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ABSTRACT

A new gridded ocean climatology, the Polar science center Hydrographic

Climatology (PHC) has been created that merges the 1998 version of the

World Ocean Atlas (Antonov et al.,1998; Boyer et al.,1998) with the new

regional Arctic Ocean Atlas (EWG, 1997; 1998). The result is a global

climatology for temperature and salinity that contains a good description of

the Arctic Ocean and its environs. Monthly, seasonal, and annual average

products have been generated. We discuss how the original data sets were

prepared for merging, how the optimal interpolation procedure was

performed, and characteristics of the resulting data set. We close with a

summary and discussion of future plans.
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1. Introduction

Oceanographic data from the Arctic Ocean have until recently been quite sparse in

and time. This is because of the harsh conditions and frequently classified status of data

in this region. Figure 1a shows the distribution of all historical surface temperatu

observations used in the 1998 version of the World Ocean Atlas (WOA98) published b

National Oceanographic Data Center, or NODC (Antonov et al.,1998). Two periods are

shown: March through May and July through September. The arctic seas clearly repre

data-poor region, although the situation is better in the summer than in the winter. Su

salinity observations are generally more sparse than the temperature observations sh

Figure 1.

Luckily, previously classified data from Western and Russian sources have recently

made available by the Environmental Working Group (EWG, 1997; 1998) in a gridded,

interpolated format known as the Arctic Ocean Atlas (AOA). The AOA provides winter

summer data on temperature and salinity in the arctic seas.Figure 1b shows the distribution

of surface temperature observations in this data set over the time period 1950-1989.

observations were taken in the 1970’s and 1980’s, although significant data exists for the 1

and 1960’s as well. The figure shows how the AOA is a regional data set that “fills the ga

the WOA98.

This paper describes how we merged the AOA and the WOA98 using optimal interpol

to provide a global hydrographic data set with a high quality Arctic Ocean that we call the P

science center Hydrographic Climatology (PHC). The need for this product has rec

become acute, as the role of the Arctic in global climate has become more clear (e.g.,Aagaard

and Carmack, 1989; Rind et al., 1995; Thompson and Wallace, 1998). As a result, the

interaction between regional arctic and more global-scale modelers has accelerated in

years (e.g.,Häkkinen, 1999;Delworth et al., 1997). These modelers need a global gridd
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hydrography for initialization, validation, and in some cases, climate restoring (e.g.,Zhang et

al., 1998).

Our goal in this project was to provide an “updated WOA98” in order to make it simple

current WOA98 users to use the PHC. Thus in merging the WOA98 and AOA, we interpo

the latter onto the former’s grid configuration and set up the data files identically to t

provided by NODC. Other steps in the interpolation procedure were also taken to e

minimal change to the WOA98 outside of the arctic seas (Section 3).

The following section describes how the two input data sets (AOA and WOA98) w

modified to prepare them for merging, while the next sections describe our opt

interpolation procedure and the resulting fields. We close with a discussion of the rema

problems and issues to be addressed in future work.

2. Data Preparation

2.1. WOA

The WOA98 climatology was produced by the National Oceanographic Data Ce

(NODC) as a set of 3 CD-ROMS containing gridded, interpolated global fields. The firs

these containsin situ temperature and salinity fields (Antonov et al.,1998; Boyer et al.,1998)

which we hereafter refer to simply as WOA. The interpolation uses as input original

collected by various methods (e.g., bottles, expendable and non-expendable profilers) an

host of international programs (e.g., academic, governmental, and ship-of-opportunity). T

are available from NODC on a separate series of CD-ROMS called the World Ocean Dat

1998. In order to produce the gridded product, original data are first eliminated if they co

any of several documented errors, and then vertically interpolated to standard NODC d

(Table 1). The next step is horizontal interpolation on each of 33 depth levels using

objective analysis technique described inAntonov et al. (1998). A final two-dimensional

smoothing is performed using running median and mean filters. The horizontal interpol
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uses a “background field” which is defined for the seasonal products by regional zonal ave

of the climatological annual mean field. The final result is influenced most strongly by

background in data-poor regions (e.g., the Arctic Ocean).

