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Abstract

We use National Centers for Environmental Prediction/National Center for Atmospheric
Research reanalysis data to estimate the altitude and time lag dependence of the correlation between
the interplanetary magnetic ﬁeld component, By , and the geopotential height anomaly above Antarctica.
The correlation is most statistically signiﬁcant within the troposphere. The peak in the correlation occurs
at greater time lags at the tropopause (∼6–8 days) and in the midtroposphere (∼4 days) than in the lower
troposphere (∼1 day). This supports a mechanism involving the action of the global atmospheric electric
circuit, modiﬁed by variations in the solar wind, on lower tropospheric clouds. The increase in time lag with
increasing altitude is consistent with the upward propagation by conventional atmospheric processes of
the solar wind-induced variability in the lower troposphere. This is in contrast to the downward propagation
of atmospheric eﬀects to the lower troposphere from the stratosphere due to solar variability-driven
mechanisms involving ultraviolet radiation or energetic particle precipitation.

1. Introduction
Meteorological eﬀects resulting from ﬂuctuations in the solar wind are presently poorly represented in
atmospheric models. Indeed, the role of the Sun is one of the largest unknowns in the climate system
[Le Treut et al., 2007]. A number of large-scale atmospheric dynamic changes are known to occur, on a
day-to-day timescale, in response to changes in the downward current density of the global atmospheric
electric circuit (GEC) [Tinsley, 2008]. One well-established example of this is the Mansurov eﬀect. This is a
response in the surface atmospheric pressure anomaly (with respect to the seasonal average) in the polar
regions to changes in the dawn-dusk component of the interplanetary magnetic ﬁeld (IMF), By [Mansurov
et al., 1974; Tinsley and Heelis, 1993; Burns et al., 2007, 2008; Lam et al., 2013]. Making use of the consistently
high-quality IMF data that are available from 1995 onward, the amplitude and statistical signiﬁcance of the
Mansurov eﬀect have been found to be most pronounced in the Antarctic region. Speciﬁcally, the variation
in the daily average of IMF By across a range of ∼ 8 nT has been associated with changes in the high-latitude
surface atmospheric pressure anomaly of ∼1–2 hPa [Burns et al., 2008; Lam et al., 2013]. For the interval
1995–2005, the eﬀect is found to be statistically signiﬁcant in Antarctica but not in the Arctic, where it is only
signiﬁcant for the period 1999–2002 [Burns et al., 2008].
There is evidence to suggest that the Mansurov eﬀect is a manifestation of Sun-weather coupling that
occurs via the GEC [see Tinsley, 2008, and references therein]. First, as IMF By changes from large and negative to large and positive, there is a correspondence between the sign and location of the change in surface
pressure anomaly and the sign and location of the change in the ionospheric electric potential [e.g., Lam
et al., 2013, Figure 2]. Second, the time between changes in IMF By and changes in the surface pressure
anomaly is short (within 3 days) [Burns et al., 2007, 2008]. Third, the sensitivity of high-latitude surface pressure anomaly variations to the GEC-driven changes in the surface vertical electric ﬁeld is similar, whether the
source is the external IMF By generator or the internal meteorological generator driven by thunderstorms
and electriﬁed clouds [Burns et al., 2008].
Figure 1 is a schematic representation of the postulated processes through which the GEC aﬀects polar
weather to produce the Mansurov eﬀect. The observed correlation between IMF By and surface pressure
anomaly is represented by (A), while the proposed physical mechanism acts via paths (B)−(E). Path (B) represents the continual interaction of the solar wind with the Earth’s magnetosphere via magnetic reconnection,
a fundamental physical process responsible for much of the transfer of mass, momentum, and energy from
