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Abstract

Temperature and particle number concentration profiles were measured at small height
intervals above open and frozen leads and snow surfaces in the central Arctic. The
device used was a gradient pole designed to investigate potential particle sources
over the central Arctic Ocean. The collected data was fitted according to basic log-5

arithmic flux-profile relationships to calculate the sensible heat flux and particle de-
position velocity. Independent measurements by the eddy covariance technique were
conducted at the same location. General agreement was observed between the two
methods when logarithmic profiles could be fitted to the gradient pole data. In general,
snow surfaces behaved as weak particle sinks with a maximum deposition velocity10

vd =1.3 mm s−1 measured with the gradient pole. The lead surface behaved as a weak
particle source before freeze-up with an upward flux Fc =5.7×104 particles m−2 s−1,
and as a relatively strong heat source after freeze-up, with an upward maximum sensi-
ble heat flux H =13.1 W m−2. Over the frozen lead, however, we were unable to resolve
any significant aerosol profiles.15

1 Introduction

The Arctic Summer Cloud Ocean Study (ASCOS) was an international experiment in
the summer of 2008 designed to study the processes controlling the surface energy
balance in the high Arctic. The Arctic is a unique environment and behaves as its own
sensitive system. For example, there were significant changes in the ice floes, which20

appeared to be reacting to ocean currents and a weak diurnal cycle of the Arctic sun.
Ironically, many of the changes which appeared subtle impacted the environment dra-
matically. Total aerosol number concentrations, for example, were as low as 1 cm−3

(Held et al., 2011). A three hundred percent increase in concentration changed that
number to 4 cm−3 and was often associated with mesoscale fogs that varied surface25
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temperatures dramatically. The background condition of very low number concentra-
tions was especially interesting for detecting and characterizing local particle sources.

One particular idea of local particle production in the Arctic has been proposed by
Leck and Bigg (1999) and followed up by Leck et al. (2002). They hypothesize that
bubble bursting in the open waters of the Arctic creates biogenic aerosol particles. The5

bubbles rise under quiescent waters between the ice floes, and, upon fragmentation
at the water surface, generate droplets enriched in the composition of the surface film
through which they broke (Blanchard, 1958). Measurements made during the ASCOS
campaign confirmed the presence of a population of small (D<500 µm) bubbles within
the open lead, and an alternative bubble source mechanism driven by the surface heat10

flux was proposed (Norris et al., 2011).
Bezdek and Carlucci (1974) showed that droplets produced from natural seawater

can concentrate bacteria that exist in the surface layer by as much as a factor of 200.
Recently, enrichment of proteins and bacteria from bubble breaking has also been
studied by Aller et al. (2005) and Kuznetsova et al. (2005). In more recent research15

in the summertime Arctic, transmission electron microscopy photographs of airborne
particles were compared with those of particles found in the surface microlayer of the
open water between ice floes (Bigg et al., 2004; Leck and Bigg, 2005a,b, 2007, 2008,
2010; Bigg and Leck, 2008). The similarity in morphology, physical properties, X-ray
spectra and chemical reaction of the numerous aggregates, and of bacteria, viruses20

and other microorganisms found in both, strongly suggests that the airborne parti-
cles were ejected from the water by bursting bubbles. The diffuse electron-transparent
material with surfactant properties joining and surrounding the heat resistant and non-
hygroscopic colloidal particulates in both the air and water was shown to have proper-
ties consistent with the exopolymer secretions (EPS) of microalgae and bacteria in the25

water. These so-called microgels can be viewed as three-dimensional biopolymer net-
works containing polysaccharides and monosaccharides, with peptides and proteins
attached to the network. The biopolymers are interbridged with divalent ions (Ca2+) to
give a gel-like consistency (Chin et al., 1998).
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At the time of this study, the local particle source strength from bubble bursting in
the Arctic had not been quantified. The motivation behind this work was to identify this
particle source from the open leads by measuring aerosol number concentrations just
above the water surface. If the source were strong, an enhanced number of aerosol
particles in a layer of air just above the surface might be observed. The film-drop5

particulate matter generated by bubble bursting might be scavenged by snow or water
surfaces while some particles might be mixed upward and act as cloud condensation
nuclei.

Vertical particle fluxes have been estimated from flux-profile relationships and
aerosol gradient measurements in previous studies over various surfaces, e.g. over10

forests (e.g. Wyers and Duyzer, 1997), at the coast (e.g. Ceburnis et al., 2008), and
over the open ocean (e.g. Petelski, 2003; Petelski and Piskozub, 2006). Most of these
studies investigated aerosol concentration differences at heights up to 20 or 30 m above
the surface. This study focuses on the lowest two meters above the surface, where
temperature and concentration differences are expected to be highest.15

2 Instrument description

2.1 Gradient pole method

Measurements were conducted from a three meter long rod positioned on a tripod
(acting as the fulcrum) so that the user could lift an aerosol inlet to fixed heights while
remaining at a distance downwind to prevent contamination (Fig. 1). On the user side20

of this gradient pole, a condensation particle counter (CPC 3010, TSI, St. Paul, MN,
USA) along with a vacuum pump and laptop were placed in a small aluminum box
for weather protection, and to preserve the small amount of heat produced by the
instruments. A 12-volt battery placed outside the box was connected to a 12 VDC/220
VAC converter to supply the power needs of all instruments. The battery also stabilized25

a wooden board with four nails in the horizontal direction providing hooks for loop-knots
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which were tied into a nylon cord attached to the end of the rod. The loops allowed
for repeatable accuracy (±1 cm) in positioning the inlet tip at a new height which was
necessary to duplicate a height step-series above the ground.