WOA products include climatological gridded monthly, seasonal, and annual average

of in situ temperature and salinity on a 1× 1 degree latitude/longitude grid. Most of the arct

data used in creating the WOA were taken in the summer. This influences the annual m

which are used to define the background field, with a resulting bias towards fresh and

conditions in the data-poor seasons of fall, winter, and spring.Figure 2a shows an example

from the WOA for the mean surface salinity averaged over the months of March, April,

May. Regions of unrealistically fresh water can be seen extending towards the North Pole

the Siberian and North American coasts, a phenomenon that appears at all depths

temperature as well as salinity. These anomalies are consistent with sparse high latitud

and an algorithm that prevents interpolation across the North Pole, such as one base

Cartesian latitude/longitude grid.

To prepare the WOA data for merging, we discarded 1× 1 degree latitude/longitude grid

cells within a region shown inFigure 3 which contained fewer than two original profiles. Th

region is roughly the domain of the AOA, minus the Nordic Seas and plus the Canadia

west Greenland sectors. Grid cells are left unchanged outside of this region in ord

minimize the change relative to the WOA. Further justification of this partition will

provided in the following section. Temperature grid cells with below-freezing tempera

values were discarded as well. The resulting field for surface salinity averaged over M

April, and May is shown inFigure 2b. This procedure was performed on all WOA fields us

to create the PHC.

2.2. AOA

The Arctic Ocean Atlas (AOA) was created by the Environmental Working Group (EW

a collaboration between Russian and Western scientists for the purpose of dissemi
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previously classified or otherwise unavailable data from the arctic regions. Two atlases

been produced to date (Table 1). The first (EWG, 1997) provides winter average gridde

hydrographic fields (potential temperature and salinity) but does not include the original p

data. Many of these profiles were collected on year-round Soviet drifting ice camps (the “N

Pole stations”) and as part of an annual aircraft-based springtime survey (the “SEV

project). The earlier data derive mostly from bottle casts, while more recent data were obt

mostly by digital sensors. The second atlas (EWG, 1998) provides summer averages an

includes some original profile data, although only a small subset of the data used in cre

the gridded fields. Some of these data were collected by American autonomous drifting

(Morison, 1989).

The default horizontal interpolation method used in the AOA is called spectral objec

analysis, or SA (EWG, 1997) in which hydrographic fields are generated using a serie

empirical basis functions. Further details are provided within the atlases. The AOA

provides alternate hydrographic fields that were generated using other interpolation me

although our qualitative analysis indicated that these are inferior to the default. We thus u

fields generated by the SA method;Figure 2c shows an example for winter surface salinit

Note the generally higher salinities relative to those predicted by the WOA and the absen

pole-centered anomalies. The Atlantic-Pacific front (e.g.,Morison et al., 1998) is realistically

portrayed within the Eurasian sector of the Arctic Ocean.

On the other hand, the AOA indicates an unrealistically weak exchange of Arctic

Atlantic waters in the wintertime Fram Strait region, i.e., a near-collapse of the fresh

Greenland Current and a weakening of the salty West Spitsbergen Current. These exc

are more realistically vigorous in the WOA, although this is due more to the influence o

summer-dominated background field rather than from superior wintertime data coverage

WOA relative to the AOA (Figure 1). In any case, this argues for retaining WOA data wi

the Nordic Seas, which became our course of action (Section 3).
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To prepare the AOA data for merging, we first had to convert AOA potential temperat

to thein situ temperatures provided by the WOA. In order to determine the best algorith

use, we first identified a region (the Nordic Seas) with extensive coverage in both data set

found that a numerical inversion of the 25-term potential temperature polynomial provide

Caldwell and Eide(1980) gave a smaller root mean square difference than other schemes

Bryden, 1973). We then linearly interpolated in the vertical to the 33 standard WOA de

(Table 1). Future work may explore the use of more sophisticated Lagrangian interpo

techniques. No further modifications to the AOA data were made before merging with

WOA seasonal products. A partial mismatch exists in the seasonal definitions used b

WOA and the AOA (Table 1) which we address in Section 4 below.