the solar wind into the Earth’s magnetosphere and ionosphere. Reconnection drives the transport of plasma
through the magnetosphere which results in variations in the electric ﬁeld in the high-latitude polar cap
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ionosphere that depend on the IMF magnitude and direction [e.g., Cowley and
Lockwood, 1992]. The dependence of the
ionospheric electric ﬁeld on the solar
wind and the IMF is well established [e.g.,
Pettigrew et al., 2010; Weimer, 2005].
The world’s thunderstorms and electriﬁed clouds maintain a vertical electrical
potential drop of about 250 kV between
the ground and the ionosphere [Williams,
2005]. The solar wind-driven changes in
the horizontal component of the ionospheric electric ﬁeld result in a spatial
and IMF By -dependent daily average
perturbation of between −30 and 30 kV to
this potential drop at high geomagnetic
latitudes (> 75◦ S) [Burns et al., 2007]. In
Figure 1, the link (C) represents the simple
downward electrostatic mapping of ionospheric potential changes to surface vertical
electric ﬁeld changes. These are associated with changes in the downward current
Figure 1. A schematic representation of how the proposed global
density Jz . In contrast, the daily average conatmospheric electric circuit mechanism produces the correlatribution associated with the north-south
tion between ﬂuctuations in the dawn-dusk component of the
component of the IMF, Bz , is small at high
interplanetary magnetic ﬁeld (IMF), By , and surface atmospheric
pressure. The observed IMF By surface pressure correlation, known
geomagnetic latitudes because, although
as the Mansurov eﬀect, is represented by (A), while the proposed
Bz has a strong inﬂuence on the electric
physical mechanism acts via paths (B)−(E).
potential perturbation, it is equal and
approximately opposite on the dawnside
and duskside of the polar cap. This means that at a given geographical location, this inﬂuence largely cancels
out over a day [Burns et al., 2007]. No substantial relationship is found between the surface pressure anomaly
and the daily average of IMF Bz at Antarctic station Vostok located close to the magnetic pole (84◦ S) [Burns
et al., 2007]. This lack of correlation between IMF Bz and surface pressure is consistent with a mechanism
driven by the day-to-day variability in the daily average ionosphere-to-ground potential diﬀerence.
Path (D) in Figure 1 represents postulated processes in which variability in microphysical (and thereby
macrophysical) cloud properties is driven by variability in the GEC vertical current density Jz [e.g., Tinsley,
2008, Rycroft et al., 2012]. For instance, layer cloud edges are charged by the vertical current ﬂow in the
GEC [Nicoll and Harrison, 2009, 2010]. The resulting generation of space charge on cloud edges [Zhou
and Tinsley, 2007] leads to the transfer of charge to cloud droplets and aerosol particles in these regions,
which theoretical modeling studies show can inﬂuence several cloud microphysical processes [see
Rycroft et al., 2012, and references therein]. Any processes (solar driven or otherwise) that modify either
the ionosphere-to-ground potential diﬀerence or under some circumstances the atmospheric conductivity within the GEC [Tinsley et al., 2012], vary Jz . Varying Jz , therefore, may lead to variation in
cloud microphysical properties, with possible consequences for atmospheric and climate processes
((E) in Figure 1).
Our aim in this paper is to examine whether the Mansurov eﬀect, which until now has been reported only
at the Earth’s surface, exists farther up in the atmospheric column. In doing so, we aim to shed light on the
origins of the surface correlation. In particular, we investigate the theory that the lower atmosphere is inﬂuenced by the action of the GEC on cloud physics by examining the altitude-time lag and the latitude-time
lag signatures of the correlation. In section 2, we present the data sets and methodology; the results are
given in section 3, and a discussion with conclusions is given in section 4.
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2. Data Sets and Method

