similar to that in Figure

1-2, with a negative trend near the surface and a positive trend higher up. Vautard et al. (2010)

shows that the trend in wind speed over North America turns from negative to positive at

950hPa. However, Figure 3-1 (a) and (b) suggests that trends do not become positive until

~550hPa. This difference may be due to the higher vertical resolution of the dataset used in this

study than that used in Vautard et al. (2010), as the higher resolution data captures more

variations of trends in wind speed in the vertical. But it could also be due a short-term

variability as a result of the shorter time span (1998-2011) of this study as compared to that

(1979-2008) in Vautard et al. (2010). In Figure 3-1 (b), the normalized trend is -0.05 per

decade (i.e. -5% per decade) at 1 OOOhPa, indicating that near-surface wind declines 5% per
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decade in terms of the climatological mean. This is value is comparable to the value (-3% per

decade) reported in Vautard et al. (2010) for North America. Figure 3-1 also shows that the

decreasing trends in wind speed peak at certain levels above I 000hPa, however, these levels

do not align in the vertical in the pressure coordinate system. Another feature of the profiles of

trend in wind speed is that the profile becomes 'smoother' above ~800hPa, whereas, it shows

a 'jagged' pattern between I OOOhPa -- 800h Pa.

Figure 3-2 shows the vertical profile of trends in wind speed (ws), zonal wind (Ucmp),

and meridional wind (Vmcp) with the A.G. L. vertical coordinate. The 'jagged' pattern near the

surface (IOOOhPa-800hPa) shown in Figure 3-1 no longer exists in Figure 3-2. Instead, Figure

3-2 shows a largest negative trend in wind speed, zonal wind, and meridional wind close to the

surface. Figure 3-3 shows the lower part (Om-1000m) of the profile shown in Figure 3-2.

Figure 3-3 suggests that the largest negative trend is roughly 50-80m above the surface. The

normalized trend in wind speed shown in Figure 3-3 (b) indicates that the largest negative

trend is close to -0.5 per decade, which means that winds at this level declines nearly 50% per

decade in terms ofthe climatological mean. Note that this value is 10 times of the value reported

in Vautard et al. (2010) for I OOOhPa. The normalized trend in wind speed at the surface is -

0.14 per decade which is three times the value at I 000hPa shown in Figure 3-1. The negative

trends in wind speed do not turn positive until -5000m.

Figure 3-4 shows the 95% confidence interval of the trends in wind speed, zonal wind,

and meridional wind. It suggests that the negative trend in wind speed at the surface and the

largest negative trend are both statistically significant (p<0.05). The significance of the

negative trend drops with altitude and the trends above ~2000m are not statistically significant

(p<0.05) although the mean value of the trend does not become positive until 4000m.

In order to test if the calculated trends are sensitive to the statistical metric used in the

calculation, we also calculated the trend in wind speed, zonal wind, and meridional wind based

on the median instead of the mean. For each vertical layer measured in pressure or A.G.L., the

average trend of that layer is calculated as the median of the trends of all available stations.

Unlike the trend calculation based on the linear fit over the annual mean which involves the

number of stations directly into the calculation, linear fit over the median is less affected by

the number of available stations in a certain layer.
37



vartype = ws var type = Ucmp var type = Vcmp

wind speed trend (m/s per decade)

104
20
30
40
50
60
70
80
90

100

var type = ws

0
0
0

0

0
0
0

I

0

var-type = Ucmp,

P*4 d

var type Vcmp

4' 4' ' o:f
normalized wind speed trend (per decade)

Figure 3-1: Vertical profile of trends in wind speed with pressure vertical coordinate. The upper
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and meridional wind (Vcmp). The lower panel (b) shows the corresponding normalized trends
(per decade).
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Figure 3-7: Lower part (Om-1000m) of the vertical profile of trends in wind speed calculated

based on the median, with A.G.L. vertical coordinate. The upper panel (a) shows the (absolute)

trends (m/s per decade) in wind speed (ws), zonal wind (Ucmp), and meridional wind (Vcmp).

The lower panel (b) shows the corresponding normalized trends (per decade).

