1 MARcH 2000

CULLATHERET AL.

The Atmospheric Hydrologic Cycle over the Arctic Basin from Reanalyses.

Part |: Comparison with Observations and Previous Studies*

RICHARD |. CULLATHERT AND DAVID H. BRoMwicH#
Polar Meteorology Group, Byrd Polar Research Center, The Ohio State University, Columbus, Ohio

MARK C. SERREZE

Cooperative Institute for Research in Environmental Sciences, Division of Cryospheric and Polar Processes,
University of Colorado, Boulder, Colorado

(Manuscript received 10 July 1998, in final form 14 May 1999)

ABSTRACT

The atmospheric moisture budget is evaluated for the region 70°N to the North Pole using reanalysis datasets
of the European Centre for Medium-Range Weather Forecasts (ECMWF; ERA: ECMWF Re-Analysis) and the
collaborative effort of the National Centers for Environmental Prediction (NCEP) and the National Center for
Atmospheric Research (NCAR). For the forecast fields of the reanalyses, the ERA annually averaged P — E
(precipitation minus evaporation/sublimation) field reproduces the major features of the basin perimeter as they
are known, while the NCEP-NCAR reanalysis forecast fields contain a spurious wave pattern in both P and E.
Comparisons between gauge data from Soviet drift camp stations and forecast P values of the reanalyses show
reasonable agreement given the difficulties (i.e., gauge accuracy, translating location). When averaged for 70°—
90°N, the ERA and NCEP-NCAR forecast P — E are similar in the annual cycle. Average reanalysis forecast
values of E for the north polar cap are found to be 40% or more too large based on comparisons using surface
latent heat flux climatologies.

Differences between a synthesized average moisture flux across 70°N from rawinsonde data of the Historical
Arctic Rawinsonde Archive (HARA) and the reanalysis data occur in the presence of rawinsonde network
problems. It is concluded that critical deficiencies exist in the rawinsonde depiction of the summertime meridional
moisture transport. However, it remains to be seen whether the rawinsonde estimate can be rectified with a
different method. For 70°-90°N, annual moisture convergence (P — E) values from the ERA and NCEP-NCAR
are very similar; for both reanalyses, annual P — E values obtained from forecast fields are much lower than
those obtained from moisture flux convergence by about 60%, indicating severe nonclosure of the atmospheric
moisture budget. The nonclosure primarily results from anomalously large forecast E values. In comparison with
other studies, reanalyses moisture convergence values are much more reasonable. A synthesis of the reanalysis
moisture convergence values and more recent studies yields a value of 18.9 = 2.3 cm yr~* for the north polar
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cap.

1. Introduction

A quantitative depiction of the atmospheric hydro-
logic cycle over the Arctic basin has significant rele-
vance to a variety of weather- and climate-related in-
vestigations. Reliable water vapor distributions are nec-
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essary for the accurate retrieval of surface parameters
over the ice pack from satellites (e.g., Rossow et al.
1989; Key and Haefliger 1992) and for the validation
of general circulation models (Randall et al. 1998).
Moreover, precipitation over the Arctic basin is a pri-
mary input to the hydrologic budget. The variability in
this supply of freshwater has the potential for affecting
the stability of the Arctic halocline, with broader im-
plications for oceanic circulation at lower latitudes.
North Atlantic conditions are intimately related to the
Arctic via ice and freshwater discharges through the
Fram Strait (Mysak et al. 1990). Paleoclimate and
oceanographic research over the last few decades has
suggested that the stability of the North Atlantic ther-
mohaline circulation has a significant impact on the cli-
mate system (Broecker 1997). The paleoclimate record
and its implication of the North Atlantic as a center for
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climate change underscore the importance of under-
standing the freshwater budget and its variability for the
contemporary Arctic.

In the Arctic, the presence of afloating ice field cre-
ates difficult conditions for obtaining reliable precipi-
tation depictions. Observational estimates of precipi-
tation data are also hindered by the difficulty of ob-
taining accurate estimates of solid precipitation rates.
Gauge-based measurements of precipitation rates are
subject to biases imposed by wind turbulence over the
gauge orifice, and because of the introduction of blow-
ing snow from snow fields surrounding the measurement
sites (Woo et al. 1983). Although efforts have been made
to computationally address wind-induced biases, data
postprocessing cannot address the meager number of
long-term observational points in the historical record
for polar regions. This presents a severe limitation to
synthesizing a useful spatial depiction of precipitation
(Bromwich et al. 1998a). These limitations have led to
the exploration of atmospheric methods including re-
analyses. Reanalyses are numerical depictions of the
atmosphere that incorporate all available observations,
including satellite data, using a ‘‘frozen” data assimi-
lation system.

In this study, the atmospheric moisture budget for the
Arctic basin and surrounding land areas north of 70°N
is derived from reanalysis products of the European
Centre for Medium-Range Weather Forecasts
(ECMWEF) and the collaborative effort of the National
Centers for Environmental Prediction (NCEP) and the
National Center for Atmospheric Research (NCAR). Ra-
winsonde, in situ gauge measurements, and observa-
tional estimates from previous studies are used for quan-
titative evaluation of the reanalysis data. The paper is
organized in afashion similar to previous global studies
(e.g., Trenberth and Guillemot 1996b, 1998; Rasmusson
and Mo 1996) by separately examining 1) the forecast
precipitation (P) and evaporation/sublimation (E) fields,
and 2) P — E computed from analyzed wind, moisture,
and surface pressure fields. The closure between the
forecast variables and computed P — E is then evalu-
ated. By primarily focusing on the closure and discrep-
ancies with previous observation, the veracity of the
reanalysis datasets in high northern latitudes may be
readily assessed. Some significant issuesto be addressed
are as follows.

e How well do the two reanalysis datasets agree with
each other?

e How does P — E computed from analyzed variables
compare to the forecast fields?

 Are the reanalyses in agreement with previous ob-
servations? Are the causes of discrepancies apparent?

An important aspect of the third question is the com-
parison with results presented by Serrezeet al. (1995a,b)
using the Historical Arctic Rawinsonde Archive
(HARA) of the National Snow and |ce Data Center (Ser-
reze et al. 1992). The HARA record is an extensive
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dataset of available soundings north of 65°N. For ref-
erence, Fig. 1 shows the rawinsonde network distribu-
tion used by Serreze et a. (1995a,b) for computing
moisture transports across 70°N, along with significant
geographical features. Aside from variouslong-termcli-
mate atlases and satellite-derived precipitable water es-
timates, the rawinsonde network is the only source of
observational data for the atmospheric hydrologic cycle
over the north polar cap. Thus, it is necessary to identify
and understand any disagreements with the rawinsonde-
based estimates in order to have confidence in the re-
analysis data.

2. Datasets and calculations

The concept of reanalysis has been described by Tren-
berth (1995) and Kalnay et al. (1996). Reanalyses rep-
resent an effort to remove the spurious trends found in
archived operational analyses that are associated with
evolving data assimilation techniques. The remaining
temporal variability is then either real or the result of
changesto the observational network. The ECMWF Re-
Analysis (ERA) is described by Gibson et al. (1997).
The ERA is produced four times daily using a spectral
numerical weather prediction (NWP) model at T106
horizontal resolution with 31 hybrid levels in the ver-
tical. The NCEP-NCAR reanalysisisalso produced four
times daily, at T62 horizontal resolution and 28 o levels
in the vertical. For this study, the ERA basic dataset
and the NCEP-NCAR reanalyses were obtained from
NCAR at 2.5° X 2.5° resolution at near-surface and
standard pressure levels for the years 1979-93. Al-
though this limits the resolution obtainable for the mois-
ture flux convergence field, there are practical consid-
erations associated with using reanalysis data. In an un-
compressed, binary form, the size of the ERA 2.5° X
2.5°, standard pressure level data, and related fields is
approximately 165 gigabytes.

