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Abstract

Understanding the Arctic Hydroclimate Using the Regional Arctic System Model

Joseph J. Hamman

Chair of the Supervisory Committee:
Associate Professor WOT Bart Nijssen

Department of Civil & Environmental Engineering

The importance of understanding the Arctic climate system is underscored by the recent and

unprecedented observed changes in key climatic processes across the region, and the potential

for these changes to impact natural and human activities in coming decades. Warming associ-

ated with global climate change is expected to bring further changes to the Arctic cryosphere

as well as the broader regional and global climate systems. My research has focused on the

development and application of the Regional Arctic System Model (RASM). RASM is a

fully-coupled regional Earth system model (ESM) applied over the Pan-Arctic domain. The

development of RASM has been motivated by the need to improve multi-decadal simulations

of high-latitude climate and to advance our understanding of the coupled interactions be-

tween individual components within the Arctic climate system. In this dissertation, I present

analysis related to the development, evaluation, and application of the components of RASM

that simulate land surface processes with the overarching goal of better understanding the

Arctic hydroclimate.

This dissertation is made up of three core chapters. In Chapter 3, I introduce a novel

coupling of the Variable Infiltration Capacity (VIC) model within RASM, evaluating the

performance of VIC compared to observations and other model based datasets. In Chapter

4, I present a new river routing scheme (RVIC) for earth system models, again evaluating

the model in comparison to in situ observations and model based datasets. This chapter also



presents the development of a new coastal streamflow dataset for ocean modeling applica-

tions. Finally, in Chapter 5, RASM was used to evaluate how changes in the sea ice cover

in the Arctic Ocean impact precipitation patterns over land.
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Chapter 1

INTRODUCTION

1.1 Background

The Arctic is a complex and integral part of the global climate system. It is made up of

a diverse landscape that includes open ocean, sea ice, permafrost, ice sheets, tundra, and

taiga. The seasonal cycle of temperature in the Arctic is largely driven by the seasonal cycle

in solar radiation, with the highest latitudes receiving no solar radiation in the winter and

more than 200 W m−2 averaged over the summer months. Annual average net radiation

across the tundra and much of the Arctic Ocean is negative, indicating that the Arctic also

acts as a heat sink, balancing poleward heat fluxes from the lower latitudes of the Northern

Hemisphere (Serreze et al., 2007a). The hydrologic cycle in the Arctic is closely tied to the

seasonal energy budget. In the fall and winter, most of the land surface in the region is

continuously snow covered. In the spring and summer, rapid increases in incident radiation

lead to ablation of seasonal snow packs and a prominent spring streamflow freshet.

A key motivating factor for studying the Arctic climate system is global climate change

and its associated warming. Global averaged warming caused by increased greenhouse gas

emissions is expected to exceed 3 degrees Celsius (IPCC, 2014) bu 2100. The Arctic region

is expected to warm at a rate faster than the global average as a result of processes related

to “Polar Amplification” (e.g. Serreze and Francis, 2006b; Holland and Bitz, 2003). This

warming is expected to bring significant changes to the Arctic cryosphere as well as the

broader regional and global climate systems. Significant changes are already being observed,

including increasing surface air temperature (e.g. Rigor et al., 2000), increasing precipitation

(e.g. Min et al., 2008), melting of land ice (e.g. Gardner et al., 2011), thawing of permafrost
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(Serreze et al., 2000; Osterkamp and Romanovsky, 1999, e.g.), increasing streamflow and

changes in its seasonality (e.g. Dai et al., 2009; McClelland et al., 2006; Peterson, 2002;

Smith et al., 2007; St. Jacques and Sauchyn, 2009), increasing green vegetation (e.g. Stow

et al., 2004; Xu et al., 2013), increasing wildfires (e.g. Kelly et al., 2013), and decreasing sea

ice extent and thickness (e.g. Serreze et al., 2000; Maslowski et al., 2012). Taken together,

the observational evidence overwhelmingly supports the conclusion that the Arctic is rapidly

changing (Serreze and Francis, 2006a). All of these changes are fundamentally linked by the

regional water and energy budgets.

