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The difference in the climatological seasonal variation of the net precip-
itation (precipitation minus evaporation) between the Arctic and the Antarc-
tic was evaluated using ECMWF reanalysis data. Evaluated for simplified
polar caps (the regions poleward of 70°N and 67.5°S), over the Arctic, the
net precipitation is large in the boreal summer, while, over the Antarctic,
it is large in the austral winter. The net precipitation depends strongly on
the poleward transient moisture flux into the region, which is affected by both
the meridional moisture gradient and eddy activity. Thus, the seasonal vari-
ation of the poleward transient moisture flux is determined by the relative
amplitude of the moisture and eddy factors, that is, by the ratio of the am-
plitude of the seasonal variation to the annual mean. While both regions have
similar relative amplitudes of the eddy factor, the moisture factor in the Arc-
tic is much larger than in the Antarctic. The moisture factor explains the

difference in the seasonal variation of the net precipitation.
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1. Introduction

The Arctic and Antarctic are regions of moisture flux convergence. In the Arctic, mois-
ture transport plays an important role in producing fresh water resources. For example,
Oshima and Yamazaki [2004] estimated that one-third of the fresh water that enters the
Arctic Ocean comes from the atmosphere and two-thirds from river runoff. The net input
of water from the atmosphere to the surface, also called net precipitation, is the difference
between precipitation and evaporation, that is, P — E. Furthermore, moisture transport
directly or indirectly affects the snow, sea ice, and ice sheet over both the Arctic and
Antarctic regions and is, thus, related to climate change. Therefore, in polar regions,
atmospheric moisture transport is a critical element for determining the water balance
and the climate.

The distribution of the poleward moisture flux across 70°N was investigated by Serreze
et al. [1995] and Serreze and Barry [2000], using rawinsonde data. These studies discussed
the distribution of poleward moisture flux across 70°N. It is equivalent to the discussion
on the net precipitation, since the net precipitation over the region poleward of a given
latitude is approximately corresponded to the zonal mean poleward moisture flux at that
latitude for a long period of time, such as the annual mean. This poleward flux corresponds
to net precipitation for the region poleward from 70°N (hereafter called the polar cap
region). It is shown that the net precipitation is large during boreal summer over the
Arctic. This is reasonable because the precipitable water during the warm season is much

larger than during the cold season. Similar seasonal variation was shown by Bromwich
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et al. [2000] using objective analysis data, and Groves and Francis [2002] using satellite
data.

On the other hand, over the Antarctic, Yamazaki [1992, 1994] found that net precip-
itation is large during the austral winter, that is, during the cold season. The author
suggested that this was due to enhanced cyclone activity in winter. Bromwich et al.
[1995] and Cullather et al. [1998] also noted the same seasonal variation. However, the
mechanism of this seasonal variation has not yet been quantitatively explained.

In this paper, we sought to explain the difference in the seasonal variation of the net
precipitation between the Arctic and Antarctic regions by decomposing the transient
moisture flux into the contributions due to the moisture effect and eddy effect.

Section 2 describes the data and analysis methods. Section 3 presents an evaluation of
the moisture and eddy activity effects for the seasonal variation of the net precipitation.

Section 4 summarizes the main conclusions of this paper.

2. Data and analysis methods

The ECMWEF (European Centre for Medium-range Weather Forecasts) 40-year Re-
Analysis (ERA40) dataset is used in this study. The temporal resolution is fourth-daily
(6-hourly), and the horizontal resolutions are 2.5° in latitude and longitude. Bromuwich
and Fogt [2004] compared the ERA40, NCEP/NCAR (National Centers for Environmen-
tal Prediction and National Center for Atmospheric Research) and station observation
data for the Southern Hemisphere and showed that the presatellite era data had many
shortcomings. Therefore, only the ERA40 data from the last 23 years (1979-2001), which

assimilated satellite data, was used.
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In this study, the moisture flux, (gv), is defined as the vertical integral of moisture
flux, qv, where ¢ is the specific humidity, and v is the wind vector. The angle brackets
indicate vertical integration. The monthly mean total moisture flux can be divided into

the stationary flux and transient flux as follows:

({@v) = (@v) + (qrv1), (1)

where the overbars represent a time average, calculated using the monthly average in this
study, and the primes represent the deviation from the monthly average. The total flux
is calculated from the monthly mean of 6-hourly flux and the stationary flux is calculated
from the monthly mean fields of wind, moisture and surface pressure. The transient flux is
obtained by subtracting the stationary flux from the total flux. Net precipitation, P — F,
is estimated by the atmospheric moisture budget equation (OPW /ot = =V -{(qv)+ FE — P,

where, PW is precipitable water).