A 30 cm long diffusion dryer was mounted at the entrance of the inlet to remove water
from the aerosol to improve the transmission efficiency. This was especially a concern5

in high relative humidity conditions where particles might experience a temperature
difference in the sampling line and grow by condensation. Following the dryer, the
aerosol sample traversed the rod through a straight 2.5 m long 0.25 inch copper tube.
To allow for the vertical movement of the pole, flexible conductive tubing connected the
copper tube to the CPC. A critical orifice inside the CPC controlled the aerosol flow to10

1 L min−1. The total aerosol transit time from inlet to counter was approximately three
seconds. The CPC 3010 used in this study for the gradient system had a lower 50 %
cutoff diameter at 11 nm and an upper cutoff diameter of approximately 2.5 µm. The
counts from the CPC were averaged and recorded every second with a laptop.

A thermocouple (Schuricht type 212, sensitivity of ±0.01 K) was used to measure the15

temperature directly next to the inlet tip. The thermocouple consisted of two very thin
type-k wires tied together for rapid response. The analog signal from the temperature
probe was sent via a sheathed cable to an analog/digital converter and sampled at
approximately 10 Hz to record an average every 0.5 s.

The height of each measurement position, i.e. the distance from the inlet tip to the20

surface, was measured by an ultrasonic height sensor (Pepperl+Fuchs, UC2000-
30GM) which was placed on the rod at a location slightly behind the aerosol inlet.
An additional weight was attached to the bottom of the height sensor so that the height
sensor would always point normally towards the ground as the gradient pole was raised
and lowered. Using basic geometry, the height of the inlet tip was calculated from the25

height of the sensor and its position on the pole. The ultrasonic height readings were
recorded every 0.5 s. Since the operating principle of the height sensor is to detect its
own reflected ultrasound signal, a flat board placed on the ground beneath the sen-
sor helped to decrease the noise over rough snow surfaces. This gave us a height
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sensitivity of ±0.25 cm, better than that of the height positioning itself. All gradient
measurements took place with the gradient pole deployed “over lead” or “over snow”
and were performed with the pole pointed into the wind to avoid contamination.

2.2 Eddy covariance method

An eddy covariance (EC) system was set up on the edge of the lead approximately5

300 m from the gradient pole, directly measuring turbulent fluxes of sensible and la-
tent heat and aerosol number concentrations at a height of 2.5 m (Held et al., 2011).
The system consisted of a Gill R3 sonic anemometer (Gill, Lymington, UK) for three-
dimensional wind measurements, a Licor LI-7500 open path analyzer (Licor, Lincoln,
NE, USA) for carbon dioxide (CO2) and water (H2O) vapor concentration measure-10

ments, and a condensation particle counter CPC 3760A (TSI, St. Paul, MN, USA) for
particle number measurements. The CPC 3760A has a nominal lower cutoff diameter
of 11 nm and an upper cutoff diameter of approximately 3 µm.

Turbulent fluxes were calculated according to standard eddy covariance procedures
in 30 min averaging periods after rotation of the turbulent winds into a streamline coor-15

dinate system using the planar fit method (Wilczak et al., 2001) and linear detrending.
Due to the traveling time of the aerosol sample from the sampling point through the inlet
tubing to the particle counter, and the traveling time in the particle counter, a constant
time lag of 2.6 s was applied to synchronize the wind and the aerosol time series. The
sampling line degraded the response time of the particle counter with regard to am-20

bient concentration changes. It is important to bear in mind that this eddy covariance
setup cannot resolve 10 Hz aerosol number concentration fluctuations. With an esti-
mated response time of 1.4 s and typical wind speeds of less than 4 m s−1, we found
the underestimation of the aerosol fluxes due to fluctuation dampening to be less than
20 % for this study using the approach by Horst (1997). No additional corrections were25

applied. After calculating the turbulent aerosol number fluxes by eddy covariance, the
deposition velocity vd was derived by normalizing the flux Fc with the number concen-
tration c, i.e. vd =−Fc c−1. The negative sign is convention to obtain positive deposition

3022

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/3017/2011/amtd-4-3017-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/3017/2011/amtd-4-3017-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 3017–3053, 2011

Near-surface profiles
of aerosol number
concentration and

temperature

A. Held et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

velocities in case of aerosol deposition fluxes directed towards the surface. The eddy
covariance results given in this work are for the 30 min averaging period encompass-
ing the sampling time of the gradient pole, or the median value of the eddy covariance
averaging periods encompassing the gradient pole sampling period.

3 Sampling methodology5

The gradient pole was deployed for eight days within the pack ice area (24 August
to 1 September 2008) during the ASCOS expedition when the icebreaker Oden was
moored to an ice floe in the Arctic Ocean. The full drift lasted from 12 August to
1 September 2008. During these 21 days the ice floe drifted slowly west- and south-
ward about the coordinates 2◦–10◦ W and 87◦–87.5◦ N. Upon arrival, the ice surface10

was composed of loose granular snow and covered by a large number of melt ponds.
The larger ice floes were separated by open ocean leads. Ice algae were often visible
below the ice. Our initial goal with the gradient pole was to detect particle number
concentrations directly over the water surface of the lead.