Figure 3-5 and Figure 3-6 show the trends calculated based on the median with pressure

coordinate and A.G.L. coordinate, respectively. Figure 3-5 shows similar pattern to Figure 3-

1. The trends in wind speed do not turn positive until close to 600hPa which is much higher

than the level reported in Vautard et al. (2010). Moreover, the normalized trend in wind speed

at 1 OOOhP is -0.05 per decade which is the same as the one shown in Figure 3-1. One difference

between Figure 3-5 and Figure 3-1 is that the near-surface part of Figure 3-5 does not show

the 'jagged pattern' indicated in Figure 3-1. This is because the 'jagged pattern' shown in

Figure 3-1 reflects the largest negative trend of stations with different elevation. Although the

value of the largest negative trend is much greater than the trends at other levels, the number

of stations showing the largest negative trend for a given pressure level is limited, therefore,

this largest negative trend and the resultant "jagged' pattern cannot be reflected in the trends

calculated based on the median.

As for the trend based on the median with A.G.L. coordinate shown in Figure 3-5, it also

shows similar pattern to Figure 3-2. The negative trends do not turn positive until close to

4000m. Both the (absolute) trends and the normalized trends indicate a largest negative trend
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close to the surface. Figure 3-6 shows the lower part (Om-1000m) of the vertical profile shown

in Figure 3-5. It suggests that the normalized trend based on the median at the surface is -0.13

per decade which close to corresponding trend (-0.14 per decade) based on the mean shown in

Figure 3-2. The largest negative trend shown in Figure 3-5 is smaller than the corresponding

value in Figure 3-2, which may be due to the difference in the statistical metrics.

The similar patterns of the trends based on the mean and trends based on the median

suggests that (1) the largest negative trend close to the surface still exists in the case of

calculation based on median instead of mean although the value of the largest negative trend

based on median is smaller than that based on mean; (2) the trend in wind speed at the surface

is robust to the statistical metrics used in the calculation. The estimated trend in wind speed at

the surface is 5% per decade with pressure coordinate and 14% per decade with A.G.L.

coordinate. The former value is also comparable with that reported in Vautard et al. (2010). It

should be noted that the largest negative trend (-0.45 per decade) is 15 times of the normalized

trend (-0.03 per decade) in wind speed at IOOOhPa reported in Vautard et al. (2010). As shown

in Figure 3-3, this largest negative trend is 50-80m above the surface. To the best knowledge

of the author, this is the first-time that the largest negative trend is reported. It may be due to

the high-vertical-resolution data used in this study as previous work like Vautard et al. (2010)

mainly looked at radiosonde data with records at the significant levels only. It is also possible

that this largest negative trend only reflects a short-term variability of the wind speed since

only 14-year data (1998-2011) is used in the calculation ofthe trend. Therefore, for future work,

it is necessary to implement similar analysis on other high-resolution radiosonde data with

longer timespan to test if the largest negative trend is statistically robust.

3.2 The relation between the largest negative trend and PBL

To examine the structure of the wind speed trend close to the surface and in particular detect

the relation between the largest negative trend and PBL, we calculate the wind speed trend for

the 65 sites located over the contiguous US and focus on the trend below the altitude of 1 000m.

Figure 3-8 shows the trends with A.G.L. coordinate and the PBL height calculated using

the three methods. Note that Figure 3-8 (a) and (b) only show the PBL height at 12 UTC. The
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convective boundary is much higher and significantly affected by surface heating and

convection
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Figure 3-8: Lower part of the vertical profile of trends in wind speed (calculated based on the
mean), with A.G.L. vertical coordinate and its relation to the PBL height. The panel (a) shows the
(absolute) trends (m/s per decade) in wind speed (ws), zonal wind (Ucmp), and meridional wind
(Vcmp) and its relation to the PBL (at 12 jTC) calculated using the bulk Richardson number
method. The panel (b) shows the same trends and its relation to the PBL (at 12 UTC) calculated
using the air parcel method. The panel (c) shows the same trends and its relation to the PBL (at
both 0 and 12 UTC) calculated using the elevated inversion method. The dashed line indicates the
95% confidence interval of the PBL estimates.

Figure 3-8 (a) and (b) suggests that the PBL height estimates using bulk Ri method and

air parcel method are similar, however, elevated inversion method generated a much higher

PBL height. This comparison also suggests that the association between wind speed trend and

PBL height calculated using bulk Ri method is not likely to be biased by the incorporation of
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wind speed into PBL height calculation. Figure 3-8 indicates that the largest negative trend is

within the PBL. Note that the contiguous U.S. spans three time-zone from the western coast to

the eastern coast, therefore, the different stations at 0 UTC and 12 UTC may reflect different

surface heating conditions. For this reason, it is necessary to carry out the same analysis over

the stations grouped by the time-zones. The results are discussed in section 3.3.