3. Results

3.1. Dominance of transient moisture flux

Figure 1 shows the climatological seasonal variations of the net precipitation, P — FE,
the moisture flux convergence and the transient moisture flux convergence in the polar
regions. For the Antarctic, 67.5°S was chosen instead of 70°S, since the 70°S line crosses
the East Antarctic continent. The annual mean net precipitation is 188 mm/year over
the northern polar cap region, and 165 mm/year over the southern polar cap region,
respectively. The seasonal variations in net precipitation over the Arctic and Antarctic
are inversely related. The net precipitation is very closely related to the moisture flux

convergence, which can be simply evaluated only by the zonal mean meridional flux at the
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latitude surrounding polar cap. The differences between net precipitation and moisture
flux convergence in spring and fall are related to changes in atmospheric water vapor
storage. The total moisture flux convergence depends strongly on the poleward transient
moisture flux (TMF) into the region, that is, (gu) ~ (g/v7). Therefore, the main difference
between the Arctic and Antarctic regions in the seasonal variation of the net precipitation

comes from the difference in the TMF.

3.2. Parameterization of the transient moisture flux

Since the TMF is moisture transport by transient eddies from the humid lower latitudes
to the drier higher latitudes, the magnitude of the flux is related to a meridional gradient
of moisture content and to eddy activity. We assumed that the TMF is approximated
by a product of moisture gradient and eddy activity. Since atmospheric moisture is
relatively abundant in the lower troposphere and the moisture flux peaks around 850hPa
le.g., Serreze et al., 1995, Slonaker and Van Woert, 1999], 850 hPa was chosen as a
representative level. Thus, the moisture factor was defined as a zonal mean meridional
gradient of specific humidity, [0g/0y], at 850hPa, and the eddy factor as a zonal mean
standard deviation of the meridional wind, \/[v/?], at 850hPa.

Figure 2 shows the scatter diagram of the TMF and the product of the two factors for
both polar regions and for each month of the years that were studied. The magnitude of
the TMF and the product of the magnitude of moisture factor and eddy factor have a

strong correlation (R=0.78) for both regions and all months. Therefore, the relationship

between TMF, |[(g7v7)]|, moisture factor, |[07/dy]|, and eddy factor, \/[v/?] is expressed
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as follows:

x +/[v?], (2)

_ Jq
hl| ~ 1.13 || =—
(@) Hay]
where the square brackets denote the zonal mean.

3.3. Seasonal variation of the transient moisture flux

Figure 3 shows the seasonal variation of the moisture factor (green line with crosses)
and the eddy factor (blue line with crosses). For both polar regions, the moisture factors
are strongest during the summer, and the eddy factors are strongest during the winter.
Although the moisture factor in the Antarctic shows very little seasonal variation, that in
summer is slightly stronger than that in winter. The seasonal variations of the moisture
factor and the eddy factor can be fitted using cosine curves (lines with open circles). Sine
curves that express spring-fall contrasts are not included because we focus on summer-
winter constants. From equation 2, the relation of the cosine approximation can be

expressed for the seasonal variation as follows:

) ~ 133 | 51 o
~ (ag — aj cost)(by + by cost)
1(1,161 bl ay 1aflbl
= agbofl — 20 (2L D) o - 2T ooy
aobo{ 3 ab + <b0 ao) cos 3 20bs cos 2t }, (3)

where, ag is the annual average value for the moisture factor, |[0g/0y]|, a1 is the amplitude
of the seasonal variation of the moisture factor. Similarly, by and b, are those for the eddy
factor, \/ﬁ . All the coefficients (ag, a1, bg, b1) are positive. The initial time, ¢t = 0, is
set to January. a; and b; are determined from the coefficient of wave number one in the

Fourier expansion. In both polar regions, the moisture factor has a peak in the summer,



X-8 OSHIMA AND YAMAZAKI: SEASONAL VARIATION OF NET PRECIPITATION

while the eddy factor has a peak in the winter. The sign of (by/by — a1/ay) determines
whether the peak of the TMF appears in summer or winter.

Table 1 shows the coefficients of each term. In the Arctic region, the relative amplitude
of the moisture factor, (a;/ag), is much lager than that of the eddy factor, (by/by). Thus,
(b1 /by — a1/ap) has a large negative value of -0.61, and the seasonal variation shows a
summer maximum. On the other hand, in the Antarctic region, (b;/by — ai/ag) has a
small positive value of +0.10, and the seasonal variation of the TMF shows a winter
maximum. In both the Arctic and Antarctic, the relative amplitudes of the eddy factor
have similar values (0.16 and 0.17), while the moisture factor in the Arctic (0.77) is much
larger than in the Antarctic (0.06).

The observed and approximated seasonal variations of the TMF, moisture factor, and
eddy factor are shown in Figure 3 (a: Arctic, b: Antarctic). Although the agreement is not
perfect, the difference in the seasonal variation of TMF, i.e., net precipitation, between
the Arctic and Antarctic regions can be understood with this simple explanation. One
month phase shift of the TMF in the Arctic and the semi-annual variation in the Antarctic
are not well produced by this approximation. However, as far as the winter-to-summer

variation is concerned, it is captured by this simple approximation.

4. Summary and Discussion

Using the ERA40 dataset, the difference in the climatological seasonal variation of the
net precipitation between the Arctic and the Antarctic was evaluated.