Discussions with various modeling centers indicated to us the need for a monthly pro

which is provided by the WOA but not by the AOA. To create a monthly AOA product, we

each point in the original AOA 50 km grid to analytical functions. For salinity S, the maxim

annual value Sw was taken from the winter climatology and assumed to occur on April

while the minimum annual value Ss was taken from the summer climatology and assumed

occur on August 15. The seasonal range is then defined as while the a

mean is defined as . Similar assumptions were made for temperature, e

that maximum values were set to summer and minimum to winter. The function for sum

salinity Ss applies for∆ts = 122 days (i.e., four months) and is given by

(1)

where time during the summer ts varies from Day 0 on April 15 to Day 122 on August 14. Th

function for winter salinity Sw applies for∆tw = 243.25 days (i.e., eight months) and is given b

(2)

where the parameterφ depends on time during the winter tw according to

∆S Ss Sw–≡

S Ss Sw+( ) 2⁄≡

Ss ∆S 2⁄( ) πts ts∆⁄[ ]cos S+=

Sw ∆S 2⁄( )– φcos S+=
                                                                 -7-



n is

a

inter

ween

e

ed the

t was

AOA

goes

ple

lable.

ude/

the

and

adian

her

00%

en.
(3)

and tw varies from Day 0 on August 15 to Day 243.25 on April 14. This parametric solutio

formally known as a curtate cycloid (Selby, 1970) and has the desirable property of allowing

rapid autumn transition between summer and winter conditions. For example, at mid-w

(December 15) a simple cosine function predicts that the salinity is 50% of the way bet

the summer minimum and the winter maximum. Observations (e.g.,Morison and Smith, 1981)

and models (e.g.,Hakkinen and Mellor, 1990) indicate a more rapid transition, although th

exact timing is variable in space and time and has been only rarely sampled. We thus tun

free parameter “a” in Eq. 3 so that on December 15, every temperature and salinity poin

already 70% of the way from its summer value towards its winter value. Functions Ss and Sw

(and their analytical first derivatives) match at the seasonal tie points provided by the

climatologies. Similar functions were defined for temperature.Figure 4 shows an example

from the North Pole monthly time series, where temperature varies little but salinity under

more substantial seasonal changes.

3. Interpolation Procedure

3.1. General description of algorithm

The most straightforward method for merging WOA and AOA might be sim

replacement, i.e., replacing WOA values at those grid points where AOA values are avai

(Of course the Cartesian AOA product would first have to be re-interpolated to the latit

longitude WOA grid.) We found that this simplest option allows discontinuities at

boundaries of the AOA domain with the WOA data due to mismatches in both data

interpolation procedures. This method also retains unphysical WOA values in the Can

Archipelago, a data-poor region in the WOA which is outside of the AOA domain. Anot

merging method might be a simple weighting scheme of the two data sets, with 1

weighting of the AOA (WOA) in the Arctic (non-Arctic) domains, and a blending in betwe

tw ∆tw aφ ∆S 2⁄( ) φsin–[ ] aπ⁄=
                                                                 -8-
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We rejected this method as well since this would necessarily employ the use of unph

WOA data within the AOA domain (c.f. Figure 2).

The method we have used to merge the WOA and AOA data sets is optimal interpol

(OI). From our perspective, the advantages of this method are its common use in geoph

research and its explicit definitions of data errors and length scales. Other interpo

methods are of course possible. The basic assumption in OI (e.g.,Gandin, 1965) is that we

may derive a field (x,y) as a linear function of known inputs and a series of weigh

functions ai(x,y):

(4)

where the spatial information (x,y) has been dropped for ease of presentation. The weig

functions are found by minimizing the expected (mean) value of the squared differ

between the “true” field P and the estimated field . This involves defining error covaria

for the input data, which are assumed to have zero mean about a given background field

vary spatially as a Gaussian with a given length scale.