3.3 Vertical profile of trends in wind speed over different time zones

Figure 3-9 shows the 65 stations over the contiguous US. We grouped the stations by longitude

with each group spanning 10 degree longitude therefore, there are 6 groups from the west to

the east as shown in Table 3-1. With a width of 10 degree longitude, the time difference

between the eastern border and the western border of each time zone is -30min.
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25N ---------- ---- -------
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Figure 3-9: 65 stations over the contiguous US. The color of the dots repr
with darker color indicating higher elevation.
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Table 3-1: Number of stations and local time at 0 UTC/12 UTC in the 6 time zones
Time zone Local time at 0 UTC Local time at 12 UTC Number of stations (#)

80OW - 70OW 6 - 6:30 pm 6 - 6:30 am 9

90OW - 80OW 5:30 - 6 pm 5:30 - 6 am 15

100*W - 90W 5 - 5:30 pm 5:30 - 6 am 14

1100W - 1000W 4:30 - 5 pm 4:30 - 5 am 13

120OW - 110 W 4 - 4:30 pm 4 - 4:30 am 10

130OW - 120OW 3:30 - 4 pm 3:30 - 4 am 4
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As shown in Table 3-1, the number of stations in each time zone differs much. In order to

reduce the influence of number of stations on the results, we calculate the vertical profile of

trends in wind speed based on the median instead of the mean (as discussed in section 3.1). As

shown from Figure 3-10 to Figure 3-15, the vertical profile of the trends calculated based on

the median of all 6 time zones all indicate the largest negative trend near the surface. Figure

3-16 to Figure 3-21 show the lowest 1000 meters of the profiles shown in Figure 3-10 to

Figure 3-15. They suggest that the vertical profiles of wind speed trends of 90'W-80*W,

11 0W- 1 00*W, 120'W- 11 0W, and 130*W- 1 20OW indicate a diurnal difference. The largest

negative trend peaks at nighttime in 900W-800 W, I 100W-100 W, 1301W-120"W, however, the

largest negative trend peaks at day time in 120'W-1 I I00W. Moreover, the largest negative trend

exist even without a diurnal difference. This evidence suggests that the observed largest

negative trend is not directly related nighttime phenomena such as the nocturnal jet.
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Figure 3-10: Vertical profile of trends in wind speed calculated based on the median, with A.G.L.
vertical coordinate for stations located within 80"W-70"X' (9 stations). The upper panel (a) shows

the (absolute) trends (m/s per decade) in wind speed (ws), zonal wind (Ucmp), and meridional

wind (Vcmp). The lower panel (b) shows the corresponding normalized trends (per decade).
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Figure 3-12: Vertical profile of trends in wind speed calculated based on the median, with A.G.L.
vertical coordinate for stations located within 1000W-900 W (14 stations). Panel (a) shows the
(absolute) trends (m/s per decade) in wind speed (ws), zonal wind (Ucmp), and meridional wind
(Vcmp). Panel (b) shows the corresponding normalized trends (per decade).
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Figure 3-13: Vertical profile of trends in wind speed calculated based on the median, with A.G.L.
vertical coordinate for stations located within 110"'W-100'W (13 stations). Panel (a) shows the
(absolute) trends (m/s per decade) in wind speed (ws), zonal wind (Ucmp), and meridional wind
(Vcmp). Panel (b) shows the corresponding normalized trends (per decade).

var type = ws

var type ws

, p* pb

var type = Ucmp

d/

wind speed trend (rn/s per decade)

var type = Ucmp

p p* ?p W-

' 0 ('(0 "' P 4

var-type = Vcmp

time
-0

- 12

var type = Vcmp

time
-0

- 12

(0 ~1. ~
~. ~.

normalized wind speed trend (per decade)