As part of both reanalysis datasets, a series of short-
term forecasts has been performed using each analysis
center's NWP model, which has been initialized using
reanalysis fields. This provides supplementary fields,
including P and E, that are not directly observed or
analyzed. These fields are more dependent on the phys-
ics of the NWP model utilized, however.

The computations described in this section are similar
to those employed in Cullather et al. (1998); however,
the software package of Adams and Swarztrauber
(1997) is used to compute the atmospheric moisture
convergence fields at T21 resolution. This eliminates
the need for ad hoc finite difference schemes on the
surface of the sphere. The surface moisture balance P
— E may be obtained by directly computing the at-
mospheric moisture budget from the analyzed variables.
This is done using

oW

P-E=-""-V-Q (1)
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Fic. 1. Map of the Arctic basin. Solid and dashed lines indicate the average Jan and Jul
extent of sea ice, as defined by the —1.8°C surface temperature contour from the ERA.
Rawinsonde stations used for computing the meridional atmospheric moisture transport across
70°N after Serreze et al. (1995a) are shown as open circles.

where W is precipitable water and Q is the atmospheric
moisture transport, defined as
Psic

1
Q_QLW

where g is the gravity constant, P, is surface pressure,
g is specific humidity, and V is the horizontal wind
vector. The variable P, is the highest level of the at-
mosphere, which is not zero in the analyses. For annual
timescales, the first right-hand side term, referred to as
the storage term, is considered negligible. Equation (1)
may be computed at each point of a dataset to produce
afield of P — E. In addition to theresidual term obtained
from the moisture budget, the flux itself is of interest
because it contains information on the atmospheric cir-
culation patterns that result in the distribution of P —
E. The dominant features of these transport patterns
have been referred to as atmospheric “rivers’ (Newell
and Zhu 1994; Trenberth and Guillemot 1996a).
When the forecast P and E fields are commensurate
with the right-hand side of Eqg. (1) computed from anal-
ysis values, the dataset is said to be in “hydrologic
balance.” It is important to recognize the temporal dif-
ferences between the two methods, however. The fore-

qV dp, 2

cast fields are accumulated over some period of each
forecast, while the atmospheric moisture budget is com-
puted for a specified instant in time. The ERA forecast
fields contained in the NCAR archive are obtained from
the 12—24-h period of each forecast, while the NCEP-
NCAR reanalysis utilizes the 0—6-h forecast. Thus for
the ERA forecast fields, an estimate of P — E for one
day is determined from two 12-24-h forecasts. For
NCEP-NCAR reanalyses, aone-day estimate of forecast
P — E is determined from four 0—6-h forecasts. For
both datasets, P — E computed via the atmospheric
moisture budget is discretely sampled four times daily.
To mitigate these temporal sampling effects, one typi-
cally averages the fields in space and time in order to
evaluate the hydrologic balance of a dataset. Although
it may not be sufficient for particular regions associated
with unique phenomena, it istypically assumed that four
times daily is sufficient to capture the major hydrologic
features on climatic timescales such that Eq. (1) is ex-
pected to be satisfied (Trenberth and Guillemot 1996b,
1998). Hereafter, the expression ““computed P — E” is
used to refer to fields computed from analyzed wind,
moisture, and surface pressure fieldsusing Eqg. (1), while
“forecast P — E" refers to the reanalysis forecast var-
iables.
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Reanalysis data represent months or even years of
computer processing time, and oversights would appear
to be inevitable. For the NCEP-NCAR reanalysis in
high northern latitudes, the relevant difficultiesthat have
been identified are that the analyses were not produced
using interannually varying snow cover for the period
197494 (E. Kanay 1997, personal communication)
and that the NWP model’s horizontal diffusion param-
eterization is oversimplified. An additional comment on
this latter point is given below. Difficulties in the pro-
duction of the ERA are discussed by Kallberg (1997)
and include a surface temperature cold bias in northern
boreal forests during winter and springtime. The latent
heat of freezing in ERA convection was also found to
be erroneously set to zero. Globally, several studieshave
evaluated the atmospheric hydrologic cycle from re-
analysis data (Stendel and Arpe 1997; Trenberth and
Guillemot 1996b, 1998). These studies indicate differ-
ences with assembled global climatologies as well as
demonstrate hydrologic imbalance in reanalysis data.
The studies highlight the challenges of producing re-
alistic global depictions of atmospheric moisture vari-
ables.

Several recent studies have investigated the perfor-
mance of the reanalyses forecast P and E fieldsin polar
regions. In particular, Serreze and Hurst (2000) have
comprehensively examined the NCEP-NCAR and ERA
forecast P in comparison to an improved gauge-based
climatology. Both reanalyses were found to underesti-
mate annual values over the Atlantic side of the Arctic.
The most significant problem found was a tendency to
produce too much convective precipitation over land
areas in the NCEP-NCAR forecasts. Serreze and Mas-
lanik (1997) have also examined the NCEP-NCAR
forecast precipitation fields over the Arctic for the pe-
riod 1986-93. For the NCEP-NCAR forecast fields,
there is the provocative high-latitude spurious wave pat-
tern that results from an overly simplified NWP model
diffusion parameterization on constant pressure surfaces
(W. Ebisuzaki 1996, personal communication). Serreze
and Maslanik (1997) compensated for this by applying
a Cressman filter to smooth the fields. The resulting
fields were found to have a reasonable spatial distri-
bution in comparison to available climatologies, with
significant differences in seasonality over the central
Arctic basin. For the forecast fields, the discussion pre-
sented below is constrained to an overview of the pre-
viously reported results and an emphasis on results not
presented elsewhere. An overview of NCEP-NCAR
forecast spatial patterns is useful for comparison with
the ERA. Additionally, the computed P — E fields pre-
sented here provide additional context for evaluating
the forecast fields.

3. Forecast P, E, and P — E

For the central Arctic basin, the long-term average
fields of forecast P — E have been computed from the
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two reanalysis datasets for the period 1979-93 and have
been evaluated using the climate atlases of Gorshkov
(1983) and Khrol (19964). In comparing the reanalysis
depictions to the atlases, the evaluation is based on the
positioning of the prominent features that are generally
located along the perimeter of the basin. Quantitative
comparison is more difficult because of the limited num-
ber of contours shown in the atlases;, however, some
area averages of the atlas data are available for 70°—
90°N.

The average spatial distributions of forecast P — E
from the two reanalyses are shown in Fig. 2. In contrast
to lower latitudes, where E has been found to be er-
roneously greater than P over land surfaces (Stendel
and Arpe 1997), the ERA forecast P — E distribution
is more plausible over the north polar cap and is qual-
itatively similar to the synthesized climatologies. The
average spatial distribution is dominated by low values
of between 10 and 20 cm yr—* over most of the central
ice pack region with concentrated regions of larger val-
ues in the North Atlantic and the Pacific coast of North
America

A concentrated area of maximum values in the ERA
occurs along the southeastern coast of Greenland, with
an additional precipitation belt along the west coast. The
reanalysis precipitation distributions over Greenland
have been reviewed by Bromwich et al. (1998a). Al-
though the interior plateau appears to be too dry—Iess
than 10 cm yr~—* versus approximately 24 cm yr—* ob-
served at Summit (e.g., Bolzan and Strobel 1994)—the
overall spatial distribution for Greenland is in reason-
able agreement with glaciological syntheses, such asthat
constructed by Ohmura and Reeh (1991).