The eight day period when the gradient pole was deployed was marked by the ini-15

tial transition into the autumn freeze-up with the skinning over of water surfaces. On
27 August, the open lead did not recover from its diurnal freeze cycle and remained
frozen thereafter. Snow fall covered melt ponds and increased surface reflectivity. High
relative humidity and low aerosol concentrations also led to substantial formation of
rime. In order to avoid contamination, the gradient pole was deployed keeping the inlet20

tip upwind. In addition, measurements were only performed when the wind came from
a direction absent of any human activity, including the position of the ship. The lead
itself was located approximately 3 km away from the ship. During the measurement
period, the total particle number concentrations measured with the CPC were all below
100 cm−3, and decreased progressively to values below 10 cm−3.25
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4 Data analysis

4.1 Temperature profiles

It was necessary to develop a standard method to consistently analyze all raw data col-
lected by the gradient pole. The analysis procedure is presented here with examples
for temperature and concentration data. Figure 2a and b show raw height and tem-5

perature profiles collected over the Arctic pack ice on 31 August 2008. The triangular
patterns in Fig. 2a show a series of up and down height traces of the inlet. The inlet
was held at each step for approximately 20 s before changing to the next height. The
small spikes seen on the height steps are due to overshoot of the pole.

To consider the measured temperature changes due to variations in the inlet height10

only, it was necessary to remove the slower temperature trends. For each measure-
ment run, a rolling boxed-median of 1500 data points (∼15 min) shown as a dotted line
in Fig. 2b was subtracted from the raw data. By subtracting the baseline from the raw
data, the normalized temperature trace centered at 0 ◦C is produced (Fig. 2c).

With the slower ambient temperature trend removed, the normalized temperature15

data plotted directly against the inlet height revealed groups of temperature points at
each level (Fig. 3a). Each of these groups of data points was averaged and the means
are plotted in Fig. 3b with the respective standard deviations as the error bars. Since
the error bars for some data points overlap with others, we first determined whether the
mean data points are significantly different from one another. If we take the difference20

between adjacent pairs of mean temperatures from left to right, we produce the data
points in Fig. 3c. The error bars in Fig. 3c are derived from the standard error SE of
the difference between two adjacent means,

SE =

√√√√ σ2
1

(N1 − 1)
+

σ2
2

(N2 − 1)
, (1)
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where σ1 and σ2 are the respective standard deviations, and N1 and N2 are the number
of measured data points. In common practice, the 95 % confidence interval is obtained
by taking twice the standard error (Lanzante, 2005), shown as error bars in Fig. 3c. If
twice the standard error is greater than the difference, then the error bar will cross zero
and the two mean data points are considered “not significantly different”.5

In the case shown in Fig. 3c, the error bars for all adjacent mean pairs do not cross
zero. For the sake of completeness, we extend the analysis one step further by ap-
plying an independent two-tailed T-test to each pair of mean values. Closely related,
the t-value is the difference between two means divided by the standard error. Table 1
shows the t-values and the probabilities of acceptance of the null hypothesis (that two10

points are statistically the same) for a significance level α=0.05. The null hypothesis
is rejected for all data pairs, and therefore we conclude that the adjacent data points
are significantly different, despite the overlapping standard deviations.

For the purpose of this study, a profile is considered valid if the following two criteria
are met: (1) a minimum of four adjacent data points (three adjacent pairs) must be15

significantly different from each other, and (2) the difference between adjacent data
points is either positive for all pairs, or negative for all pairs. It should be stressed that
a profile measurement may still be perfectly valid without satisfying these criteria. In
particular, criterion (1) is simply an indication that the differences between two heights
could be resolved by our measurements. Under neutral conditions or for closer spaced20

measurement levels, this criterion will eventually not be met.

4.2 Aerosol concentration profiles

In Fig. 4, particle number concentration data collected with the gradient pole over the
Arctic pack ice on 28 August are presented. We choose this example because it il-
lustrates a weak gradient that was resolved despite the large variability in the particle25

counts. For consistency, we take the same data approach as for the temperature case.
Figure 4a displays the height profiles, which appear less uniform than in the tempera-
ture case discussed above. The irregularity in the profiles was present in the beginning
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stages of the experimental runs due to lack of practice with raising and lowering the
gradient pole and struggling with initial adjustments of the setup in the cold conditions.
As can be seen in the latter part of the measurement period, we also tried faster scan-
ning of the profiles, but the results provided poor averaging statistics.

Figure 4b displays the particle number concentration recorded every second. De-5

spite the natural short-term fluctuations which are on the order of 10 particles cm−3, a
weak gradient can be discerned which tracks the changes in height. As previously done
for the temperature case, a median baseline is subtracted from the raw data producing
the normalized data in Fig. 4c.

The profile extracted from the normalized data is shown in Fig. 5. Because of the10

data scatter due to the non-uniform height levels, we show both the time and height
standard deviations in the groups of points which are averaged. Using the standard
error method, the differences between the four data points that are resolved nearest
to the surface in Fig. 5c are consistent in their sign of gradient, and thus confirm the
existence of a valid gradient. The T-test results (Table 2) show that the null hypothesis15

is rejected for all data pairs except the pair of data points 4 and 5. This indicates that
adjacent data points (except data points 4 and 5) are significantly different.

4.3 Flux-profile relationships

In a layer near the surface, turbulent fluxes are considered to be constant with height.
Thus, vertical fluxes and gradients may be related using Monin-Obukhov similarity the-20

ory in this so-called constant flux layer (cf. Kaimal and Finnigan, 1994; Foken, 2008).
For the turbulent fluxes of momentum and sensible heat, Fm and Fh, we obtain

Fm = u′ w ′ = −Km · ∂U
∂z

, (2)

Fh = w ′ T ′ = −Kh · ∂T
∂z

, (3)
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where u′ w ′ is the covariance of horizontal and vertical wind speed, w ′ T ′ is the co-
variance of vertical wind speed and temperature, U is the wind speed [m s−1], T is the
temperature [K], and z is the measurement height [m].
K is the eddy diffusivity,

Km,h =
kzu∗

ϕm,h (z/L)
, (4)5

where k is the von Karman constant (=0.40), u∗ is the friction velocity [m s−1], and
subscripts m and h refer to momentum and sensible heat, respectively. φm,h (z/L) are
the corresponding stability correction functions.