Figure 3-14: Vertical profile of trends in wind speed calculated based on the median, with A.G.L.
vertical coordinate for stations located within 120"W-1 100W (10 stations). Panel (a) shows the
(absolute) trends (m/s per decade) in wind speed (ws), zonal wind (Ucmp), and meridional wind
(Vcmp). Panel (b) shows the corresponding normalized trends (per decade).
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Figure 3-15: Vertical profile of trends in wind speed calculated based on the median, with A.G.L.
vertical coordinate for stations located within 130OW-120OW (4 stations). Panel (a) shows the
(absolute) trends (m/s per decade) in wind speed (ws), zonal wind (Ucmp), and meridional wind
(Vcmp). Panel (b) shows the corresponding normalized trends (per decade).
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Figure 3-16: Lower part (Om-1000m) of the profile shown in Figure 3-10, 80'W-700 W. Panel (a)
shows the (absolute) trends (m/s per decade) in wind speed (ws), zonal wind (Ucmp), and
meridional wind (Vcmp). Panel (b) shows the corresponding normalized trends (per decade).
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The lower part of the vertical profiles in Figure 3-10 to Figure 3-15 are shown in Figure
3-16 to Figure 3-21.
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Figure 3-17: Lower part (Om-l1000m) of the profile shown in Figure 3-11, 90'W-800 W. Panel (a)
shows the (absolute) trends (rn/s per decade) in wind speed (ws), zonal wind (Ucmp), and
meridional wind (Vcmp). Panel (b) shows the corresponding normalized trends (per decade).
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Figure 3-18: Lower part (Om-1000m) of the profile shown in Figure 3-12, 1 00()W-90* W. Panel (a)
shows the (absolute) trends (m/s per decade) in wind speed (ws), zonal wind (Ucrnp), and
meridional wind (Vcmp). Panel (b) shows the corresponding normalized trends (per decade).
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Figure 3-19: Lower part (Om-1000m) of the profile shown in Figure 3-13, 1100W-1000W. Panel
(a) shows the (absolute) trends (m/s per decade) in wind speed (ws), zonal wind (Ucmp), and
meridional wind (Vcmp). Panel (b) shows the corresponding normalized trends (per decade).
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Figure 3-20: Lower part (Om-1000m) of the profile shown in Figure 3-14, 1200 W-1100 W. Panel
(a) shows the (absolute) trends (m/s per decade) in wind speed (ws), zonal wind (Ucmp), and
meridional wind (Vcmp). Panel (b) shows the corresponding normalized trends (per decade).
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Figure 3-21: Lower part (Om-1000m) of the profile shown in Figure 3-15, 130'W-120"W. Panel
(a) shows the (absolute) trends (m/s per decade) in wind speed (ws), zonal wind (Ucmp), and
meridional wind (Vcmp). Panel (b) shows the corresponding normalized trends (per decade).

Table 3-2: Magnitudes of the trends in wind speed at the surface (0m) and the largest negative
trend of each time zone. 'Absolute trend' refers to the values retrieved from Panel (a) from Figure
3-16 to Figure 3-21. 'Normalized trend' refers to the values retrieved from Panel (b) from Figure
3-16 to Figure 3-21.

Number Absolute Absolute trend, normalized Normalized trend,
Time zone of trend, surface largest negative trend trend, surface largest negative trend

stations (m/s per decade) (m/s per decade) (per decade) (per decade)
80OW-70OW 9 -0.60 -2.1 -0.23 -0.33
90OW-80OW 15 -0.60 -1.1 -0.23 -0.23
1000W-900 W 14 -0.5 -3.0 -0.13 -0.37

1100W-1000W 13 -0.80 -10 -0.15 -0.65
120*W-110 W 10 -0.90 -12 -0.20 -0.80
130OW-120OW 4 -0.10 -1.0 -0.010 -0.28

The magnitudes of the trend in wind speed at the surface and the largest negative trend of

each time zone are recorded in Table 3-2. Except the 4 stations in zone 130'W- I 20*W, the rest

of the regions all indicate comparable normalized trend in wind speed for the surface (-20%).

However, the largest negative trend in different regions varies largely from each other. Time

zone 120"W-1000 W indicates the biggest value in terms of the largest negative trend with
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normalized trend equaling up to 70%. This value suggests that the wind speed in the vertical

layer corresponding to the largest negative trend in the region declines dramatically during the

time period investigated (1998-2011).

3.4 Spatial Distribution of the Trend in Wind Speed

Table 3-2 indicates that the magnitude of the largest negative trend peaks in the region between

1200 W-1000 W. To further examine the spatial distribution of the trend in wins speed, we

calculate the average trend in wind speed of the closest layer to the surface with height of X

meters for each station of North America. The values ofX are 200, 500, 900, and 1500. That is

to say, for each of the 89 stations in this dataset, we calculate the average trend in wind speed

of the layers closest to the surface of each station. The height of these layers ranges from 200m,

500m, 900m, and 1500m.