Maximum values for the ERA average P — E field
are also present along the Norwegian coast. A large area
of E greater than P extends offshore in the Norwegian
and Barents Seas between Scandinaviaand Svalbard, in
agreement with the Gorshkov atlas (Gorshkov 1983).
This results from the large values of E extending north
from the Atlantic Ocean. The largest values of P — E,
greater than 220 cm yr—*, occur along the Gulf of Alaska
coast. A comparison of annual cycles for various lo-
cations in the Arctic from the ERA shows a general
progression from summer minima in the North Atlantic
toward early spring minima in the Canadian northern
territories and Siberia. Thisis in qualitative agreement
with Gorshkov (1983).

To better understand the P — E distribution in the
Norwegian Sea, Fig. 3 shows the average spatial dis-
tribution of E from the ERA, which is dominated by
larger values in the North Atlantic. The spatial distri-
bution of forecast E over the north polar cap shows the
Atlantic sector as the only region where values exceed
30 cm yr-t. ERA values of E exceed 80 cm yr—* in
selected |locations of the Norwegian Sea. Thisisactually
smaller than values shown by Gorshkov (1983), which
have contours of 100 cm yr—* for small regions. The
average spatial patterns of the ERA and Gorshkov are
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Fic. 2. Spatial distribution of forecast P — E from (a) ERA and (b) NCEP-NCAR, averaged for 1979-93. The contour interval is 15 cm
yr-i,

very similar, however, and it is difficult to determine
the differences in the average value over large areas.
In contrast to the ERA, the distribution of the NCEP-
NCAR P — E field (Fig. 2b) is a significantly busier
field, owing to the spurious wave pattern. In addition
to P, the forecast E values also contain the spurious
wave pattern; however, the wave pattern for the two
variables is offset such that large positive values are

Fic. 3. Spatia distribution of annually averaged forecast E from
the ERA over the Arctic basin for 1979-93. The contour interval is
15 cmyr-t

found in close proximity to locations where E is greater
than P. This pattern is particularly evident over Siberia.
NCEP has attempted to address the problem via the
development of a postprocessing algorithm, but for P
only (B. Kistler and M. Iredell 1996, personal com-
munication). The correction identifies the bull’s-eyes as
spurious moisture sources and removes them in com-
parison to a diffusion-corrected moisture amount, sub-
ject to atemperature threshold. Specifically, the projec-
tion of precipitation on an adjusted moisture source val-
ue is computed and removed from the precipitation rate.
Moisture source is adjusted based on temperature such
that it is set to zero when 2-m temperature is above
10°C, used fractionally when 2-m temperature is be-
tween below 0°C and 10°C, and the full value used for
temperatures below 0°C. The corrected NCEP P has
been examined over Greenland by Bromwich et al.
(19984), and the average spatial distribution for the Arc-
tic basin is shown in Fig. 4. It is apparent from ex-
amination of the corrected field over Greenland that the
problem is with the distribution, rather than the amount
of atmospheric moisture. The corrected precipitation
field, although an improvement in the spatial distribu-
tion, is overly dry in comparison to the original field
and the ERA north of 70°N. This leads to a contrast
between northern and southern Greenland that is greater
than found in synthesized climatologies. Additionaly,
over central Greenland the temperature threshold of the
correction does not alow for the complete removal of
the spurious maximum that extends over the relatively
colder regions of the high plateau. For other locations
in the Arctic basin, the corrected spatial distribution is
found to be an obvious improvement over the original
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field, although significant differences exist in compar-
ison to the ERA and the climatological atlases. Values
are generally smaller for the corrected NCEP over the
central Arctic basin than for the ERA; average values
of less than 15 cm yr=* occur over a large area of the
central Arctic for the corrected NCER, while ERA values
of P are greater than 20 cm yr-* over most of the Arctic
Ocean. Both the Gorshkov and Khrol atlases indicate
an intermediate solution, with the 15 cm yr—* contour
confined to within the Canadian basin. Significantly, the
corrected NCEP field shows smaller precipitation values
for Norway, in contrast to the ERA and both atlases,
which show values greater than 100 cm yr—* along the
western Scandinavian coast. There is also an additional
bull’s-eye minimum for the corrected NCEP data in the
Denmark Strait that does not appear to be supported by
observations. In general, the spatial distribution of the
corrected NCEP P contains discrepancies with the cli-
matological atlases in the North Atlantic.

Reanalysis values of P have been compared with

- ‘ gauge data for the central Arctic basin. The Union of
Fic. 4. Spatial distribution of corrected P from NCEP postpro- ~ Soviet Socialist Republics (USSR) operated drifting ice
cessing of reanalysis forecasts over the Arctic basin, averaged for  stationsin the Arctic for the period 1950-91 (Radionov
the period 1979-93. The contour interval is 15 cm yr—1. et al. 1997). These camps obtained daily gauge estimates
of P. Figure 5a shows the trajectories of seven stations

) Station 28 ——Station |
—&—FERA
-- @ - - Corrected NCEP '

6/86 11/86 4/87 9/87 2/88 7/88 12/88
Month

o ) Station 30 | =—+—station
—a—ERA
‘ - - & - - Corrected NCEP

0

11/87 4/88 9/88 2/89 7189 12/89 5/90
Month

Fic. 5. (a) Trajectories of seven USSR drifting ice stations in the central Arctic for the period 1979-91. (b) Time series of monthly
averaged gauge values for stations NP-28 and NP-30 in comparison to corresponding forecast values of the ERA and NCEP corrected P,
in mm day .
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Fic. 6. Average values of P from gauge measurements, forecast
ERA, and corrected NCEP datafor the duration of each USSR drifting
station, in mm day—*. The duration of each station is. NP-24, 22
months; NP-25, 34 months; NP-26, 18 months; NP-28, 31 months;
NP-29, 11 months; NP-30, 32 months; NP-31, 27 months.

that were in operation during the 1979-93 time period.
Six of the seven stations are clustered over the central
ice pack north of 80°N, while station 31 traveled around
the Beaufort gyre. A comparison of ERA and corrected
NCEP forecast P from the nearest grid point with the
camp data encounters numerous difficulties including
location questions, the representativeness of one gauge
for agrid box, and thereliability of gauge measurements
in polar regions. In fact, the day-to-day observationsare
a poor match with both reanalyses. When the obser-
vations and corresponding reanalysis data are compos-
ited into monthly averages, however, there is better
agreement on the average quantity. Figure 5b showsthe
time series of monthly values for stations NP-28 and
NP-30, which operated in the central Arctic from June
1986 until December 1988, and November 1987 until
May 1990, respectively. Station 28 shows significant
discrepancies over a limited number of months, while
station 30 shows two summertime maxima that are ad-
equately captured by both reanalyses’ data. The former
is more representative of the station comparisons. Of
the seven stations examined, time series of monthly av-
erages from two (stations 30 and 31) show reasonable
correlation with the reanalysis data (r2 > 0.55) while
the other stations show mediocre to poor agreement (r?
< 0.2 for both datasets). The typical station duration is
25 months. The two stations with reasonabl e agreement
contain the more recent data and were active after No-
vember 1987. This suggests that the trend toward better
agreement between gauge measurements and forecast P
may reflect the increase in the number of meteorol ogical
observationsavailablefor the central Arctic, particularly
from the International Arctic Buoy Program (Thorndike
and Colony 1980). In Fig. 6, the average values of the
reanalysis forecast P and gauge data are shown for each
station. The corrected NCEP values are less than the
ERA and typically less than the gauge values by a sub-
stantial margin. For example, corrected NCEP values
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Fic. 7. Monthly mean P from USSR gauge data for the period
1979-91 and discrete, corresponding values from ERA and NCEP
corrected forecasts, in mm day—*. Shaded area indicates the standard
error of gauge data monthly means. Error bars indicate the standard
error of monthly means for the reanalyses.