3.2. Specifics

Input values to the optimal interpolation algorithm were provided by the WOA and A

data sets, after the modifications described in the previous section. Interpolation

performed on the 33 NODC standard levels (Table 1) onto a 1× 1 degree latitude/longitude

grid. The bottom three depth levels use data solely from the WOA since the AOA only ext

to 4400 m depth. No correction for static instabilities was made to the input data sets nor

resulting merged product.

The background field was generated by zonal averaging of the combined inputs at 1 d

latitude intervals, followed by meridional 15 degree running median and then running m

parametric smoothers. A spatially varying correlation length scale and error variance

P̂ P̃i

P̂ ai
i 1=

N

∑ P̃i=

P̂
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employed according to the scheme shown in Figure 3. The length scales were cho

minimize changes to the WOA data within the Nordic Seas and south of 65°N, while allowing

for some smoothing within the data-sparse Canadian sector. Additional smoothing in the

Strait region was necessary to transition between the two data sets so that realistic A

Atlantic exchanges could be reproduced, as discussed in Section 2.2.

The error variance of original oceanographic observations depends in general on instr

error and on unobserved variability arising from small-scale phenomenon such as e

waves, and fronts. Here our inputs (WOA and AOA) are two previously interpolated fields

their own internal length scales and interpolation errors. Thus we view our input e

variances mostly as tuning parameters used to give more or less weight to one or the o

the input fields. At each WOA depth, we first determine the variance of the combined

(WOA plus AOA) field over all latitudes and longitudes, . Within the Arctic region show

in Figure 3, the error variance of the WOA field is then fixed at 0.5 , while that of the A

field is smaller by a factor of 5000, i.e., 0.0001 . For a simple case in which the interpola

takes as input one AOA observation and one WOA observation, both equidistant from a

grid point, these errors imply that AOA data are weighted 50% more than WOA data. Ou

of the Arctic region shown in Figure 3, the error variances are opposite to those insid

region. Careful analysis revealed no discontinuities in the resulting fields across this bou

Numerical efficiency is accelerated by introducing another parameter which limits

number of observations considered in defining the estimated field at each grid point. He

have used a value of 20 points except in the Fram Strait transition zone, where the value

points to allow for smoothing across the zone. In addition, the search is limited within a ra

of influence of 1000 km (which in data-sparse regions reduces the number of input p

below 20) in order to minimize contamination by nearby ocean basins with distinc

characteristics. (The WOA algorithm treats this problem by defining several dozen o

basins within which input data searches are confined.) Finally, ana posterioricheck is made

ε2
tot

ε2
tot

ε2
tot
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on the estimated field for sub-freezing temperature values which arise occasionally in

sparse regions; these are set back to freezing. A summary of the input data and alg

parameters is provided inTable 2.

4. Results

The summer season is defined by the same three months (July, August, and Septem

both the WOA and the AOA gridded, interpolated fields (Tables 1 and 2). However, W

winter is defined as January, February, and March, while AOA winter is defined for the grid

interpolated fields as March, April, and May. We followed the AOA seasonal definition

creating the seasonal PHC fields. For the PHC winter season, this entailed creating a new

field using the monthly mean fields from March, April and May. Monthly PHC fields we

generated using monthly WOA fields and synthetic monthly AOA fields as describe

Section 2.  Annual mean PHC fields were created by averaging the monthly PHC fields

An example for winter (March, April, May) surface salinity is shown inFigure 2d. Broadly

speaking, the result looks like the AOA within the Arctic region defined in Figure 3 and

the WOA outside of this region. Anomalies found in the WOA Arctic Ocean have b

eliminated in the PHC. The absence of an East Greenland Current in the AOA winter su

salinity field has been corrected, and the salinity signature of the West Spitsbergen Cur

also stronger.