Figure 3-22 shows results of the calculation described above. Only trends at 0 UTC are

shown in Figure 3-22. The spatial distribution of the trends at 12 UTC which is similar to that

at 0 UTC is listed in Appendix 3. Figure 3-22 (a) shows the trend in the wind speed (m/s per

decade) averaged vertically 200m above the surface of each station at 0 UTC. It suggests that

for almost every one of the 79 sites in North America, the trend in wind speed is negative i.e.

wind speed is decreasing near the surface over North America. Furthermore, for the contiguous

US, the stations that shows smaller decreasing trend are concentrated in the eastern part of the

US, while stations in the western US especially those located in the mountainous region shows

a larger decreasing trend. Figure 3-22 (b) - (d) show similar trends averaged vertically over

500m, 900m, and 1500m above the surface of each station, respectively. They suggests that the

magnitudes of the average trends become smaller as the height of the layer increases, which is

in consistent with the previous finding that the largest negative trend is close to the surface (50

- 80m above the surface).

On the other hand, Figure 3-22 (b) - (d) show similar spatial pattern as Figure 3-22 (a)

that the decreasing trend in wind speed is larger at sites located in the mountainous region. As

shown in Figure 2-3, these stations in the mountainous west are characterized by the high

elevation from the sea level. This finding is consistent with the "elevation-dependent" wind

speed trend previously reported for the Tibetan Plateau (Lin et al., 2013) and Alps (McVicar
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et al., 2010) which describes that the near surface wind speed over the elevated region

experiences more significant decreases than lower regions.

Figure 3-23 shows the relations between the trend corresponding to the layer of X meters

(X=200, 500, 900, and 1500) and the elevation of the station. It suggest that magnitude of the

decreasing trend is positively associated with the elevation of the stations i.e. stations with

higher elevation are associated with larger magnitude of decrease in its near-surface wind speed.

This finding is in support of the preceding elevation-dependence of relation.

Another characteristic of the stations with higher elevation is that the decreasing trend in

wind speed extends to much higher altitude than the non-elevated stations. Figure 3-24 shows

the spatial distribution of the trend in wins speed of each station at constant height surface

above the ground of each station (A.G.L. 4800m, 6000m) and constant pressure surface

(700hPa, 500hPa). It shows that the trends in wind speed at the stations with high elevation are

still negative at these upper level, while the trends of the non-elevated are positive at these

levels. Moreover, the negative trends of these elevated stations are statistically significant

(p<0.05). Since the influence of the surface is indirect at these levels, such pattern suggests that

the decreasing trend of wind speed of the elevated sites is not dominated by the changes in land

roughness. Instead, changes in atmospheric circulation may also influence the trends wind

speed at these elevated locations. This finding is consistent with Lin et al. (2013) and Guo et

al., (2016) on the trend of surface and upper-level wind speed over the Tibetan Plateau. Both

of them suggest a distinct feature of elevated regions that these regions are more sensitive to

changes in large scale circulation than the non-elevated regions.
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(c) Averaged over 900m above the surface
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Figure 3-22: Spatial distribution of the trend in wind speed (m/s per decade) at 0 UTC averaged
vertically over (a) 200m, (b) 500m, (c) 900m, and (d) 1 500m above the surface of each station.
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Figure 3-23: Relations between the trends in the wind speed (m/s per decade) averaged vertically
over (a) 200m, (b) 500m, (c) 900m, and (d) 1500m above the surface of each station and the
elevation of the stations.
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(c) Trends at 700hPa constant pressure surface
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Figure 3-24: Spatial distribution of the trend in wind speed (m/s per decade) at 0 UTC at (a)
4800m A.G.L., (b) 6000m A.G.L., (c) 700hPa constant pressure surface, and (d) 500hPa constant
pressure surface. The square denotes the stations with statistically significant (p<0.05) decreasing
trend at the corresponding level.
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3.5 The influence of changes in measuring frequency on the trends

As discussed in section 2.1 that the dataset used this work spans a period during which NOAA

progressively upgraded their upper air stations. As a result, 52 stations out of 89 stations in this

dataset experienced a change of vertical measuring frequency from 6 second to 1 second during

2005-2008. Two types of test i.e. checking the distribution of the 1-second data and calculating

the mean-to-standard-deviation ratio have been implemented to examine the influence of

changes in measuring frequency on the trends. The results of these tests suggest that this change

of measuring frequency do not result significant biases in the data. However, these two types

of test are not directly related to the calculation of the trends in wind speed. In this section, we

examine the influence of such changes on the trends by comparing the results based solely on

the 6-second data and the previous results which are based on both data.
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Figure 3-25: 37 stations whose measuring frequency does not change. The color of the dots
represents the elevation with darker color indicating higher elevation. Stations in the blue rectangle
are included in the calculation of trends.