Global climate models (GCMs) agree that global temperature will increase in response

to increases in atmospheric carbon-dioxide. However, uncertainty remains regarding the

response of individual processes and regional climate systems. In terms of the representa-

tion of key hydroclimatological processes, some GCMs perform quite poorly. For example,

Alkama et al. (2013) reviewed streamflow statistics from a selection of GCMs in the Coupled

Model Intercomparison Project Phase 5 (CMIP5) (Taylor et al., 2012), and reported that

some GCMs have annual regional biases that exceed 50%. Slater and Lawrence (2013) and

Koven et al. (2013) report a wide range of modeled permafrost projections, with many of the

global models poorly representing the current extent of continuous permafrost. Most trou-

bling in the Arctic is the spread of simulated September sea ice extent, in which the range

between extreme projections is equal to its current day extent (approximately 8x106km2)

(e.g. Maslowski et al., 2012).

Global climate models (GCMs) and the more complex Earth System Models (ESMs)

have been widely applied as tools for understanding the global climate system. While these

models tend to agree on global warming trends, they often disagree on individual regional

and process responses. Examples of intermodel disagreement in the Arctic region have been

identified in the sensitivity to the polar amplification feedback (Serreze and Francis, 2006a;

Holland and Bitz, 2003), observed sea ice decline (Stroeve et al., 2007; Zhang, 2010), and

the regional response of precipitation to warming and sea ice decline (Bintanja and Selten,

2014). In response to these deficiencies, Roberts et al. (2010) proposed the development of a
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high-resolution regional ESM applied over a Pan-Arctic domain. This model would become

the Regional Arctic System Model (RASM) and has been used as the main modeling tool in

this dissertation. Chapter 2 further discusses the motivation, development, and application

of RASM as a tool for improving our understanding of the coupled Arctic climate system.

1.2 Objectives and Research Questions

Through this dissertation, I aim to better understand the processes and feedbacks that

make up the Arctic hydroclimate. This dissertation focuses on land surface processes that

link the water and energy cycles; namely the apportioning of precipitation into runoff and

evapotranspiration, the accumulation and ablation of seasonal snow, the terrestrial freshwater

flux into the Arctic Ocean, the surface energy balance, and the partitioning of the turbulent

heat fluxes (sensible and latent). I am also interested in the coupled relationships between

the terrestrial hydroclimate in the Arctic and the other parts of the Arctic climate system

(e.g. ocean, sea ice, biology, etc.).

The primary goal of this dissertation is to develop, evaluate, and apply RASM in order to

better understand the Arctic hydroclimate. My two objectives directing the research in this

dissertation are to 1) improve our understanding of the role that coupled land-atmosphere

and land-ocean processes play in the Arctic climate system; and 2) develop and improve

numerical models that simulate land surface processes in the Arctic.
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Research Questions

1. How well does the Regional Arctic System Model simulate the land surface climate

across the pan-Arctic region?

2. How well does the Regional Arctic System Model capture the freshwater flux into

the Arctic Ocean?

3. What role does the terrestrial freshwater flux play in ocean and sea ice processes?

4. Do changes in Arctic sea ice extent impact precipitation over the high-latitude land

areas in the fall and if so how much?

1.3 Approach

I address these science questions in three chapters that form the core of this dissertation. The

Chapter 3 (published as Hamman et al., 2016b) provides an introduction to the baseline land

surface climate in the Regional Arctic System Model (version 1.0). This chapter establishes

the strengths and weaknesses of the RASM land surface model and provides the backdrop

to the following chapters (Question 1). In the first part of Chapter 4 (Hamman et al.,

in review), I introduce the RVIC streamflow routing model, used in RASM to deliver the

terrestrial freshwater flux to the ocean model component (Question 2). In the second part

of Chapter 4, I explore the role the terrestrial freshwater flux plays in the Arctic in terms

of salinity and sea ice development (Question 3). In Chapter 5 (to be submitted to Journal

of Geophysical Research - Atmospheres), I evaluate the relationship between sea ice extent

and fall season precipitation (Question 4). Finally, in Chapter 6, I present conclusions from

this collection of research and provide recommendations for future scientific opportunities.



5

Chapter 2

THE REGIONAL ARCTIC SYSTEM MODEL

2.1 Introduction

I have used the Regional Arctic System Model as the main modeling tool in this dissertation.