For both the Arctic and Antarctic, the total column water vapor, PW  peaks in summer.

As expected, over the Arctic, the net precipitation is large in the boreal summer. On the



OSHIMA AND YAMAZAKI: SEASONAL VARIATION OF NET PRECIPITATION X-9

other hand, over the Antarctic, the net precipitation is large in the austral winter. In
both polar regions, the transient moisture flux (TMF) greatly contributes to the net
precipitation. The seasonal variation of the net precipitation over these regions is mainly
explained by the effect of poleward TMF.

The poleward TMF in both regions can be parameterized as a product of the meridional
moisture gradient, which is the moisture factor, and the standard deviation of meridional
wind, which is the eddy factor, at 850 hPa. Seasonal variations in the poleward TMF
are obtained from the seasonal variations of these factors. In general, the moisture effect
peaks in the summer, while the eddy effect peaks in the winter. It can be shown that
the seasonal variation in the TMF is determined by the relative amplitude (ratio of the
seasonal variation to the mean) of the moisture and eddy factors. While the relative
amplitude of the eddy factor in both polar regions is comparable, the relative amplitude
of the moisture factor in the Arctic is much larger than in the Antarctic. Therefore, the
relative amplitude of the moisture factor is a key parameter that explains the difference
between the two polar regions. It should be noted that the Arctic is surrounded by land,
while the Antarctic is surrounded by ocean. This contributes to the difference seen in the
seasonal variation of the meridional temperature gradient and the relative amplitude of
the moisture factor in the polar regions.

Note that the net precipitation over the Arctic Ocean also shows a summer maximum,
but over the northern high latitude land areas it shows a summer minimum, due to the
high evapotranspiration rates over the land [Serreze et al., 2003]. The large moisture

contrast between the Arctic Ocean and the surrounding land regions enhances poleward
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transient moisture flux in summer, which contributes to the summer maximum in net
precipitation over the Arctic Ocean. The poleward moisture fluxes from the Pacific and
the Atlantic Oceans are also enhanced in summer, especially in the stationary components
[Oshima, 2005]. Both fluxes from oceans and lands contribute to the summer maximum
in net precipitation over the northern polar cap.

In this study, the seasonal variation of net precipitation is discussed in terms of transient
moisture flux. But the contributions of other components have to be considered for more
detailed study. In the Arctic, the maximum in net precipitation appears in August and is
delayed for about one month from the peak of TMF convergence or total flux convergence.
The reason of this delay is that the poleward moisture flux into the Arctic region is used
to increase PW over the region in the warming season (spring) and the decrease in PW
affects the net precipitation in the cooling season (fall). In the Antarctic, about one-third
of the amplitude of net precipitation depends on the stationary flux convergence. The
seasonal variation of stationary moisture flux convergence has an austral winter maximum.
This is caused by the winter intensification and southern shift of the stationary low over
the Ross Sea. Therefore, it is need to calculate the changing rate of PW in the Arctic
and the stationary flux convergence in the Antarctic for the quantitative estimation of

monthly net precipitation.
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Table 1. Coefficients of equation (3). ag is the annual average of the moisture factor,
[[0G/0y]|. a; is its amplitude of the seasonal variation. by is the annual average of the
eddy factor, \/[v/2]. ai/ao and by /by are the relative amplitudes of the moisture factor

and the eddy factor.

Arctic, 70°N | Antarctic, 67.5°S
ao 0.89 1.11
a 0.68 0.07
bo 5.66 6.39
by 0.91 1.07
ap * by 5.01 7.07
ay/ag 0.77 0.06
b1 /b 0.16 0.17
b1 /bg — aj/ag -0.61 0.10
(a1 * by)/(ao * bo) 0.12 0.01
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Figure 1. Seasonal variation of the net precipitation, P — E, over the polar cap regions
(the regions poleward of 70°N and 67.5°S). The upper figure shows the net precipitation
over the Arctic, while the lower figure shows the net precipitation over the Antarctic.
Thin solid lines with open circles indicate the net precipitations over the polar cap regions.
Thick lines denote the total moisture flux convergences, while the dashed lines denote the
transient moisture flux convergences. The abscissas represent the month. Note that the
abscissas have been shifted by 6 months between the two figures. Two annual cycles are

repeated.
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Figure 2. Scatter diagram of the TMF, |[(¢g/v/)]|, as a function of the product of the

moisture factor, |[0g/0y]|, and the eddy factor, [W}, for both polar regions and all of
the months. The colors and marks indicate the 4 seasons and the latitudes, which are

denoted in the figure. The black solid line is the linear regression.
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Figure 3. Seasonal variations of the zonal mean transient moisture flux (TMF), (a) at
70°N and, (b) at 67.5°S, estimated from the harmonic approximation. The red line with
crosses and with open circles indicate the observed and approximated values of TMF,
|[(g/v7)]|. Same as |[(g/v7)]|, the green and blue lines show moisture factor, |[0g/dy|| and

eddy factor, [W}, respectively.