Figure 2. The Mansurov eﬀect is conﬁned to the troposphere and the
base of the stratosphere in Antarctica. (a) Δh̄ a (𝜏, p), the diﬀerence in the
1999–2002 Antarctic ﬁeld mean in geopotential height anomaly between
IMF By ≥ 3 nT and IMF By ≤ −3 nT states (equation (1)). IMF By acts as
a proxy for the horizontal component of the ionospheric electric ﬁeld. A
minimum (winter) pressure level for the Antarctic tropopause of 230 hPa
is marked by the horizontal grey dashed line. A maximum (summer) pressure level for the Antarctic tropopause is 330 hPa [Zangl and Hoinka, 2001];
(b) as for Figure 2a but masked at the 1% ﬁeld signiﬁcance level. Δh̄ a
is of statistically signiﬁcant amplitude within the troposphere and the
base of the stratosphere at the 1% ﬁeld signiﬁcance levels. At any given
pressure level, the peak correlation occurs for positive time lag consistent with solar wind-driven ionospheric electric ﬁeld ﬂuctuations leading
the atmospheric response; (c) Δh̄ a is plotted at diﬀerent pressure levels
with a 3 m oﬀset between each decreasing pressure level to help with
visualization. Statistically signiﬁcant values at the 1% level are plotted
in black, and values of less statistical signiﬁcance are plotted in orange.
Starting with the line plotted at the bottom of the panel, the levels plotted
are 1000, 925, 850, 700, 600, 500, 400, 300, and 250 hPa. The temporally
broad peak shifts to increased time lags with increasing altitude, suggestive of an upward propagation of the Mansurov eﬀect from the lower
to upper troposphere.

We examine the interval 1999–2002
when statistically signiﬁcant
correlations between daily averaged IMF By and 12 UT surface
pressure anomaly were seen in
both the Arctic and in Antarctica
[Burns et al., 2008; Lam et al., 2013].
We extend our zero time lag (𝜏 = 0)
surface pressure study [Lam et al.,
2013] upward to a height of about
31 km, using a similar methodology
to examine the correlation between
the daily average of IMF By and the
Antarctic atmospheric geopotential height anomaly. To obtain this
anomaly, the seasonal cycle was
removed from 12 UT National Centers
for Environmental Prediction/
National Center for Atmospheric
Research (NCEP/NCAR) geopotential height data [Kalnay et al., 1996]
for the 17 available pressure levels.
These cover the pressure range
10–1000 hPa corresponding to an
altitude range between about 31 km
and close to sea level. The seasonal
cycle is approximated by the mean
12 UT value for each “day of year”
on the model latitude 𝜆, longitude
𝜙, and pressure level p grid, using
1948–2011 data.

We determined the 4 year mean of
the geopotential height anomaly
for two distinct states of the solar
wind magnetic ﬁeld: high positive
IMF By (≥ 3 nT) and high negative
By (≤ −3 nT). This was done on a
latitude, longitude, daily time lag,
and pressure level grid. We denote
these quantities by h̄ + (𝜆, 𝜙, 𝜏, p)
and h̄ − (𝜆, 𝜙, 𝜏, p). The corresponding zonal means are denoted by
h̄ z+ (𝜆, 𝜏, p) and h̄ z− (𝜆, 𝜏, p), respectively. The geocentric solar magnetospheric (GSM) coordinate system is
used for the IMF data, where positive By is aligned from dawn to dusk. The time lag between IMF By and
geopotential height is deﬁned so that IMF By leads geopotential height for 𝜏 > 0. Data are excluded that lie
below the Earth’s surface, as speciﬁed by the NCEP/NCAR topography.
To assess the statistical signiﬁcance of the correlation between the IMF and the geopotential height
anomaly, we conduct a nonparametric Wilcoxon Rank-Sum test (WRST) of the diﬀerence in the mean geopotential height anomaly for the two IMF By states. The test outputs a nearly normal test statistic Z(𝜆, 𝜙, 𝜏, p)
and the one-tailed probability of obtaining a value of Z or greater by chance.
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3. Results

Figure 3. Evidence to support the hypothesis that the Mansurov eﬀect
originates in the lower troposphere (∼1000 hPa), propagates through
the midtroposphere (e.g., 600 hPa) to the tropopause region (∼250 hPa).
Δh̄ z (𝜆, 𝜏, p), the diﬀerence between the 1999 and 2002 zonal mean of the
geopotential height anomaly for IMF By ≥ 3 nT and IMF By ≤ −3 nT
(equation (2)) at (a) 1000 hPa, (b) 600 hPa, and (c) 250 hPa as a function
of latitude and time lag between the solar wind and geopotential height
data. The peak amplitude occurs for positive time lag, consistent with the
solar wind leading the atmospheric response and at increasing time lag
as the pressure level decreases and altitude increases. We have used the
one-tailed probability from a Wilcoxon Rank Sum Test (WRST) between
h̄ z+ (𝜆, 𝜏, p) and h̄ z− (𝜆, 𝜏, p) to mask the results at the 1% level. The horizontal dashed line marks 70◦ S. The area poleward of this latitude is used to
derive the ﬁeld mean values plotted in Figure 2.