In the literature, values between 1.0 and 1.39 are reported for the ratio Kh/Km (which
is the inverse of the turbulent Prandtl number, e.g. Foken, 2008). Values larger than10

unity imply that heat transport is more effective than momentum transport. For reasons
of simplicity, we will use a value of unity, thus Kh = Km.

The stability functions for the fluxes of momentum and sensible heat, φm and φh,
depend only on the dimensionless height, z/L, where L is the Obukhov length,

L =
u3
∗

k g
T0

w ′ T ′
, (5)15

g is the gravitational acceleration (=9.81 m s−2), and T0 is a reference temperature.
The stability correction functions are determined empirically, and many different for-

mulations for the functional shape of φ have been suggested in the literature (e.g. Dyer,
1974; Businger, 1988). For neutral stratification, i.e. z/L=0, the stability correction
functions are unity by definition, φ(0)=1. Based on the eddy covariance observations20

at the open lead during ASCOS, the magnitude of the dimensionless height, z/L, was
inside the interval ±0.04 for about 70 % of the total time of the deployment (Fig. 6).
Therefore, we proceed to ignore the stability correction functions, thereby accepting a
<10 % error.
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Using these simplifications and integrating Eq. (3) between the two heights z1 and
z2, we arrive at

T2 − T1 = −
Fh

u∗ k
ln

(
z2

z1

)
. (6)

The sensible heat flux indicates a positive (upward) flux of sensible heat when T2 <T1,
and vice versa.5

Following the same reasoning, we can derive the relationship of the particle number
concentration profile and the particle number flux,

c2 − c1 = −
Fc

u∗ k
ln

(
z2

z1

)
, (7)

where c1 and c2 are the particle number concentrations in the measurement heights
z1 and z2, and Fc is the particle number flux. Again, we assume the turbulent eddy dif-10

fusivity for particle number, Kc =Km, and the stability correction function for the particle
number flux, φc(0)=1.

Equations (6) and (7) allow us to calculate the sensible heat flux, Fh, and the particle
number flux, Fc, from gradients of temperature T and particle number concentration c,
provided that the value of the friction velocity, u∗, is known. In the present case, we15

have independent information of u∗, and also of sensible heat and aerosol flux, from
simultaneous eddy covariance flux measurements.

If we presume that our temperature data behave according to Eq. (6), then we can
plot the temperature differences (T2−T1) against the logarithmic height ratio ln (z2/z1)
and produce a linear plot with a slope that equals −Fh (u∗ k)−1. If we obtain u∗ from the20

eddy covariance data and set k =0.4, we can solve for the heat flux Fh from the slope
of a linear regression. Likewise, the same can be done for the particle concentration
data using Eq. (7), solving for Fc.
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4.4 Flux estimates from profile measurements

We will now illustrate two examples using the above equations to solve for the sensible
heat flux Fh and the particle number flux Fc. For the case of Fh, we take profile data
from a period on 31 August (31/08a) and plot the temperature differences (T2 − T1)
between the height levels on the vertical axis and ln (z2/z1) on the horizontal axis5

to produce Fig. 7a. In this particular case on 31 August, the gradient pole was used
to measure the temperature at seven height levels above the frozen lead. Using all
possible combinations of temperature differences between seven height levels yields
6+5+4+3+2+1 permutations of (T2−T1) or 21 data points.

As mentioned previously, the data points should fall on a straight line with a slope10

that equals −Fh (u∗ k)−1. In Fig. 7a, however, two diverging trends emerge from oppo-
site corners of the figure. The six data points that originate from the lower right-hand
corner represent temperature differences with the lowest height level. The data points
which appear to follow the second trend in the top left-hand corner represent tempera-
ture differences between all other height levels. One might think that the temperature15

measurement closest to the ground were faulty, since had it not been present, all data
would fall along the same line. However, we have no additional evidence for this, and
by keeping all data intact in the figure, we gain insight into the variability of the data
with respect to the logarithmic behavior.

The surface layer similarity theory, from which this behavior arises, is strictly valid20

only for measurement heights much larger than the roughness length z0. Values of z0

over summer sea ice are given in the literature as typically 10−5 to 10−2 m (Held et
al., 2011; Persson et al., 2002; Tjernström, 2005). Thus, the presented measurements
should be valid down to a few centimeters above the surface.