RASM is a fully-coupled regional Earth system model (ESM) applied over a large Pan-

Arctic domain (Figure 2.1b). RASM was developed with the support of the United States

Department of Energy. The development of RASM has been motivated by the need to

improve multi-decadal simulations of high-latitude climate and to advance our understanding

of the coupled interactions between individual components within the Arctic climate system

(Roberts et al., 2010). RASM combines the Weather Research and Forecasting (WRF)

atmospheric model (Skamarock and Klemp, 2008; DuVivier et al., 2016; Cassano et al., in

revision), the Variable Infiltration Capacity (VIC) hydrology model (Liang et al., 1994, 1996;

Hamman et al., 2016b), the RVIC streamflow routing model (Lohmann et al., 1996; Hamman

et al., in review), the Parallel Ocean Program (POP) model (Smith et al., 2010; Roberts et al.,

2015), and the Los Alamos Sea Ice (CICE) model (Hunke et al., 2013, 2015; Roberts et al.,

2015) using the Community Earth System Model (CESM) coupling infrastructure (CPL7;

Craig et al., 2012; Roberts et al., 2015). Additional details describing the specific application

of each of the RASM component models can be found in Chapters 3 and 4 as well as in the

RASM-specific literature cited above.

2.2 Motivation

The importance of understanding the Arctic climate system is underscored by the recent and

unprecedented observed changes in key climatic processes across the region, and the poten-

tial for these changes to impact natural and human activities in coming decades. Although
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Figure 2.1: a) Schematic of the RASM model configuration. The component land, atmo-
sphere, ocean, and sea ice models each calculate internal physics. The CPL7 flux coupler
receives and passes all fluxes as well as a few state variables such as air and land surface
temperatures. The interactions between the component models as directed by the coupler
are shown with color coded arrows based on their source model. b) RASM model domain.
RASM consists of three main domains, a 1/12◦ rotated pole grid for ice/ocean, a 50-km near
equal area polar stereographic grid for atmosphere/land/streamflow, and a 1/12◦ grid for
the extended ocean. The color bar represents elevation above or below sea level. The black
outline designates the greater Arctic Basin.
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it is clear that these changes are largely driven by changes in global temperature, the Arctic

is expected to play an important role in modulating the rate of warming through a series of

radiative, hydrologic, and biogeochemical feedbacks (e.g. Holland and Bitz, 2003). Many of

the underlying processes that control these feedbacks are not represented in sufficient detail

in global models, which often leads to the misrepresentation of the true feedback sensitivity.

Global models poorly represent some processes, such as sea ice, permafrost, runoff, precipi-

tation, and atmospheric circulation. RASM seeks to improve the representation of a range of

high-resolution processes unique to the polar regions and to provide improved understanding

of the coupled relationship between climate system components.

The development and use of a regional climate model, such as RASM, has advantages

and disadvantages when compared to global climate models (GCMs). Most notably, from

a computational perspective, regional models are applied over a smaller region than global

models and they may be run at higher spatial and temporal resolutions. Higher resolution is

generally thought to improve model representation of certain processes, such as orographic

precipitation, coastal processes, and mesoscale processes (Feser et al., 2011). High-resolution

regional models are also useful as a “testbed” for future global model parameterizations.

As global models trend to higher resolutions, parameterizations related to model dynamics

(e.g. ocean eddies, clouds, convective precipitation) will need to be re-evaluated; regional

models offer a way to test new combinations of parameterizations (e.g. Roberts et al., 2015;

Cassano et al., in revision). Regional models must be forced at their lateral boundaries with

output from a global model (either reanalysis or a GCM). In some cases, this can be viewed

as a disadvantage of regional models since global climate feedbacks are not accounted for.

Conversely, forcing regional models at their boundaries limits the degrees of freedom in the

climate system, which can be viewed as an advantage when interpreting the response of new

model parameterizations.
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2.3 Application

The RASM domain includes the entire Arctic drainage basin and encompasses the historical

extent of seasonal sea ice cover. For the work presented in this dissertation, the land,

atmosphere, and runoff components in RASM are applied over a 50-km near equal-area

stereographic grid, while the ocean and sea ice components are applied over a 1/12◦ rotated

sphere mesh (Figure 2.1b). The individual model components (Figure 2.1a) are tightly-

coupled, exchanging flux variables through the flux coupler every 20 minutes. This coupling

configuration is described by Roberts et al. (2015), where the sub-daily coupling frequency

is shown to be important in reproducing observed inertial frequencies in the atmosphere-ice-

ocean coupling cycle.