Figure 3-25 shows the 37 stations whose measuring frequency does not change. In order

to compare with the vertical profile of trend in wind speed calculated previously for North

America, we only include 26 stations located in North America from them to calculate the

trends. The calculation is based on A.G.L. coordinate. The results are shown in Figure 3-26.

Although the largest negative trend still exists, the magnitude is much smaller than that in

Figure 3-2. Figure 3-27 shows the lower part (Om- I000m) of the vertical profile shown in
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Figure 3-26. It reads that the largest negative trend is 0.07 per decade which is only 1/8 of the

value calculated based on both 1-second and 6-second data as shown in Figure 3-2.
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Figure 3-26: For 26 stations whose measuring frequency does not change. Vertical profile of

trends in wind speed with A.G.L. vertical coordinate. The upper panel (a) shows the (absolute)

trends (m/s per decade) in wind speed (ws), zonal wind (Ucmp), and meridional wind (Vcmp).

The lower panel (b) shows the corresponding normalized trends (per decade).

Figure 3-28 shows the stations whose measuring frequency changes during 2005-2008.

The vertical profile of the trends in wind speed is shown in Figure 3-29 and Figure 3-30 (Om-

1 000m). They show that the profile of these stations is similar to the previous results in terms

of the shape and magnitude of the largest trend. This finding may indicate that the larger

magnitude shown in previous results may simply reflect the artifacts of this change of

measuring frequency. The difference between the results based on 6-second data and the results

based on both 6-second and the 1-second data may also be due to the higher elevation of

stations whose measuring frequency changes as shown in Figure 3-25 and Figure 3-28. To

further test this hypothesis, we first group the 52 stations whose measuring frequency changes

into three based on its elevation i.e. (1) stations with elevation lower than 200m, (2) stations

with elevation higher than 1 000m, and (3) stations with elevation in between.
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Figure 3-27: For 26 stations whose measuring frequency does not change. Lower part (Om-1000m)

of the vertical profile of trends in wind speed with A.G.L. vertical coordinate. Panel (a) shows the

(absolute) trends (m/s per decade) in wind speed (ws), zonal wind (Lcmp), and meridional wind

(Vcmp). Panel (b) shows the corresponding normalized trends (per decade).
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Figure 3-31 to Figure 3-33 show the trends corresponding to the stations with elevation

lower than 200m, elevation higher than I 000m, and elevation in between, respectively. They
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shows that the trends at the surface are identical (equals to 0.2 per decade) across all three types

of stations. However, the largest negative trend of stations with elevation lower than 200m is

0.33 per decade. The largest negative trend of stations with elevation higher than I 000m is 0.8

per decade. And the corresponding trends of the stations with elevation in between is 0.55. This

finding is in consistent with the elevation dependence relation discussed in section 3.4.

Moreover, it suggests that even within the 52 stations with changes in measuring frequency,

elevation of the stations plays an important role in determining the magnitude of the largest

negative trend. Therefore, the smaller magnitude of the largest negative trend of the stations

with no changes in measuring frequency may be due to the lower elevation of these stations as

shown in Figure 3-25 and Figure 3-28. To further examine the influence of the measuring

frequency on the trends, we calculate the trends only using the 6-second data available for those

52 stations described above. The results are shown in Figure 3-34.
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Figure 3-29: For 52 stations whose measuring frequency changes. Vertical profile of trends in

wind speed with A.G.L. vertical coordinate. The upper panel (a) shows the (absolute) trends (m/s

per decade) in wind speed (ws), zonal wind (Ucmp), and meridional wind (Vcmp). The lower panel

(b) shows the corresponding normalized trends (per decade).
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Figure 3-31: Stations out of the 52 stations described above with elevation lower than 200m.
Lower part (Om-1000m) vertical profile of trends in wind speed with A.G.L. vertical coordinate.
Panel (a) shows the (absolute) trends (m/s per decade) in wind speed (ws), zonal wind (Ucmp),
and meridional wind (Vcmp). Panel (b) shows the corresponding normalized trends (per decade).
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Figure 3-32: Stations among the 52 stations described above with elevation higher than 1000m.
Lower part (Om-1000m) vertical profile of trends in wind speed with A.G.L. vertical coordinate.
Panel (a) shows the (absolute) trends (m/s per decade) in wind speed (ws), zonal wind (Ucmp),
and meridional wind (Vcmp). Panel (b) shows the corresponding normalized trends (per decade).
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Figure 3-34: For the 52 stations described above, but utilize the 6-second data available at these
stations Lower part (Om-lOO0m) vertical profile of trends in wind speed with A.G.L. vertical
coordinate. Panel (a) shows the (absolute) trends (rn/s per decade). Panel (b) shows- the normalized
trends (per decade).