3.1. Altitude Range of the
Mansurov Eﬀect
Globally, the highest statistical signiﬁcance for the correlation between
IMF By and the regional-mean surface
pressure anomaly has been found
for the region poleward of 70◦ S [see
Lam et al., 2013, Table 1]. It is in this
region, therefore, that we conduct the
altitude-time lag study. For a given
pressure level, atmospheric variables
such as the geopotential height have
a high degree of spatial autocorrelation. This results in a fraction of local
null hypotheses such as “there is no
diﬀerence between h̄ + (𝜆, 𝜙, 𝜏, p) and
h̄ − (𝜆, 𝜙, 𝜏, p)” being rejected by signiﬁcance tests that should not be
rejected. When evaluating statistical signiﬁcance values, we correct for
this false discovery rate by ﬁnding the
ﬁeld signiﬁcance [Wilks, 2006] 𝜂a (𝜏, p)
for the region deﬁned by 𝜆 ≥ 70◦ S
at each time lag and pressure level.
The mean values of h̄ + (𝜆, 𝜙, 𝜏, p)
and h̄ − (𝜆, 𝜙, 𝜏, p) for this geographical region are h̄ a+ (𝜏, p) and h̄ a− (𝜏, p)
where “a” denotes “Antarctic.”
The diﬀerence in the Antarctic ﬁeld
mean values for high-positive and
high-negative By
Δh̄ a (𝜏, p) = h̄ a+ (𝜏, p) − h̄ a− (𝜏, p) (1)

is plotted in Figure 2a. The ﬁeld statistical signiﬁcance 𝜂a (𝜏, p) relating
to the diﬀerence Δh̄ a (𝜏, p) is used to
mask out values of Δh̄ a (𝜏, p) where
a signiﬁcant value could occur by chance with a probability above the 1% level (Figure 2b). The diﬀerence
between h̄ a+ and h̄ a− is highly statistically signiﬁcant (the probability is below the 1% level) for time lags
between 0 and 10 days in the troposphere and at the base of the stratosphere. The results presented in
Figures 2a and 2b give a high degree of conﬁdence in a response, on a timescale of days, of the pressure
in the troposphere and the base of the stratosphere to changes in the horizontal component of the ionospheric electric ﬁeld. The temporally broad peak of the ﬁeld mean Δh̄ a shifts to later time lags as the altitude
in the troposphere increases (Figure 2c), which is suggestive of an upward propagation of the Mansurov
eﬀect which originates in the lower troposphere. It is in part the high degree of temporal autocorrelation in
the IMF that gives rise to the broad 10–15 day width for the peak in the correlation. In addition, there is evidence for an accumulation of the meteorological eﬀect of the GEC over about 3 days when IMF By maintains
its value for more than a few days [Burns et al., 2007, 2008].
3.2. Latitude-Time Lag Signal at Diﬀerent Altitudes
We next examine the latitude-time lag signature of the Mansurov eﬀect at diﬀerent altitudes using the
zonal mean
Δh̄ z (𝜆, 𝜏, p) = h̄ z+ (𝜆, 𝜏, p) − h̄ z− (𝜆, 𝜏, p)
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At 1000 hPa, corresponding to an altitude of ∼0.1 km, the near-surface Mansurov eﬀect is mostly conﬁned to latitudes poleward of 70◦ S and persists about 10–15 days (Figure 3a). The amplitude of Δh̄ z (𝜆, 𝜏, p)
has a peak, signiﬁcant at the 1% level, when the IMF leads the reanalysis data set by 1 day which spans
∼72.5◦ –87.5◦ S. Temporally, the peak at ∼82.5◦ S spans time lags of −2 to 2 days. A second peak exists at a
time lag of 4 days spanning ∼82.5–90◦ S. The results at 1000 hPa are consistent with results from previous
studies using station data at the Earth’s surface [Burns et al., 2007, 2008] which ﬁnd that the Mansurov eﬀect
peaks poleward of 80◦ S magnetic latitude, when the IMF leads the pressure by 0±2 days and with the eﬀect
persisting over a period of about 10 days.
At 600 hPa (Figure 3b), corresponding to an altitude of ∼4.2 km in the middle troposphere, the peak in
the latitude-time lag signature is located close to the geographic pole when IMF By leads geopotential
height by 4 days. An even longer time lag, of around 6–8 days, is observed for the peak of the correlation
between By and the geopotential height anomaly at 250 hPa (∼10.4 km) near the winter tropopause as
shown in Figure 3c. At this altitude, the peak is once again located close to the pole, between 85 and 90◦ S.
The increase in the time lag of the peak in Δh̄ z (𝜆, 𝜏, p) with increasing altitude is suggestive of an upward
propagation of the solar wind-induced variability in the lower troposphere.