for station NP-26, which operated from July 1983 until
December 1984, are 49% smaller than the gauge esti-
mate, while the ERA is 25% smaller than the average
observed value. In Fig. 7, the monthly mean precipi-
tation values from gauge data and discrete, correspond-
ing values from reanalysis data have been averaged to
produce an annual cycle for the central Arctic. Datafor
station 31, located south of 80°N, and months with fewer
than 10 daily observations have been discounted in pro-
ducing the figure. The corrected NCEP precipitation av-
erage (0.44 mm day—*) was found to be 23% lower than
the annual estimate for gauge data of 0.57 mm day—*.
Most of this difference occurs in the late winter and
spring. The corrected NCEP average annual time series
is more peaked than the gauge data, with maximum
valuesin July. The ERA data show better agreement on
the shape of the annual cycle, although discrepancies
with gauge estimates are also present for February and
March. The annual average for the ERA, 0.55 mm
day~1, is also much closer to the gauge data.

For the north polar cap region bounded by 70°N, the
average forecast P values for 1979-93 are 24.7 cm yr—*
for the ERA, 28.6 cm yr=* for the NCEP-NCAR re-
analysis, and 13.1 cm yr—* for the corrected NCEP data.
For comparison, the improved climatology using gauge
measurements from Soviet drifting stations and gauge-
corrected station datafor Eurasiaand Canadaby Serreze
and Hurst (2000) has an average value of 27.9 cm yr—1,
while a value of 29.3 cm yr—* has been computed from
the maps of the Khrol atlas (J. E. Walsh 1998, personal
communication). These values, as well as the compar-
ison for central Arctic gauge data, show favorable agree-
ment with the ERA forecast P, while corrected NCEP
P values arelow. Observational estimatesfor E are more
difficult to obtain; however, Khrol (1996b) has tabulated
zonal averages of the surface latent heat flux, which
may be directly compared with reanalysis forecast data.
Averaged for 70°-90°N the Khrol estimateis6.5W m-2.
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For the period 1979-93, the average reanalysis forecast
values are 9.4 W m~2 for the ERA and 13.8 W m~2 for
the NCEP-NCAR reanalysis. It is difficult to assess
these comparisons as the atlas estimates are likely to
have been determined from observations taken over a
long period of time and are not concurrent with the
reanalysis data. The relatively close agreement between
forecast P and climatology, however, suggests that re-
analyses values of E are too high. This is despite com-
parable spatial patterns of E for the ERA forecasts and
the Gorshkov atlas. Differences between reanalyses
forecast P and the Khrol climatology are within 16%
and 3% for the ERA and NCEP-NCAR reanalyses, re-
spectively, while the differences in the average surface
latent heat flux are 45% and 110%.

4. Computed P — E from analyzed winds,
moisture, and surface pressure

Previous study of moisture convergence by Serreze
et al. (1995a,b) employed the HARA datafor computing
the atmospheric moisture budget over the north polar
cap. TheHARA data have been compiled primarily from
archives at NCAR and the National Climatic Data Cen-
ter. The spatial distribution of rawinsonde stations that
were used to compute the meridional flux across 70°N
is shown in Fig. 1. Figure 1 is slightly misleading be-
cause of the large variability in the station network. For
a typical month, approximately 30 to 40 of the 56 sta-
tions shown are actually available.

For the computed P — E [(EQ.) 1], the first term of
interest is precipitable water (W). Average values of
precipitable water for the north polar cap from the re-
analyses have been evaluated using a blended dataset
from the National Aeronautics and Space Administra-
tion Water Vapor Project (NVAP; Randel et a. 1996).
For the Arctic basin, NVAP is primarily composed of
retrievals from the Television and Infrared Operational
Satellite Operational Vertical Sounder as well as rawin-
sonde data using quality control described by Ross and
Elliot (1996). The NVAP dataset is available for the
years 1988-92. Precipitable water averaged for 70°—
90°N exhibits peak values in July, with a prolonged
period of steady but low winter values from November
until March. Precipitable water retrievals from TOVS
are subject to some uncertainty over seaice (e.g., Fran-
cis 1994); thus the evaluation may be considered as a
comparison of methods rather than a validation of the
reanalyses. Annual averages for the period 1988-92 are
6.3 mm for NVAR, 5.8 mm for the ERA, and 6.1 mm
for NCEP-NCAR. The differences between the two re-
analyses and NVAP are at a minimum in June and July,
about 1%—2%. In contrast, the winter months of No-
vember to March show larger differences that are re-
flected in the discrepancies between the annual values.
For the five winter months the NVAP average is 3.1
mm compared with the ERA value of 2.5 mm, and
NCEP-NCAR, 2.7 mm. The average ERA value is
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smaller for all months with the exception of July. This
is consistent with the known surface temperature cold
bias (Kallberg 1997). In general, the agreement of the
average values of the NVAP and the reanalyses appears
to be consistent with the expected uncertainties.

For computations of the Arctic moisture budget using
the HARA data, Serreze et al. (1995a,b) first determined
the distribution of the meridional transport along 70°N
for each month, and then averaged these datato produce
a multiyear mean annual cycle. The computations were
performed in this order for the purpose of retrieving the
seasonal to interannual variability. The studies by Ser-
reze et al. (1995a,b) were for the years 1974-91, while
the ERA is available for the period 1979-93. To elim-
inate this time difference, the rawinsonde data have been
averaged for the time period concurrent with the re-
analysis data. A comparison of the average meridional
distribution along 70°N for 1979-93 is shown in Fig.
8. The average meridiona transport from the rawin-
sonde synthesis is 6.0 kg m=* s, yielding a moisture
convergence value for the north polar cap of 17.0 cm
yr-. This compares with the rawinsonde estimate of
16.3 cm yr—* for the period 1973-91 given by Serreze
et al. (1995a). It is seen that there are several preferred
corridors of poleward moisture transport on the annual
average near 20°E, 160°W, and 50°W, with average
equatorward moisture flux present only over the western
Canadian archipelago near 110°W. Both of the reanal-
ysis datasets produce a larger average moisture trans-
port. The average ERA meridional transport across 70°N
is6.6 kg m~* s7*; for the NCEP-NCAR reanalysis, the
value is 7.0 kg m~* s~*. These correspond to conver-
gence values of 18.4 and 19.8 cm yr—*, respectively.
The disagreement between the rawinsonde synthesisand
reanalysis data has been investigated in detail below;
however, it may be immediately seen in Fig. 8 that the
rawinsonde data encounter some resolution difficulty
over the Baffin Island/Greenland region between 30°
and 120°W.