Differences between the WOA and the PHC are explicitly shown inFigure 5a for winter

surface temperature.Figure 5b shows a histogram of the areal-mean standard deviation

these differences north of 65°N. As for salinity (Figure 2), large differences are observed

the arctic regions, mostly indicating a warm bias in the WOA (which is dominated by sum

observations) relative to the AOA. Note substantial differences between the PHC and the

in the Canadian sector, which result in part from unrealistically warm waters in the W

Hudson Bay that are retained (and through the OI procedure extend their influence) in the

solution. Winter waters in the Canadian sector are perhaps the most poorly sampled
                                                                 -11-
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Arctic regions, at least in regards to international data bases. Finally, note that the add

smoothing imposed on WOA fields in creating the PHC is quite small, generally less than

in both temperature and salinity units.

PHC fields demonstrate the key role of the Arctic seas within the global ocean. For exa

Figure 2d shows the convergence within the Arctic Ocean and the Canadian Archipela

relatively salty North Atlantic waters with relatively fresh North Pacific waters. The latter h

experienced additional freshening as they transit northward through Bering Strait and mix

especially low salinity waters of riverine origins (e.g.,Aagaard and Carmack, 1989). Together

with the corresponding fields for summer salinity and for temperature (not shown), these

may be used for studying the global freshwater cycle and thermal budgets, among other

Thus the PHC allows the first-ever “big picture” view of the warm and salty North Atlantic,

cool and fresh North Pacific, and the cold and even fresher Arctic Ocean regimes, all wi

global climatology.

5. Summary and Discussion

We have produced monthly, seasonal, and annual mean climatological hydrographic

temperature and salinity) fields that include a high quality Arctic Ocean and its environs.

data are provided on an internet web site in the same format as the gridded products in W

i.e., global 1× 1 degree latitude/longitude fields on 33 depth levels in ASCII format. A

provided is a FORTRAN program that fills the default land mask with interpolated values

use with models having higher spatial resolution than the WOA grid. These data sets s

prove useful for both climatological analyses as well as for numerical model initializat

climate restoring, and validation.

Near-term plans for updating the PHC include the analysis of error variance across

WOA and AOA data sets. Some data merging techniques may be revisited, such as the

physical constraints. We recognize, however, that the “lifetime” of this data set may be lim

as Russian and other formerly classified data are publicly released, made available
                                                                 -12-
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NODC, and incorporated into future versions of the WOA. In the meantime, we provide

PHC as a community service to climate researchers. The data are available for downloa

an internet web site, http://psc.apl.washington.edu/Climatology.html, which also prov

further explanation of our methods and sample graphics.
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Table Captions

Table 1:  Characteristics of currently available gridded, interpolated mean climatologies

Table 2: Parameters used in merging the WOA and AOA data sets into PHC products.

that WOA and PHC providein situ temperature, while AOA provides potential temperature
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Figure Captions

Figure 1. The number of surface temperature observations north of 50°N used in (a) the WOA

(Antonov et al., 1998) and in (b) the AOA (EWG, 1997; 1998). The 1997 and 1998 AOA’

provide gridded, interpolated products for winter (March through May) and summer (

through September) averages; these definitions have also been used for the WOA d

summing WOA monthly standard level observation counts. WOA data are provided in 1× 1

degree latitude/longitude bins, while AOA observation counts are provided on a Cartesia

with 200 km resolution in the Arctic Ocean and 50 km resolution in the Nordic Seas. Bins

no data have not been plotted.

Figure 2. Winter (March, April, May) average surface salinity north of 20°N in (a) the WOA,

(b) the WOA with 1× 1 degree latitude/longitude grid cells eliminated in the Arctic regi

shown in Figure 3 where they contain fewer than 2 observations, (c) the AOA (using th

interpolation method), and (d) the optimally merged PHC product, which uses (b) and (

inputs.

Figure 3. Definition of Arctic vs. non-Arctic regions, used for setting parameters in the P

interpolation scheme. All parameters are constant with respect to depth within each re

“Error” refers to the error variance of the input data; “high” is defined as 0.5 times the

variance at each depth , while “low” is defined as 0.0001 . “Decimation” refers to

discarding of WOA pixels with fewer than 2 observations. The correlation length sca

denoted “c.l.” in the figure. In the Fram Strait transition region (dashed lines) bounde

81.5˚N, 85.5˚N, 315.5˚E, and 55.5˚E, the correlation length scale is increased to 4000

order to smooth across the WOA and AOA fields.