A linear regression fit to the data in Fig. 7a yields a slope of −0.107 with a coefficient25

of determination, R2 =0.98. Setting the slope equal to −Fh (u∗ k)−1 yields a kinematic
sensible heat flux Fh =7.3×10−3 K m s−1. This is a positive value, indicating that the
heat flux is upward and that the surface behaves as a heat source. We obtain the

3029

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/3017/2011/amtd-4-3017-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/3017/2011/amtd-4-3017-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 3017–3053, 2011

Near-surface profiles
of aerosol number
concentration and

temperature

A. Held et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

sensible heat flux H in dynamic units [W m−2] by multiplying the sensible heat flux
in kinematic units [K m s−1] by the product of the air density, ρair =1.225 kg m−3, and
the specific heat of air, cp =1004 J kg−1 K−1. In this case we obtain H =8.9 W m−2.
This is in good agreement with the sensible heat flux obtained from eddy covariance
measurements, H =6.7 W m−2.5

We now demonstrate the same approach for particle number data measured on
28 August over the snow surface. Figure 7b shows the particle number concentration
differences (c2 −c1) plotted against the respective height ratios ln (z2/z1). The re-
gression line has a slope of +0.454 with R2 =0.98. When set equal to −Fc (u∗ k)−1,
we obtain a particle number flux of −2.4×104 m−2 s−1. The negative value indicates10

particle deposition. The particle number concentration decreased towards the surface
also indicating an aerosol sink. Finally, we obtain the particle deposition velocity by
normalizing Fc with the ambient particle number concentration c, vd =−Fc c−1, here
vd =0.38 mm s−1.

To provide clarity to the outlined procedures, we briefly recap what has been done.15

First, the raw temperature and aerosol concentration data measured with the gradient
pole was normalized to create an average data set as a function of height. Second,
a linear method of standard errors was applied to the averaged data for each date to
determine if an observed gradient was significant. Third, the same averaged data was
plotted for each date according to a theoretical flux-profile relationship to extract a slope20

and R2 value from a linear regression. In contrast to the standard error method, the
coefficients of determination, R2, signify how well the data conforms to the logarithmic
model. For the data sets that showed R2 >0.5, the sensible heat flux H(grad) and depo-
sition velocity vd(grad) were calculated, with the subscript “grad” referring to the gradient
pole.25
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5 Results and discussion

5.1 Sensible heat flux estimates

We apply the approach introduced in Sect. 4.4 to all temperature measurements by ob-
taining fits to the data outlined in Table 3. The first four columns summarize the mea-
surement dates, start and sampling times, and average temperatures encountered.5

The next three data columns summarize the slope parameters Fh (u∗ κ)−1, the coeffi-
cients of determination, R2, and the friction velocity, u∗, taken from simultaneous eddy
covariance measurements (Held et al., 2011). Fh and H(grad) were calculated only for

cases when R2 >0.50; thus, the temperature gradient on 30 August was excluded.
Over the lead, the gradients strengthened as autumn freeze-up approached, in-10

dicating the removal of heat from the surface waters and ice. This was especially
pronounced on 1 September, when clear skies brought ambient temperatures rapidly
below −10 ◦C and the measured temperature profile indicated a sensible heat flux of
13.1 W m −2.

Over the snow surface, however, weaker temperature profiles dominated. The15

lead/snow contrast was especially evident during measurements made on 31 August,
first over the frozen lead (31/08a) and then over the snow surface (31/08b). The rather
robust profile over the lead (R2 =0.98) was followed by a close to non-detectable pro-
file over the snow (R2 =0.62). Over the lead, a gradient corresponding to a sensible
heat flux of H =8.9 W m−2 may be expected due to the difference between the aver-20

age air temperature (in this case −4.1 ◦C) and the average temperature of the Arctic
waters of −1.8 ◦C. In contrast, the snow surface covers a two to three meter thick layer
of pack ice, and apart from being far more insulated from the ocean waters, has a
lower thermal conductivity. The air temperature dropped from −4.1 ◦C during the lead
measurements to −5.2 ◦C during the snow surface measurements, while the observed25

profile corresponds with a rather low sensible heat flux of H =0.4 W m−2.
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The heat flux values in this work (gradient pole 0.2 to 13.1 W m−2; eddy covariance
−0.1 to 6.7 W m−2) fall within the range of previous measurements. Several heat flux
measurements have been reported over the Arctic. For example, Persson et al. (2002)
reported an average sensible heat flux between 3 and 4 W m−2 from August to Septem-
ber on ice floes in the Beaufort and Chukchi Seas as part of the SHEBA field exper-5

iment. They also reported 5 W m−2 as the maximum in the average diurnal sensible
heat flux for the month of August. During ASCOS, the sensible heat flux showed large
variability with mean values ranging from −2 to 6 W m−2 (Sedlar et al., 2010).

5.2 Particle number flux estimates

When the approach introduced in Sect. 4.4 is applied to all particle measurements (as10

shown in Table 4), low coefficients of determination R2 indicate that four concentra-
tion gradients (27/08b, 29/08, 31/08a, and 01/09) do not follow the logarithmic model.
Again, this does not imply that the measurements are flawed, but the observed profiles
just cannot be interpreted based on the analysis procedure outlined in Sect. 4. These
gradients are discarded from further analysis. For the remaining dates, the deposition15

velocity vd(grad) was calculated and listed in Table 4. In comparison, the temperature
data in Table 3 is much more complete. This is due in-part to the stability of the tem-
perature data, which has a background at least an order of magnitude less than the
natural fluctuations present in the ambient aerosol concentrations.

In the aerosol concentration profiles, there is one particular measurement date on20

which the data hinges. Before 27 August, the lead was open and not frozen. On
27 August, the lead froze and remained frozen thereafter. We were fortunate to have
observed this transition during a wind shift. The data was divided into two time periods,
27/08a and 27/08b, to represent scenarios before and after freeze-up. The contrasting
results through the period are seen in Table 4, where the fitted concentration data25

over the lead have drastically reduced R2 values after 27/08a. One might speculate
that the formation of ice shut down the particle generation mechanism over the open
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lead, however, the conclusion from just one measurement would be unreliable. Also
important to consider are the lower ambient particle number concentrations (less than
60 cm−3) measured after the transition on 27 August which made surface sinks harder
to detect. In contrast, the detection of weak surface sources would be aided by the low
ambient concentrations but were not observed either.5

For the strongest source profile on 27 August (27/08a), the calculated particle num-
ber flux is Fc =5.68×104 particles m−2 s−1. Converting units this corresponds with a
net emission of approximately 340 particles cm−2 min−1. If we assume a 100 m mixing
depth, a reasonable height for the central Arctic boundary layer (Tjernström, 2005), and
a 15 minute residence time of an air parcel over open water, then the net change in par-10

ticle concentration would be approximately 0.5 particles cm−3 h−1, without considering
sink mechanisms.