Figure 3-34 shows the trends calculated based only on the 6-second data available at the

52 stations with changes in measuring frequencies. Comparing Figure 3-34 with Figure 3-

27, the largest negative trend of the fonner is still twice of that of the latter, which means that

there exists factors other than changes in measuring frequency such as the elevation of the

stations that cause the larger magnitude of largest negative trend of the 52 stations, because

both Figure 3-27 and Figure 3-34 are based on 6-second data. These comparisons suggests

that the changes in measuring frequency may cause some biases, but are not the sole cause of

the largest negative trend.
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Chapter 4

Conclusions and future work

Through the analysis of the high resolution radiosonde measurements over the US, we

identified a similar vertical wind speed trend profile to Vautard et al. (2010), with a decreasing

trend near the surface and an increasing trend in the upper level. However, the coarse resolution

data used in Vautard et al. (2010) did not capture the vertical evolution of the wind speed and

lead to missing of important information such as the transition from negative trend to positive

trend. By utilizing height above ground as the vertical coordinate, we increased the data points

near the surface and therefore obtained a smoother trend profile. It suggests that the decreasing

trend of near-surface wind speed is statistically significant (p<0.05). However, the statistical

significance of the decreasing trend drops with increases in altitude. We used three methods

including the bulk Richardson number method, the air parcel method, and the elevated

inversion method to estimate the height of planetary boundary layer. The first two methods

generate similar estimates while estimates by the last method are much higher than the

preceding two. We identified a largest negative trend in wind speed close to the surface (50-

80m) for North America. The magnitude of this largest negative trend is up to 15 times of the

value reported in the previous studies, which might be due to the higher vertical resolution used

in this study, or it may be a result of the shorter record of wind speed in this calculation. By

comparing the average trend lbr daytime and nighttime in wind speed for each time zone, we

do not observe significant differences except in the western region of the U.S., which suggests
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that the largest negative trend may not be a nighttime phenomenon such as the nocturnal jet.

We found a relationship between the elevation of the sites and trend of near-surface wind

and wind aloft. We identified a statistically significant negative association between the

average trend in wind speed of the near-surface layers (200m/500m/900m/1500m) and the

elevation of the stations, indicating that stations with higher elevation are accompanied with a

larger decreasing wind speed trend. For non-elevated sites, decreasing trend is seldom found

for wind above the PBL, suggesting the important role of land surface in determining the trend

of wind speed. For elevated sites such as those in the mountainous west of the US, decreasing

trend is found for both near-surface wind and wind aloft, indicating that the changes in free-

tropospheric circulation may also influence the wind speeds. This elevation-dependence

relation is consistent with the findings of studies on wind speed over the Tibetan Plateau as

discussed above.

Note that both the time period (1998 -2011) and the geographical range (US) of this study,

are covered in Vautard et al. (2010). However, the elevation-dependence relation is not

uncovered in that study. Possible explanations is that Vautard et al. 01 utilized pressure rather

than A.G.L. as the vertical coordinate. The implication is that height above the ground (A.G.L.)

is a useful vertical coordinate for dealing with in-situ vertical wind observations. It is especially

useful when the locations of the stations are at different levels of elevation and/or the research

focus is the influence of surface on layers aloft. Since the largest negative trend is not reported

in any previous works on the trends of wind speed, for future work, it is necessary to utilize

high-vertical-resolution radiosonde data from other sources to test if this near-surface largest

negative trends is statistically robust.
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Appendix
Al Distributions of the 6-Second Data and the 1-Second Data

We plot the distribution (see Figure Al) of wind speed measured by the two devices. The

distribution is fitted using the kernel density estimation method. There are no significant

differences between the distributions of two types of data, so it is unlikely that the instrumental

change causes significant measurements biases.
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A2 Ratio between the annual mean to the corresponding standard deviation

We further test the influence of instrumental changes on data quality by calculating the ratio

between annual mean wind speed and the corresponding standard deviation (see Figure A2).