1 MARcH 2000

Meridional Moistare Transport [kg/(m s)]

e Rawinsonde

y == ‘Peixoto and Oort
| ~—+—ERA
-- - -NCEP/NCAR

Jan Fcb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

_ 16 |
g | b
2 |
;:‘ 12 >

g xIARAN

PN NN

5t orr A & «‘c\ O

.g 6 Nt V"'l'///{//,’" \G)‘\»'/ \,/’ e A \

: " IBEFILIPO NN
TR \ XD

g 2

-

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Meridional Moisture Transport [kg/(m s)]

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

FiG. 9. (8) Average annual cycle of vertically integrated meridional
moisture transport across 70°N from reanalyses and synthesized from
rawinsonde data, for the period 1979-93 in kg m~*s*. (b) Asin (a)
but for individual years from rawinsonde syntheses. (c) Asin (a) but
for individual years from the ERA.

Figure 9a shows a comparison of the average annual
cycle for meridional moisture transport across 70°N.
Surprisingly large differences are found between the
rawinsonde synthesis and the reanal ysis datafor summer
months, particularly July and August. The reanalysis
data then have a fundamentally different depiction of
the annual cycle, with a smoothed, unimodal curve and
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maximum poleward transport in July or August, while
the rawinsonde data suggest that the seasonal cycle is
much weaker. These differences are even more striking
when the year-to-year variability in the annua cycleis
examined, as shown in Figs. 9b,c. In general, the curve
shown by the ERA is highly reproducible; the annual
cycle for each individual year shows very similar char-
acteristics. Not shown, the NCEP-NCAR reanalysis an-
nual cycles have very similar characteristics to those
shown for the ERA in Fig. 9c. In contrast, the annual
cycles for individual years produced from the rawin-
sonde data, shown in Fig. 9b, have significant year-to-
year variability, particularly in the summer months.

For comparison, Fig. 9a also shows the annual cycle
depicted by Peixoto and Oort (1992; see their Fig.
12.21) obtained from rawinsonde data for the period
1963-73. The estimate by Peixoto and Oort (1992) of
12.2 cm yr—* is substantially smaller than that given by
Serreze et al. (1995a). Serreze et al. (1995a) attribute
the discrepancy to either differencesin the stations used
or interannual variability. Two issues that arise from the
comparison with Peixoto and Oort (1992) are the mag-
nitude and shape of the annual cycle. While the Peixoto
and Oort data contain smaller values in comparison to
both the rawinsonde synthesis and the reanalysis data,
there is agreement between the shape of the annual cy-
clesfor Peixoto and Oort (1992) and the reanalysis data.
The comparison is intriguing; however, it is difficult to
assess the differences between the two rawinsonde syn-
theses without a detailed inspection of the raw station
data. For the present, differences between the Serreze
et a. (1995a) and reanalysis data are evaluated.

These differences with the previous study may first
be narrowed in time and then in space. For the 15-yr
period, time series comparisons have been constructed
of the year-to-year average transport across 70°N for
each month. Both reanalyses and the rawinsonde syn-
theses agree very closely on the average value and on
the year-to-year variability during the winter. It is only
during the summer months of June to August when the
significant discrepancies occur. Figure 10 shows a com-
parison of the average meridional moisture transport
distribution along 70°N for July. As with the annual
values shown in Fig. 8, itisclear that the limited number
of station locations reduces the resolution of the rawin-
sonde data over the eastern Canadian archipelago and
Greenland. This creates a ** stair-stepped”’ pattern in the
rawinsonde data for the approximate region 30°-120°W.
If the reanalysis depictions of the meridional transport
along 70°N shown in Fig. 10 are accurate, then it is not
surprising that the differences with the rawinsonde data
are largest in the summer months, when the meridional
transport gradients along 70°N are substantial and tend
to expose the limited data resolution in these areas.

Because of the stair-stepped pattern of the rawinsonde
synthesis, difference plots of the curves shown in Fig.
10 are intricate, but are characterized by large differ-
ences for three regions. western Siberia (80°-100°E),
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Fic. 10. Comparison of the zonal distribution of the meridional
moisture flux across 70°N for July from reanalyses and synthesized
from rawinsonde data, averaged for the period 1979-93 in kg m-*
s1. Shaded areas indicate the standard error of the mean from month-
ly rawinsonde synthesis values.

Chukchi Sea (160°-180°W), and the Davis Strait (60°—
80°W). For the Chukchi Sea region, the ERA are sig-
nificantly different from the rawinsonde synthesis, while
the NCEP-NCAR reanalysis is in agreement.

In Fig. 11, correlation coefficients are computed for
time series of July mean values from the rawinsonde
synthesis and the reanalyses. Figure 11 indicates that
the interannual variability is not captured for the Green-
land/Baffin Island region. The correlation between re-
analysis and rawinsonde syntheses are particularly low
for the region 60°—80°W for both the ERA (r2 = 0.28)
and the NCEP-NCAR (r2 = 0.18). This contrasts with
more reasonable values for western Siberia (ERA and
NCEP-NCAR: r2 > 0.81) and the Chukchi Sea (ERA:
rz = 0.86, NCEP/NCAR: r? = 0.88). Thus the dis-
crepancies for the western Siberian and Chukchi Sea
regions are essentially biases, with the interannual var-
iability adequately produced.

In the vicinity of Greenland, the discrepancies be-
tween rawinsonde syntheses and reanalyses are due to
deficiencies in the rawinsonde network. For a subregion
of the Davis Strait bounded by 47.5° and 55°W and
containing the largest discrepancies, the disagreements
can be directly related to difficulties in the rawinsonde
network. As shown in Fig. 12, large differences occur
between rawinsonde and reanalysis data only when data
for the Egedesminde rawinsonde station along the west-
ern Greenland coast (69°N, 53°W) are unavailable, as
occurred in July 1981 and July 1988. By **unavailable,”
this means that there were less than 20 soundingsin the
archive for the month that passed the quality control
criteria established by Serreze et al. (1992), and these
data were discarded. Under these circumstances the ra-
winsonde synthesis relies on estimates from Thule and
southern Baffin Island stations to resolve the transport
over the Davis Strait. The average flux difference be-
tween the reanalyses and the rawinsonde synthesis for
these two years is about five times larger than for the
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other years. It is also known that some difficulties arose
with the rawinsonde data from the Canadian archipelago
region used in the rawinsonde synthesis. These stations
did not always contain near-surface data.

Similar problems in the rawinsonde network distri-
bution are found for the western Siberian region defined
by 67.5°~100°E. Shown in Fig. 13, up to nine stations
contribute to the synthesized meridional transport es-
timates from this region; however, the array of available
stations varies considerably from year to year. In the
examples shown in Fig. 13, the ERA depicts the mois-
ture transport core in a location where the rawinsonde
stations are not reporting (Fig. 13a) and in a location
that is between all stations (Fig. 13b). Meridional trans-
port patterns for the NCEP-NCAR reanalysis, not
shown, are similar.

These comparisons demonstrate that the differences
between reanalysis data and the rawinsonde synthesis
occur in the presence of changes in the rawinsonde net-
work. There are no observations that are independent
of both methods, however, and it is therefore a more
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Fic. 12. Time series of the difference in July meridional moisture
transport across 70°N for the Davis Strait region (47.5°-55°W) of
reanalyses minus the rawinsonde synthesis, in kg m-* s~*. Columns
indicate the rawinsonde stations used in the synthesis.
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a. July 1979

7 / 50 @ Available Rawinsonde Station
/{ © Unavailable Rawinsonde Station
Fic. 13. (a) Contour plot of Jul 1979 ERA meridional moisture
transport from over northern Eurasia from the ERA and locations of
rawinsonde stations used in computing moisture transport across 70°N

between 67.5° and 100°E. The contour interval is 10 kg m=* s, (b)
Asin (&) but for July 1985.

difficult task to indicate that the reanalysis depiction is
more readlistic. It is apparent, however, that the limita-
tions of the rawinsonde network are highlighted during
the summer months because of the larger flux magni-
tudes and spatial gradients. Reanalysis data also incor-
porate the rawinsonde data and thus may be thought of
as a more elaborate synthesis of these data than the
method employed by Serreze et al. Because reanalyses
also include other factors including additional surface
observations, satellite data, topographic forcing, and the
downstream advection of observations via the NWP
model, it may be readily understood why the reanalysis
data may be more able to overcome missing observa-
tions and produce a more realistic depiction. The dif-
ferences shownin Figs. 9b and 9c are compelling. Given
the available evidence, it is concluded that thereanalysis
depiction is generally more realistic.