If we compare this number to the range of variability in particle number concentra-
tions that were observed, it will give us an idea of how the source might impact the
aerosol population. We estimate from the CPC observations that the particle variability15

ranged from 20 to 100 cm−3 h−1 for ambient particle concentrations between 0.1 and
100 cm−3. Therefore, an aerosol source on the order of 0.5 cm−3 h−1 might only be
observed under stable conditions with low particle concentrations; in most other cases,
it may be considered negligible.

Particle profiles over the snow covered ice surface showed a different behavior. On20

24, 28, and 30 August, the results imply an aerosol sink at the surface. One inconsis-
tent profile occurred on 31 August (31/08b), where the trend was opposite and implied
a weak source. The values of the calculated deposition velocities are in good agree-
ment with previous measurements of particle number fluxes over snow surfaces and
in the Arctic. Duan et al. (1988) report values of vd = 0.34 mm s−1 over snow for par-25

ticles in the size range from 0.15 to 0.3 µm. Bergin et al. (1995) derived deposition
velocities of particulate sulfate ranging from vd =0.23 to 0.62 mm s−1 using surrogate
surfaces and impactor data. Grönlund et al. (2002) found slightly higher transfer veloc-
ities of 0.8 to 18.9 mm s−1 using a condensation particle counter and eddy covariance
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over snow. In the high Arctic, Nilsson and Rannik (2001) report median deposition
velocities vd =0.26 mm s−1 over ice and vd =0.40 to 0.73 mm s−1 towards open leads.
They also observed emission fluxes on the same order of magnitude. During ASCOS,
Held et al. (2011) observed particle deposition values ranging from 0.27 to 0.68 mm s−1

during deposition-dominated periods.5

5.3 Intercomparison with eddy covariance measurements

Finally, the flux estimates calculated from the gradient pole are compared with direct
eddy covariance flux measurements by Held et al. (2011).

The sensible heat fluxes measured directly by eddy covariance (Heddy) during the
deployment of the gradient pole are summarized in Table 3 for comparison against the10

profile data. It appears that the best agreement occurs on 31/08a and 28/08, when the
gradient pole also shows good R2 values. Obviously, the disagreement between Hgrad
and Heddy dominates. It is important to keep in mind that the fluxes are derived indirectly
from the gradient pole data assuming that turbulence is developed. It is interesting to
note that the R2 values for the gradient pole data are fairly good for nearly all profiles15

(with the exception of 30/08), and apart from any fitting, the existence of temperature
gradients is evident in the raw gradient pole data, as shown for example in Fig. 3. It
must be kept in mind that the eddy covariance flux derived from the sonic temperature
fluctuations is not the sensible heat flux but close to the buoyancy flux. However, An-
dreas et al. (2005) demonstrated that for typical polar conditions (low temperature, and20

hence low absolute humidity) the sonic temperature flux is a very good approximation
to the sensible heat flux. It should also be noted that the eddy covariance system was
located approximately 300 m from the gradient pole, and although we designed the ex-
periments in a way that the air trajectories from over the lead or the snow surface were
the same for both systems, it is certain that the actual surface footprint was different25

for the two measurements. This could also be due to the height difference between
the two measurements: the eddy covariance system located at 2.5 m above ground
could reasonably be decoupled from the 1.5 m surface layer in which the gradient pole
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was deployed. Rapid changes in the magnitude and direction of the flux, for example,
could localize the measurements, producing converging and diverging flux profiles with
height. However, turbulence measurements at various heights during ASCOS do not
provide evidence for decoupled layers.

Nevertheless, we also compare the particle deposition velocities, vd(grad) and vd(eddy),5

in Table 4. There are two particle source cases over the lead before freeze-up, and two
sink cases over the snow covered ice surface (24/08 and 28/08) that show good agree-
ment. The low R2 value on 24 August is likely due to the low number of data points
since only two profiles were measured with the gradient pole. For the transitional day
when the lead froze on 27 August, vd(eddy) also indicates a transition in the same direc-10

tion as data collected with the gradient pole. A change in vd(eddy) from −0.44 mm s−1 to

−0.05 mm s−1 is consistent with the shutdown of a particle source at the lead, indicated
by a change in vd(grad) from −1.0 mm s−1 to a situation without any detectable profile.

In order to visualize these results, we construct profiles corresponding with the eddy
covariance data and compare them directly against the profiles measured with the15

gradient pole. In Fig. 8a, we continue with the case shown in Fig. 7a (31/08a). First,
we use the slope calculated from the gradient pole data in Fig. 7a, and extend the
logarithmic curve from the temperature measured at the lowest height. The uncertainty
shown is the standard deviation determined for each data point. As one would expect
for a good R2 value, the reconstructed profile (grey line) passes fairly well through the20

data points. The black curve in Fig. 8a is the profile derived from the eddy covariance
flux measurement extrapolated down to the same reference temperature at surface
level. The error bars indicate the estimated uncertainties in the sensible heat flux,
taken as 20 % in the eddy covariance measurements (Foken, 2008). The constructed
eddy covariance profile is consistent with a sensible heat flux of 6.7 W m−2 which is25

slightly smaller but on the same order as the gradient measurement of 8.9 W m−2, and
within the estimated uncertainties of the flux values.