ε2
tot ε2

tot
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Figure 4. An example of a synthetic AOA climatological monthly time series generated u

the climatological seasonal values (diamonds) provided by the AOA atlases and Eqs. 1,

3. The figure shows the surface seasonal variation at the North Pole (AOA grid point at 9

225˚E).  Horizontal lines represent the annual means.

Figure 5. (a) Winter surface temperature north of 20°N in the PHC minus that in the WOA.

Most of the Arctic Ocean is cooler in the PHC, a reflection of the summer bias in the W

Warmer regions in the PHC Canadian sector have been influenced by warm winter value

remain from the WOA, notably from Hudson Bay (not shown). (b) A histogram of t

difference north of 65°N. South of this latitude, these differences have essentially zero m

and a standard deviation of generally less than several hundredths of a degree.
                                                                 -18-



Table 1: Characteristics of currently available gridded, interpolated mean climatologies*.

WOA
[Antonov et al., 1998 &

Boyer et al., 1998]

AOA
[EWG, 1997&  1998]

spatial coverage global 65°N−90°N

temporal coverage 1900-1994✝ 1950-1989 & decades♦

horizontal resolution
1° × 1°

latitude/longitude grid

50 km
Cartesian grid

(Lambert projection)

depth levels
(m)

33 total:
0, 10, 20, 30, 50, 75, 100, 125,
150, 200, 250, 300, 400, 500,

600,700, 800, 900, 1000, 1100,
1200, 1300, 1400, 1500, 1750,
2000, 2500, 3000, 3500, 4000,

4500, 5000, 5500

23 total:
0, 5, 10, 15, 25, 50, 75, 100, 150,

200, 250, 300, 400, 500, 750,
1000, 1500, 2000, 2500, 3000,

3500, 4000, 4400

climatological means annual, seasonal,♥ & monthly● seasonal♥

data
in situ temperature, salinity,
oxygen, phosphate, nitrate,

silicate, chlorophyll
potential temperature & salinity

original profile data
available?

yes✝ some

 *The WOA and the AOA contain gridded, interpolated mean fields that are described in this
table. Each also contains fields of statistical quantities such as means, maxima, minima, and
variance on a generally lower-resolution grid.

✝The WOA98 uses as input data compiled in the World Ocean Database 1998 (version 1)
which covers mostly the time period up through 1994, although some newer data were also
used.

♦The AOA atlases contain gridded, interpolated mean fields for 1950-1989 and also for the
decades 1950-59, 1960-69, 1970-79, and 1980-89.

♥For the gridded, interpolated mean fields, WOA seasons are defined as winter (January,
February, March), spring (April, May, June), summer (July, August, September) and fall
(October, November, December), while the AOA seasons are defined as winter (March,
April, May) and summer (July, August, September).  The AOA atlases contain gridded
statistical information for other months as well.

●Monthly WOA data are provided only for the upper 24 depth levels, i.e., to 1500 m depth.
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Table 2: Parameters used in merging the WOA and AOA data sets into PHC products.  Note th
WOA and PHC providein situ temperature, while AOA provides potential temperature.

PHC monthly PHC seasonal PHC annual

input data
AOA: synthetic monthly fields

(Eqs. 1, 2, & 3)

WOA: monthly fields

AOA: winter (MAM) &
summer (JAS) fields

WOA: monthly (M,A,M) &
summer (JAS) fields

PHC monthly
fields*

background
field

Meridionally smoothed zonal
averages of the combined AOA and

WOA monthly fields.