4. Discussion and Conclusions
The use of reanalysis data over the last decade to measure and characterize the relationship between
solar activity and the atmosphere [e.g., Gray et al., 2010; Veretenenko and Thejll, 2005; Seppälä et al., 2009,
and references therein] has signiﬁcantly improved our understanding of the eﬀects of solar variability
on weather and climate. Like all the reanalysis data sets, the NCEP/NCAR reanalysis data set is generated
by combining meteorological observations and meteorological numerical weather prediction models
so that the observational values are preserved where they are present and physically consistent values
are created by a model to ﬁll the gaps in the observations. Since this study is performed in the modern
era, the reanalysis incorporates regularly collected weather balloon data (usually daily) and satellite data.
The main limitation here is the relatively spatially sparse data collection in Antarctica. There are about
20 stations which collect data once daily for the interval in question at standard meteorological pressure levels up to about 30 hPa (∼23.8 km). However, we do not investigate far above the altitude where
measurements exist.
To date, three major mechanisms have been proposed by which solar variability aﬀects weather and climate:
(1) the eﬀect of solar UV variability on stratospheric ozone chemistry and hence on the atmospheric radiation balance [e.g., Gray et al., 2010; Ineson et al., 2011; Ermolli et al., 2013], (2) the eﬀect of energetic particle
precipitation from the space environment, modulated by solar variability, on stratospheric ozone chemistry
and hence on the atmospheric radiation balance [e.g., Rozanov et al., 2012; Seppälä and Clilverd, 2014], and
(3) the eﬀect of variations in the GEC, modulated by variations in the solar wind driven by solar variability,
on cloud properties and consequently on meteorology [e.g., Tinsley, 2008; Rycroft et al., 2012]. The third of
these mechanisms, the “GEC mechanism,” is explored in this paper. It remains the least well understood and
the most underexplored. A complete understanding of this mechanism is necessary if the eﬀects of solar
variability are to be fully integrated into weather and climate models. It should be noted that the meteorological eﬀects of this high-latitude solar wind-driven GEC eﬀect extend beyond the polar regions to the
midlatitudes [Lam et al., 2013] and therefore may contribute to solar-meteorological correlations which have
been observed there [Tinsley, 2008].
In conclusion, we have shown the presence of a statistically signiﬁcant correlation between the interplanetary magnetic ﬁeld and geopotential height within the troposphere over Antarctica up to the region of
the winter tropopause. The timescale of this phenomenon is of the order of days. This is consistent with
the action of the GEC mechanism, driven by solar wind-driven variations in the ionosphere-to-ground
electric potential diﬀerence, on lower tropospheric clouds. The relatively fast timescale and the apparent upward propagation of this solar wind-induced eﬀect are in contrast to the downward propagation,
on a timescale of months, of meteorological eﬀects to the lower troposphere from the stratosphere
due to other mechanisms associated with solar variability, involving ultraviolet radiation or energetic
particle precipitation.
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