For the aerosol concentration profiles, we extend the example of 28 August in Fig. 8b
and compare the aerosol profile from the gradient data with the profile consistent
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with the eddy covariance measurements. The uncertainty of the reconstructed pro-
file (grey line) is the standard deviation determined for each data point. The two
profiles seen in Fig. 8b can be considered in reasonable agreement, however with a
large uncertainty. In this case, the deposition velocity from the gradient measurements
vd(grad) =0.38 mm s−1 is compared against vd(eddy) =0.58 mm s−1. The agreement be-5

tween the two curves appears reasonable and just contained within the uncertainty
of the eddy covariance measurement due to particle counting statistics indicated by
the error bars of the black curve. The uncertainty of the deposition velocity ∆vd was
calculated after Fairall (1984) by

∆vd =
σw√
N
, (8)10

where σw is the standard deviation of the vertical wind speed, and N is the total number
of particles counted during the averaging interval of 30 min.

6 Conclusions

A gradient pole was deployed over the Arctic pack ice area at about 87◦ N to mea-
sure temperature and particle number concentration profiles in height steps varying15

from 1–2 cm up to 1.5 m above the surface. Nearby, a sonic anemometer and parti-
cle counter at a height of 2.5 m were used to directly measure the sensible heat and
particle number fluxes by eddy covariance. The results were compared over the snow
covered pack ice, and over the open and frozen lead. In the time period of deployment
(24 August to 2 September), the open lead froze, ambient temperatures dropped, and20

particle number concentrations decreased from around 100 cm−3 to below 10 cm−3.
The sensible heat flux and particle deposition velocity were calculated from the gra-

dient pole data by applying a linear regression to the data assuming it followed a loga-
rithmic profile. The logarithmic behavior of the data was confirmed for all cases where
an obvious trend was seen, as indicated by the R2 values.25
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In nearly all cases, the ambient temperatures measured with the gradient pole in-
creased towards the surface, giving positive heat flux values. The strongest temper-
ature gradients were measured after the open lead froze on 27 August. The corre-
sponding sensible heat fluxes reached maximum values of 8.9 and 13.1 W m−2 over
the lead.5

Before freeze-up, an enhanced number of aerosol particles just above the open
lead surface revealed weak particle emission in two measurements over the open lead
which was confirmed by eddy covariance measurements. No reliable particle number
profiles of any sort were detected over the frozen lead. The snow surfaces behaved
in general as particle sinks with deposition velocities ranging from 0.18 to 1.3 mm s−1

10

by the gradient method, and ranging from 0.28 to 0.58 mm s−1 by eddy covariance.
These findings corroborate the original hypothesis that open leads can act as particle
sources.

An operational shortcoming of the gradient pole as presented in this study lies in
the manual control of heights and timing. Therefore, the data collection can only be15

a snapshot representation of the atmospheric conditions, in contrast to continuous
monitoring with the eddy covariance system. However, its simplicity in construction
and profile acquisition might offer advantages, for example as an alternative to more
expensive and complicated eddy covariance systems. Also, the capability to carry out
measurements very close to the surface is beneficial.20

Although the gradient pole method is an indirect way to calculate the flux, it appeared
to reveal strong gradients even when the eddy covariance data were ambiguous. This
was already observed in the raw data. However, it has to be kept in mind that the
estimated flux values presented in this study rely on the knowledge of u∗ from an inde-
pendent measurement (with a flux footprint different from the gradient pole footprint). A25

reliable estimate of the friction velocity is always required. Without turbulence measure-
ments, u∗ may be parameterized using a wind speed measurement while estimating
the surface roughness. With wind speed measurements at two or more heights, the
friction velocity and the roughness can (in theory) be estimated directly.
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Finally, the gradient pole method may be extended by adding, for example, a fast
scanning mobility particle sizer for size-resolved particle measurements, a humidity
sensor, or aerosol and trace gas analyzers. Further improvements such as an inte-
grated data acquisition system and a fully automated inlet height control will make the
presented setup even more practical in future studies.5
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Table 1. T-test results for adjacent means of the temperature profile on 31 August.

levels N data points difference standard t- probability accept/reject
per level between means error (×10−3) statistic (α=0.05) null hypothesis

1/2 2971/2130 0.173 4.37 39.4 1e-290 reject
2/3 2130/2091 0.116 4.62 29.9 1e-128 reject
3/4 2091/2124 0.094 4.14 22.7 1e-108 reject
4/5 2124/2068 0.065 3.92 16.6 1e-59 reject
5/6 2068/2101 0.049 3.69 13.2 1e-35 reject
6/7 2101/1485 0.031 3.86 7.9 1e-15 reject
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Table 2. T-test results for adjacent means of the aerosol concentration profile on 28 August.

levels N data points difference standard error t- probability accept/reject
per level between means (×10−3) statistic (α=0.05) null hypothesis

1/2 1220/821 −1.0115 0.137 −10.7 1e-26 reject
2/3 821/537 −0.4824 0.164 −4.03 1e-05 reject
3/4 537/939 −0.4063 0.165 −3.52 3e-04 reject
4/5 939/435 −0.0570 0.172 −0.50 0.620 accept
5/6 435/1110 −0.3666 0.169 −3.34 0.001 reject