The resolution of differences between the two re-
analyses for the Chukchi Sea region appears to be a
more difficult task. Although marine rawinsonde data
are available for this region, the variability in location
and time of the data does not allow for easy determi-
nation. Precipitable water values of the two reanalyses
are in reasonable agreement, indicating the winds as the
primary cause of the discrepancy.
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The spatial depictions of the vector-averaged ERA
and NCEP-NCAR moisture transports for 1979-93,
shown in Fig. 14, reveal a mostly zonal pattern for the
interior Arctic basin, with the circulation centered near
90°N. Over most land areas the transport is also ap-
proximately zonal, with southerly transport occurring
over the Bering Strait and western Alaska, as well as
the North Atlantic-Norwegian Sea region. A signature
of the Icelandic low is found southeast of Greenland.
The interannual variability in the transport field is very
large. The annually averaged central Arctic circulation
migrates considerably from one year to the next. A year
of interest is 1982, when the center of circulation was
located near 85°N and 20°E. Averaged for this year, the
atmospheric moisture transport through the Fram Strait
was from the north, an unusual climatic anomaly. Some
differences exist for the central Arctic basin, with the
NCEP-NCAR reanalysis depicting moisture transports
with a larger meridional component, particularly north
of Svalbard. Overall, however, the moisture transport
patterns of the two reanalyses are very similar. Although
there is general agreement between the reanalyses on
the flux patterns, there are significant differencesin the
convergencefields, shown in Fig. 15. At T21 resolution,
both reanalyses capture major features along the south-
east coast of Greenland and the Gulf of Alaska; however,
the positioning is not great. For example, in both da-
tasets the southeast Greenland maximum is erroneously
centered over the Denmark Strait, while values over the
interior plateau are negative. Difficulties also exist in
both reanalyses over the Mackenzie River in western
Canada, where P — E is less than zero over land for
the annual average. These inadequacies are reminiscent
of the discussion given by Rasmusson and Mo (1996),
in which terrain-related biases were noted in the com-
puted P — E of the NCEP operational analyses as com-
pared to the forecast fields at lower latitudes. The sig-
nificant difference between the two datasetsis found in
the North Atlantic, with the 30 cm yr—* contour in the
NCEP-NCAR reanalysis extending from the North At-
lantic through the Fram Strait and over the North Pole.
ERA values, in contrast, are generally smaller over the
central Arctic basin.

5. Comparison of the two methods

Table 1 compares estimates of computed P — E, as
well as the forecast values, to previous studies for the
north polar cap bounded by 70°N. The original NCEP-
NCAR forecast P is used for consistency with the avail-
able forecast E. The reanalysis moisture transport for
the near-surface level was used in this study but was
not considered by Genthon (1998). Both the ERA and
the NCEP-NCAR reanalysis are not in hydrologic bal-
ance. Computed P — E results are 38% and 73% larger
than the forecast data for the ERA and NCEP-NCAR,
respectively. This imbalance is summarized in Figs. 16
and 17. In Fig. 16, the annually averaged zonal profiles



JOURNAL OF CLIMATE

VoLuME 13

Fic. 14. Average spatial pattern of the vector-averaged total moisture transport from (a) ERA and (b) NCEP-NCAR reanalysis, for the
years 1979-93.

show that the computed P — E values are higher than
the forecasts for both datasets at nearly all latitudes
poleward of 50°N. From 75° to 85°N, the imbalances
of the two datasets are similar at about 5 cm yr—*. Equa-
torward of 75°N, the imbalance in both datasets be-
comes larger; however, this is particularly true of the

NCEP-NCAR reanalysis. The NCEP-NCAR imbalance
is consistent with Trenberth and Guillemot (1996b,
1998), who show the discrepancies to be larger in the
presence of the higher-magnitude P — E values along
the Pacific coast of North America, the southeast coast
of Geenland, and the Greenland—Norwegian Seas re-
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Fic. 15. Average annual spatial distribution of atmospheric moisture transport convergence computed from (a) ERA and (b) NCEP-
NCAR reanalysis for 1979-93 at T-21 resolution. The contour interval is 15 cm yr—1.



1 MARcH 2000

CULLATHERET AL.

935

TABLE 1. Comparison of estimates of P — E for the north polar cap bounded by 70°N. Asterisk denotes preferred values, as explained in
the text.

P — E, 70°-90°N

Dataset time period (emyr-1)

Based on surface data

Sellers (1965) multiyear 5.0

Baumgartner and Reichel (1975) multiyear 6.1

Korzoun et a. (1977a,b) multiyear 20.4*
Based on rawinsonde data (computed P — E)

Peixoto and Oort (1983) 1963-73 12.2

Overland and Turet (1994) 1965-90 21.4*

Serreze et a. (1995a,b) 1974-91 16.3*
Based on numerical analyses (computed P — E)

Masuda (1990), ECMWF FGGE analyses 1979 15.5*

Genthon (1998), ERA 1979-93 20.7*

This study, ERA 1979-93 18.2*

This study, NCEP-NCAR 1979-93 19.4*
Based on NWP forecasts (forecast P — E)

Genthon (1998), ERA forecasts 1979-93 129

This study, ERA forecasts 1979-93 13.2

This study, NCEP-NCAR forecasts

(original data) 1979-93 11.2

gion. In Fig. 17, the annual cycles for P — E for both
methods and datasets are shown for the polar cap. The
hydrologic balance of both reanalysis datasets does not
remain constant with the annual cycle. The largest dis-
crepancies occur in the summer months, which is con-
sistent with deficiencies in forecast E suggested earlier
in comparison to values given by Khrol (1996b). In both
datasets, a maximum in forecast E occurs in May, and
this is reflected by the very large imbalance for this
month. For the ERA, the imbalance ranges from 7% of
computed P — E in January to 64% in May, while the
NCEP-NCAR imbalance ranges from 15% to 91% for
the same months.

In Table 1, a general progression may be seen in
previous studies from smaller values to contemporary
estimates of between 15 and 21 cm yr—*. The surface
data studies are based on separate estimates of P and

P-E fem/yr]

—ERA Mstr Budget i
| —— NCEP/NCAR Mstr Budget | ‘
L= = ERAFost o
[ NCEP/NCAR Fest i

I LLALLENE

90°N 85°N 80°N 75°N T0°N 65°N 60°N 55N 50°N
Latitude

Fic. 16. Zona comparison of average annual P — E computed

from ERA and NCEP-NCAR reanalysis moisture transports and fore-
cast fields for 1979-93 in cm yr—*.