Here we use the site Elko, NV as an example. If there is no significant differences between

before and after instrumental changes, then it is not a concern for data consistency. We find

that the values of mean/std does not change significantly before and after the instrumental

change, so the data measured by these types of devices are consistent.
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(b) Pressure level: 700hPa, 850hPa, and lOOOhPa
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of the wind speed data at the selected pressure level. rrs = 0 denotes the ratio corresponding to
the 6-second data, and rrs = 1 denotes the ratio corresponding to the 1-second data. The pressure
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A3 Spatial distribution of the trends in wind speed

As discussed in section 3.4, the trends in wind speed averaged vertical over 200m, 500m, 900m,

and 1500m at 12 UTC, are similar to that at 0 UTC (shown in Figure 3-22). The results

corresponding to 12 UTC are shown in Figure A3.
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(b) Averaged over 500m above the surface

(c) Averaged over 900m above the surface

0

dd

00

0 00

.3 a

16
12
8
4
0
-4
-8
-12
-16

V

0-

E

.- O-P 0

00

oO 0000

43 a

0 0 0 a 0

12
9
6
3
0
-3
-6
-9
-12

IA

E

74



(d) Averaged over 1500m above the surface
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Figure A3: Spatial distribution of the trend in wind speed (m/s per decade) at 12 UTC averaged
vertically over (a) 200m, (b) 500m, (c) 900m, and (d) 1500m above the surface of each station.
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A 4 Spatial distribution of the trend index

In order to visualize the spatial distribution of the wind speed trend aloft, we calculate the

fraction of layers with decreasing trend in all vertical layers above the surface1 , as a trend index

between 0 and 1. Trend index equaling to 0 means that there is no vertical layers showing a

decreasing trend, and trend index equaling to I means that all vertical layers show a decreasing

trend. We also evaluate this trend index at different statistical significance and calculate the

fraction of layers with statistically significant decreasing trend in terms of 90% confidence

level (90% CI), 95% confidence level (95% CI), and 99% confidence level (99% CI).

Figure A4-1 (a) shows the spatial distribution of the trend index at 00:00 UTC. The spatial

distribution of the trend index at 12:00 UTC is almost identical to that at 00:00. It suggests that

the sites that contains smaller fraction of vertical layers with decreasing trend are concentrated

in the eastern part of the US. Sites in the western US especially those located in the

mountainous region contain a much larger fraction of layers with decreasing trend. Figure A4-

1 (b) - (d) show the spatial distribution of the sites that contain vertical layers with statistically

significant decreasing trend. We found that the fraction of layers with statistically significant

decreasing trend decreases with the increase in confidence level, however, the sites located in

the mountainous region still have higher fraction of layers with decreasing trend than those in

eastern US, especially for Flagstaff (AZ) and Reno (NV).

Figure A4-2 shows the relations between the trend index corresponding to 90% CI, 95%

CI, and 99% Cl with elevation of the station. It suggests that the trend index corresponding to

90% CI, 95% CI, and 99% CI are all positively associated with the elevation of the stations and

the positive associations are statistically significant (the band of the fitted curve represents 95%

confidence interval of the slope). This relation indicates that stations with higher elevation are

accompanied with more vertical layers with statistically significant decreasing trend. This

finding is in support of the preceding elevation-dependent of relation.

To further detect if this elevation-dependence is a result of surface influence e.g. changes

in land roughness, we calculate the trend index for the layers below the nocturnal PBL height

I There are 451 vertical layers in the pressure coordinate system, and 500 layers in the A.G.L. system. For details, refer to
the supplementary materials.
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and that above PBL height. Here we use the nocturnal PBL height calculated based on the bulk

Ri method because it represents the influence of surface friction on wind as discussed above.

Comparing between Figure A4-3 (a) and (b), we found that the fraction of decreasing trending

layers does not change much between above and below PBL for the mountainous sites. In

contrast, this fraction drops to close 0 for the non-elevated sites. The fraction in terms of 90%

statistical significance shows similar pattern (see Figure A4-3 (c) and (d)). This comparison

suggests a distinct difference between elevated sites and non-elevated sites. For non-elevated

sites such as those located in the eastern region of US, the decreasing trend mainly occurs in

the (nocturnal) boundary layer, while layers aloft do not show significant decreasing trend.

This difference indicates that the decreasing trend of near-surface winds can be mainly

attributed to the effect of land surface e.g. increases in land roughness. For elevated sites such

as those located in the mountainous region of US, the decreasing trend occurs for both PBL

and layers aloft.
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Figure A4-1 Trend index at 00:00 UTC
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Figure A4-3 Trend index for layers below PBL and layers above PBL
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