Average sample time per level=844 s or 14.1 min.
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Table 3. Summary of temperature slope parameters, kinematic sensible heat flux Fh, and
dynamic sensible heat flux H over the lead and snow surfaces; values in parentheses are
discarded due to rejection by standard errors or by low coefficients of determination R2.

date start end avg. Fh (u∗ k)−1 R2 u∗ Fh H(grad) H(eddy)
time time temp

hh:mm hh:mm ◦C K – m s−1 K m s−1 W m−2 W m−2

over lead

26/08 20:58 22:05 −2.1 3.31E-03 0.81 0.13 1.72E-04 0.21 (±0.03) −0.1
27/08a 20:46 21:14 −2.9 9.41E-03 0.92 0.11 4.14E-04 0.51 (±0.18) 0.04
27/08b 21:12 21:34 −1.8 3.62E-02 1.00 0.08 1.16E-03 1.4 (±0.2) −0.04
29/08 15:19 16:10 −2.6 5.19E-02 0.82 0.13 2.70E-03 3.3 (±0.5) −0.7
31/08a 10:51 12:20 −4.1 1.07E-01 0.98 0.17 7.28E-03 8.9 (±1.0) 6.7
01/09 17:02 18:30 −10.7 1.90E-01 0.94 0.141 1.06E-02 13.1 (±1.0) –

over snow

28/08 14:20 15:31 −2.4 1.76E-02 0.94 0.13 9.15E-04 1.1 (±0.07) 0.9
30/08 11:05 13:07 −3.9 (−6.96E-03) 0.26 0.14 – – −0.1
31/08b 13:47 15:45 −5.2 1.21E-02 0.62 0.06 2.90E-04 0.36 (±0.15) 4.6
26/08 20:58 22:05 −2.1 3.31E-03 0.81 0.13 1.72E-04 0.21 (±0.03) −0.1

1u∗ estimated since there was no flux data.
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Table 4. Summary of particle concentration slope parameters, aerosol number flux Fc, and
deposition velocity vd over the lead and snow surfaces; values in parentheses are discarded
due to rejection by standard errors or by low coefficients of determination R2.

date start end avg. Fc (u∗ k)−1 R2 u∗ Fc vd (grad) vd (eddy)
time time conc.

hh:mm hh:mm cm−3 cm−3 – m s−1 m−2 s−1 mm s−1 mm s−1

over lead

26/08 20:58 22:05 71.2 1.07E-01 0.62 0.13 5.56E03 −0.08 (±0.01) −0.09 (±0.1)
27/08a 20:46 21:14 55.3 1.29E+00 0.79 0.11 5.68E04 −1.0 (±0.1) −0.44(±0.1)
27/08b 21:12 21:34 42.5 (2.35E-02) 0.01 0.08 – – −0.05 (±0.1)
29/08 15:19 16:10 56.7 (−4.76E-02) 0.16 0.13 – – 0.0 (±0.1)
31/08a 10:51 12:20 8.6 (1.90E-03) 0.01 0.17 – – 0.35 (±0.6)
01/09 17:02 18:30 7.9 (−6.50E-03) 0.14 0.141 – – –

over snow

24/08 14:23 14:41 72.4 −9.74E-01 0.77 0.24 −9.35E04 1.3 (±0.2) –
28/08 14:20 15:31 61.9 −4.54E-01 0.98 0.13 −2.36E04 0.38 (±0.06) 0.58 (±0.2)
30/08 11:05 13:07 22.3 −7.12E-02 0.75 0.14 −3.99E03 0.18 (±0.03) −8.02 (±0.2)
31/08b 13:47 15:45 8.51 4.73E-02 0.73 0.06 1.14E03 −0.13 (±0.02) 0.28 (±0.4)

1u∗ estimated since there was no flux data.
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Fig. 1. Schematic of the gradient pole to measure particle number concentration and temper-
ature profiles above snow and water surfaces. The pole is lifted up and down on the user side
so that the inlet can return to various fixed heights above the surface.
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Fig. 2. Temperature data acquired with the gradient pole on 31 August over the frozen lead:
(a) measurement height [cm], (b) temperature [◦C], (c) normalized temperature [K].
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Fig. 3. Significance of temperature gradient in profile data: (a) Individual data points of nor-
malized temperature, (b) normalized temperature averaged at each height with the standard
deviations as the error bars, and (c) the difference between adjacent means from left to right
with± twice the standard errors as the error bars.
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Fig. 4. Particle concentration data acquired with the gradient pole on 28 August over the snow
surface: (a) measurement height [cm], (b) particle concentration [cm−3], (c) normalized particle
concentration [cm−3]. A total of 7 scans began at 14:20 (initial data not shown), with an average
sampling time per height level=20 s. Average data points per height level=1200.
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Fig. 5. Significance of particle number gradient in profile data: (a) individual data points of nor-
malized particle number concentration, (b) normalized particle number concentration averaged
at each height with the standard deviations as the error bars, and (c) the difference between
adjacent means from left to right with± twice the standard errors as the error bars.
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Fig. 6. Probability density function of the stability parameter z/L, based on the whole ASCOS
measurement period near the lead.
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Fig. 7. Estimation of (a) the sensible heat flux Fh on 31 August and (b) the particle number flux
Fc on 28 August from a linear regression of the temperature and particle concentration profiles
according to Eqs. (6) and (7), respectively.
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Fig. 8. Intercomparison of profiles fitted to the gradient pole data (grey) and profiles consistent
with the simultaneous eddy covariance flux measurement (black). (a) Temperature profiles on
31 August, and (b) particle concentration profiles on 28 August.
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