E. For the Korzoun et al. (1977ab) study, which isin
better agreement with rawinsonde data, the estimate of
P isapproximately 73% larger than either Sellers (1965)
or Baumgartner and Reichel (1975). The Korzoun et al.
value is also identical to that determined by Walsh's
analysis of the Khrol atlas (J. E. Walsh 1998, personal
communication). Thus preferred values may be selected
from Table 1 by eliminating the earlier surface-based
studies, the lower values of Peixoto and Oort (1983)
described earlier, and the NWP forecast values. Using
the remaining preferred estimates denoted by the aster-
isk, an average of 18.9 cm yr-* isfound with a standard
deviation of 2.3 cm yr—* among estimates. This is in
reasonable agreement with the model result of the
NCAR Community Climate Model version 3 of 18.1
cm yr—* (Briegleb and Bromwich 1998). In comparison,
estimates based on NWP forecasts have an average of

35 -
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Fic. 17. Comparison of average monthly P — E over 70°—90°N
computed from reanalysis moisture transports and forecast fields for
1979-93 in cm yr—1.
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12.4 = 1.0 cm yr=*. This appraisal of Table 1 strongly
implies that the estimates based on NWP forecasts are
low by at least 3.2 cm yr—* or approximately 19%.

6. Summary and discussion

There are significant differences between P — E of
each reanalysis dataset. At the top of the list is the
spurious wave pattern seen in the raw NCEP-NCAR
forecast precipitation fields. The NCEP-NCAR cor-
rected forecast P field is qualitatively similar to that of
the ERA; however, it is much drier. Comparison of re-
analysis computed P — E from analyzed winds, mois-
ture, and surface pressure reveal s general agreement be-
tween the two datasets. For instance, computed P — E
from both models captures the magjor features along the
southeast coast of Greenland and in the Gulf of Alaska.
In addition, both identify aregion of negative computed
P — E between the Barents and Norwegian Seas. At
high northern latitudes, the most notable exception in
agreement of computed P — E is the NCEP-NCAR
portrayal of large values (30 cm yr—*) northeast of
Greenland extending northward through the Fram Strait
and over the North Pole. This feature is not present in
the computed ERA P — E field.

Comparison between forecast and computed values
of P — E provides information regarding drift of the
numerical weather prediction model used in the data
assimilation process; the imbalance represents the tran-
sition from the observationally constrained initial con-
ditionsto a climate preferred by the model. In this case,
both modelstend toward adrier average surface balance.
As with the Antarctic (Bromwich et al. 1998b), obser-
vational estimates of E in the Arctic are extremely
scarce. There is little information concerning the data
for the estimates by Khrol (1996b), which serve as the
primary source of climatological evaporation data.
However, the evidence compiled here strongly supports
the estimates of P — E computed via the atmospheric
moisture budget as being much more realistic than the
forecast values, with the major source of the hydrologic
imbalance being the forecast E fields.

Analysis of forecast P — E from reanalyses and ob-
servational datareveal some discrepancies among these
data sources. As alluded to above, comparison with sur-
face latent heat flux values from Khrol (1996b) as well
as the comparison in Table 1 indicate that forecast E for
both reanalyses is too large by a significant amount.
Comparisonswith climate atlases and in situ gauge mea-
surements indicate reasonable agreement with forecast
P from the ERA. There are some discrepancies in tem-
poral comparisons with gauge data, as shown in Fig.
5h. Forecast P from the NCEP-NCAR reanalysis con-
tains substantial discrepancies associated with the dif-
fusion parameterization in the NWP model. A corrected
NCEP forecast P variable is an obvious improvement;
however, discrepancies remain with climatology, par-
ticularly for the North Atlantic.
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For the computed atmospheric moisture budget P —
E, the discrepancy in the shape of the annual cycle with
previous rawinsonde analysis is related to inadequacies
in the rawinsonde network. As mentioned earlier, Ser-
reze et al. (1995a,b) first computed the monthly trans-
port distribution along 70°N for the purpose of retrieving
the monthly and interannual variability. When the order
of computations is reversed—that is, when long-term
flux climatologies are computed for each station, and
then a distribution along 70°N is produced—the agree-
ment with the reanalysis data is not improved. Several
other sensitivities have been considered in the rawin-
sonde synthesis, including the radius of influence for
each station, and the spatial resolution of the transport
distribution. Sensitivity to these parametersis large but
does not alter the overall conclusions.

It remains to be seen whether the rawinsonde estimate
can be rectified with a different method or enhanced
using additional observations. It is apparent from the
compiled HARA data that several stations contain re-
cords that abruptly end and then begin again. Data for
missing months and/or additional stations may be avail-
able from alternative sources. The difficulties of the
rawinsonde synthesis leave the reanalyses as the only
source for depicting interannual variability. From the
reanalyses, P — E estimates obtained from the moisture
budget approach are preferred to the forecast values. In
addition, moisture flux from ERA appears to give the
best results overall when compared with Russian cli-
matologies. Part Il of this paper will address the issue
of interannual variability of the Arctic hydrologic cycle
using the reanalyses. While the reanalysis datasets rep-
resent a significant advance toward understanding the
atmospheric hydrologic cycle over the Arctic basin, ad-
ditional efforts are required to improve these data.

Since completion of this manuscript, the NCEP-De-
partment of Energy Atmosphere Model Intercomparison
Project-2 reanalysis became available through NCEP
This improves upon the NCEP-NCAR reanalysis by
fixing errors and improving some of the physical pa
rameterizations, and will span 1979-97. In particular,
the spectral noise problem in the NCEP-NCAR forecast
P and E described here has been corrected. Theresulting
P — E distribution (not shown) is a smoothed version
of that given in Fig. 2afor EKA, but has lower values.

Acknowledgments. ECMWF data and the NCEP-
NCAR reanalyses were obtained from NCAR. This re-
search was sponsored by the National Aeronautics and
Space Administration under Grant NAG5-6001 to the
second author and by the National Science Foundation
under Grant OPP-9614297 to the third author.

REFERENCES

Adams, J. C., and P. N. Swarztrauber, 1997: Spherepack 2.0: A model
development facility. NCAR Tech. Note NCAR/TN-436-STR,
58 pp. [Available from the National Center for Atmospheric
Research, PO. Box 3000, Boulder, CO 80307.]



1 MARcH 2000

Baumgartner, A., and E. Reichel, 1975: The World Water Balance.
Elsevier, 179 pp.

Bolzan, J. F, and M. Strobel, 1994: Accumulation-rate variations
around Summit, Greenland. J. Glaciol., 40, 56—66.

Briegleb, B. P, and D. H. Bromwich, 1998: Polar climate simulation
of the NCAR CCM3. J. Climate, 11, 1270-1286.

Broecker, W. S., 1997: Thermohaline circulation, the Achilles heel
of our climate system: Will man-made CO, upset the current
balance? Science, 278, 1582—-1588.

Bromwich, D. H., R. I. Cullather, Q.-S. Chen, and B. M. Csatho,
1998a: Evaluation of recent precipitation studies for Greenland
Ice Sheet. J. Geophys. Res., 103, 26 007-26 024.

——, ——, and M. L Van Woert, 1998h: Antarctic precipitation and
its contribution to the global sealevel budget. Ann. Glacial., 27,
220-226.

Cullather, R. I., D. H. Bromwich, and M. L. Van Woert, 1998: Spatial
and temporal variability of Antarctic precipitation from atmo-
spheric methods. J. Climate, 11, 334-367.

Francis, J. A., 1994: Improvements to TOV S retrievals over seaice
and applications to estimating Arctic energy fluxes. J. Geophys.
Res., 99, 10 395-10 408.