Meridionally smoothed zonal
averages of the combined AOA

and WOAseasonal fields.
- NA -

parameters♦

radius of influence = 1000 km
maximum input points = 20

Arctic region:
WOA error variance = 0.5 ✝

AOA error variance = 0.0001

correlation length scale = 500 km

non-Arctic region:
WOA error variance = 0.0001 ✝

AOA error variance = 0.5

correlation length scale = 100 km

same as monthly - NA -

PHC grid
1° × 1° latitude/longitude grid
NODC depths (see Table 1)

same as monthly
same as
monthly

 *The annual mean PHC fields are a simple 12-month average of the PHC monthly fields.

✝  is the total variance of the combined (WOA plus AOA) field at each depth.
♦See Figure 3 for the definition of the Arctic and non-Arctic regions.  In the Fram Strait transition region,

the correlation length scale is 4000 km and the maximum number of input points is 100.
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ε2
tot

ε2
tot

ε2
tot
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(a) WOA
(summer)

WOA
(winter)

North
America

Russia Russia

North
America

(b) AOA
(summer)

AOA
(winter)

North
America

Russia

North
America

Russia

Figure 1. The number of surface temperature observations north of 50°N used in
(a) the WOA (Antonov et al., 1998) and in (b) the AOA (EWG, 1997; 1998).
The 1997 and 1998 AOA’s provide gridded, interpolated products for winter
(March through May) and summer (July through September) averages; these
definitions have also been used for the WOA data by summing WOA monthly
standard level observation counts. WOA data are provided in 1× 1 degree
latitude/longitude bins, while AOA observation counts are provided on a
Cartesian grid with 200 km resolution in the Arctic Ocean and 50 km
resolution in the Nordic Seas.  Bins with no data have not been plotted.
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Salinity

(a) WOA:
original

Russia

North
America

(b) WOA:
decimated

Russia

North
America

(c) AOA

Russia

North
America

(d) PHC

Russia

North
America

Figure 2. Winter (March, April, May) average surface salinity north of 20°N in (a) the
WOA, (b) the WOA with 1× 1 degree latitude/longitude grid cells eliminated in the
Arctic region shown in Figure 3 where they contain fewer than 2 observations,
(c) the AOA (using the SA interpolation method), and (d) the optimally merged
PHC product, which uses (b) and (c) as inputs.
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Arctic region:
WOA: high error; decimation
AOA:  low error

non-Arctic region:
WOA: low error
AOA:  high error

83
.5

˚N

65.5˚N

55.5˚E

315.5˚E

c.l. = 500 km

c.l. = 100 km

Figure 3. Definition of Arctic vs. non-Arctic regions, used for setting
parameters in the PHC interpolation scheme. All parameters are
constant with respect to depth within each region. “Error” refers to
the error variance of the input data; “high” is defined as 0.5 times the
total variance at each depth , while “low” is defined as 0.0001 .
“Decimation” refers to the discarding of WOA pixels with fewer than
2 observations. The correlation length scale is denoted “c.l.” in the
figure. In the Fram Strait transition region (dashed lines) bounded by
81.5˚N, 85.5˚N, 315.5˚E, and 55.5˚E, the correlation length scale is
increased to 4000 km in order to smooth across the WOA and AOA
fields.

ε2
tot ε2

tot
                                                                 -23-



Figure 4. An example of a synthetic AOA climatological monthly time series generated
using the climatological seasonal values (diamonds) provided by the AOA atlases
and Eqs. 1, 2, and 3. The figure shows the surface seasonal variation at the North
Pole (AOA grid point at 90˚N, 225˚E). Horizontal lines represent the annual
means.
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America

Russia

PHC - WOA

65°N - 90°N

(a) (b)

Temperature (˚C)

North

Figure 5. (a) Winter surface temperature north of 20°N in the PHC minus that in the
WOA. Most of the Arctic Ocean is cooler in the PHC, a reflection of the
summer bias in the WOA. Warmer regions in the PHC Canadian sector have
been influenced by warm winter values that remain from the WOA, notably
from Hudson Bay (not shown). (b) A histogram of this difference north of
65°N. South of this latitude, these differences have essentially zero mean and
a standard deviation of generally less than several hundredths of a degree.
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