Genthon, C., 1998: Energy and moisture flux across 70°N and S from
ECMWF Re-Analyses. Proc. First WCRP Int. Conf. on Re-
analyses, WCRP-104 (WMO/TD-No. 876), Silver Spring, MD,
WMO, 371-374.

Gibson, J. K., P Kalberg, S. Uppaa, A. Hernandez, A. Nomura, and
E. Serrano, 1997: ERA description. ECMWF Re-Analysis Pro-
ject Report Series 1, 72 pp. [Available from ECMWE, Shinfield
Park, Reading, RG2 9AX, United Kingdom.]

Gorshkov, S. G., Ed., 1983: Arctic Ocean. World Ocean Atlas, Vol.
3, Pergamon Press, 189 pp.

Kallberg, P, 1997: Aspects of the re-analysed climate. ECMWF Re-
Analysis Project Report Series 2, 89 pp. [Available from
ECMWE Shinfield Park, Reading, RG2 9A X, United Kingdom.]

Kalnay, E., and Coauthors, 1996: The NCEP-NCAR 40-year re-
analysis project. Bull. Amer. Meteor. Soc., 77, 437-471.

Key, J., and M. Haefliger, 1992: Arctic sea ice surface temperature
retrieval from AVHRR thermal channels. J. Geophys. Res., 97,
5885-5893.

Khrol, V. P, 1996a: Atlas of the Water Balance of the Northern Polar
Area. Gidrometeoisdat, 81 pp.

——, 1996h: Energy Balance of the Northern Polar Sea. Gidrome-
teoisdat, 168 pp.

Korzoun, V. 1., A. A. Sokolov, K. P. Voskresensky, G. P. Kalinin, A.
A. Konoplyantsev, E. S. Korotkevich, and M. |. Lvovich, 1977a:
World Water Balance and Water Resources of the Earth.
UNESCO Press, 663 pp.

_ ) —, ——, ——, ——, and ——, 1977b: Atlas of World
Water Balance. UNESCO Press, 36 pp. + 65 maps.

Masuda, K., 1990: Atmospheric heat and water budgets of polar
regions: Analysis of FGGE data. Proc. NIPR Symp. Polar Me-
teor. Glaciol., 3, 79-88.

Mysak, L. A., D. K. Manak, and R. FE Marsden, 1990: Sea-ice anom-
alies observed in the Greenland and Labrador seas during 1901—
1984 and their relation to an interdecadal Arctic climate cycle.
Climate Dyn., 5, 111-133.

Newell, R. E., and Y. Zhu, 1994: Tropospheric rivers: A one-year
record and a possible application to ice core data. Geophys. Res.
Lett., 21, 113-116.

Ohmura, A., and N. Reeh, 1991: New precipitation and accumulation
maps for Greenland. J. Glaciol., 37, 140-148.

Overland, J. E., and P. Turet, 1994: Variability of the atmospheric
energy flux across 70°N computed from the GFDL data set. The
Polar Oceans and Their Role in Shaping the Global Environ-

CULLATHERET AL.

937

ment. The Nansen Centennial Volume, Geophys. Monogr., No.
85, Amer. Geophys. Union, 313-325.

Peixoto, J. P, and A. H. Oort, 1983: The atmospheric branch of the
hydological cycle and climate. Variations in the Global Water
Budget, A. Street-Perrott, M. Beran, and R. Ratcliffe, Eds., D.
Reidel, 5-65.

——, and ——, 1992: Physics of Climate. American Institute of
Physics, 520 pp.

Randall, D., and Coauthors, 1998: Status of and outlook for large-
scale modeling of atmosphere-ice—ocean interactionsin the Arc-
tic. Bull. Amer. Meteor. Soc., 79, 197-219.

Randel, D. L., T. H. von der Haar, M. A. Ringerud, G. L. Stephens,
T. J. Greenwald, and C. L. Combs, 1996: A new globa water
vapor dataset. Bull. Amer. Meteor. Soc., 77, 1233-1246.

Rasmusson, E. M., and K. C. Mo, 1996: Large-scale atmospheric
moisture cycling as evaluated from NMC global analysis and
forecast products. J. Climate, 9, 3276-3297.

Ross, R. J.,, and W. R, Elliott, 1996: Tropospheric water vapor cli-
matology and trends over North America: 1973-93. J. Climate,
9, 3561-3574.

Rossow, W. B., C. L. Brest, and L. C. Gardner, 1989: Global, seasonal
surface variations from satellite radiance measurements. J. Cli-
mate, 2, 214-247.

Sellers, W. D., 1965: Physical Climatology. University of Chicago
Press, 272 pp.

Serreze, M. C., and J. A. Maslanik, 1997: Arctic precipitation as
represented in the NCEP/NCAR reanalysis. Ann. Glaciol., 25,
429-433.

——, and C. M. Hurst, 2000. Representation of mean Arctic precip-
itation from NCEP-NCAR and ERA reanalyses. J. Climate, 13,
182-201.

——, J. D. Kahl, and S. Shiotani, 1992: The Historical Arctic Ra-
winsonde Archive documentation manual. Special Rep. 2, Na-
tional Snow and |ce Data Center, University of Colorado, 26 pp.
[Available from NSIDC, Campus Box 449, University of Col-
orado, Boulder, CO 80309-0449.]

——, R. G. Barry, and J. E. Walsh, 1995a: Atmospheric water vapor
characteristics at 70°N. J. Climate, 8, 719-731.

——, M. C. Rehder, R. G. Barry, J. E. Walsh, and D. A. Robinson,
1995h: Variations in aerologically derived Arctic precipitation
and snowfall. Ann. Glaciol., 21, 77-82.

Stendel, M., and K. Arpe, 1997: Evaluation of the hydrologic cycle
in reanalyses and observations, ECMWF Re-analysis Project Re-
port Series 6, 62 pp. [Available from ECMWEF, Shinfield Park,
Reading, RG2 9AX, United Kingdom.]

Thorndike, A. S., and R. Colony, 1980: Arctic Ocean Buoy Program.
Polar Science Center Data Report, 19 January 1979 to 31 De-
cember 1979, 131 pp. [Available from Polar Science Center,
Applied Physics Laboratory, University of Washington, 1013 NE
40th Street, Seattle, WA 98105-6698.

Trenberth, K. E., 1995: Atmospheric circulation climate changes. Cli-
matic Change, 31, 427-453.

——, and C. J. Guillemot, 1996a: Physical processes involved in the
1988 drought and 1993 floods in North America. J. Climate, 9,
1288-1298.

——, and ——, 1996b: Evaluation of the atmospheric moisture bud-
get and hydrologic cycle in the NCEP reanalysis. NCAR Tech.
Note NCAR/TN-430+STR, 300 pp. [Available from National
Center for Atmospheric Research, PO. Box 3000, Boulder, CO
80307.]

——, and ——, 1998: Evaluation of the atmospheric moisture budget
and hydrologic cycle in the NCEP/NCAR reanalysis. Climate
Dyn., 14, 213-231.

Woo, M.-K., R. Heron, P Marsh, and P. Steer, 1983: Comparison of
weather station snowfall with winter snow accumulation in high
Arctic basins. Atmos.—Ocean, 32, 733-755.



	Main Menu
	Journal of Climate Vol. 13 Table of Contents
	Vol. 13, No.5 Table of Contents
	Help
	1. Introduction
	2. Datasets and calculations
	3. Forecast P, E, and P – E
	4. Computed P – E from analyzed winds, moisure, and surface pressure
	5. Comparison of the two methods
	6. Summary and discussion
	REFERENCES