RASM version 1.0 was completed in 2015 and since then it has been used in a range

of applications. Roberts et al. (2015) used RASM to develop refined ice-ocean-atmosphere

coupling scheme for sub-hourly timesteps. They went on to show how this improvement

led to better simulation of inertial oscillations and semi-diurnal sea ice drift in RASM and

in a CESM. This paper is a good example of how RASM can be used as a testbed for

high-resolution climate modeling. RASM was used by DuVivier et al. (2016) to evaluate

characteristic patterns of atmosphere-ocean coupling resulting from strong winds along the

southeast Greenland coast. Cassano et al. (in revision) used RASM to evaluate a range of sea

ice, ocean, and atmospheric parameterizations in terms of their impact on radiation biases.

This paper has motivated the upgrade and extension of the WRF model within RASM to

improve known biases in WRF’s radiation and microphysics schemes, work that is currently

underway. This dissertation (Chapters 3, 4, and 5) represents the existing body of work

related to the development and evaluation of land surface processes within RASM.
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Chapter 3

THE LAND SURFACE CLIMATE IN THE REGIONAL
ARCTIC SYSTEM MODEL

This chapter has been published in its current form in the Journal of Climate. ©American

Meteorological Society. Used with permission. The supplemental material for this chapter

is provided in appendix A.

Hamman, J., Nijssen, B., Brunke, M., Cassano, J., Craig, A., DuVivier, A., Hughes, M.,

Lettenmaier, D. P., Maslowski, W., Osinski, R., Roberts, A., and Zeng, X. Land surface

climate in the Regional Arctic System Model. Journal of Climate, 29(18):65436562, 2016b.

doi: 10.1175/JCLI-D-15-0415.1.

Abstract

The Regional Arctic System Model (RASM) is a fully coupled, regional Earth system model

applied over the pan-Arctic domain. This paper discusses the implementation of the Variable

Infiltration Capacity land surface model (VIC) in RASM and evaluates the ability of RASM,

version 1.0, to capture key features of the land surface climate and hydrologic cycle for

the period 1979-2014 in comparison with uncoupled VIC simulations, reanalysis datasets,

satellite measurements, and in situ observations. RASM reproduces the dominant features

of the land surface climatology in the Arctic, such as the amount and regional distribution

of precipitation, the partitioning of precipitation between runoff and evapotranspiration, the

effects of snow on the water and energy balance, and the differences in turbulent fluxes

between the tundra and taiga biomes. Surface air temperature biases in RASM, compared

to reanalysis datasets ERA-Interim and MERRA, are generally less than 2◦C; however, in

the cold seasons there are local biases that exceed 6◦C. Compared to satellite observations,
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RASM captures the annual cycle of snow-covered area well, although melt progresses about

two weeks faster than observations in the late spring at high latitudes. With respect to

derived fluxes, such as latent heat or runoff, RASM is shown to have similar performance

statistics as ERA-Interim while differing substantially from MERRA, which consistently

overestimates the evaporative flux across the Arctic region.

3.1 Introduction

The Regional Arctic System Model (RASM) is a fully coupled regional Earth system model

(Roberts et al., 2015) applied over the pan-Arctic domain (Fig. 3.1a). The development

of RASM has been motivated by the need to improve the representation of critical Arctic

processes and feedbacks that affect multidecadal simulations of high-latitude climate, to

advance understanding of the coupled interactions between components within the Arctic

climate system, and ultimately to better understand climate change at high latitudes. In

RASM, the land surface scheme is the Variable Infiltration Capacity model (VIC; Liang

et al., 1994, 1996), which is coupled to atmosphere, ocean and sea ice model components

via the Community Earth System Model (CESM; Hurrell et al., 2013) flux coupler software

infrastructure (Craig et al., 2012).

We assess the RASM-simulated land surface climate and land-atmosphere coupling in

terms of a range of hydrometeorological variables. We compare fully coupled simulations

using RASM version 1.0 to reanalysis, remote sensing, and observation-based datasets. Our

goal in this paper is to establish a baseline for future model development and applications,

and to understand the processes that are and are not well represented.

The Arctic land surface plays three primary roles in the global climate system. First,

most of the Arctic land surface has a negative net radiation flux and thus acts as a heat

sink, balancing the poleward heat flux from lower latitudes (Fasullo and Trenberth, 2008).

Second, the high albedo in the Arctic during periods of snow cover controls the net shortwave

flux in the regional surface energy balance (Flanner et al., 2011). Declines in the regional

albedo associated with reductions in snow and ice cover therefore contribute to the process of
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Figure 3.1: (a) Domain of the Regional Arctic System Model. The 50-km near-equal-area
land and atmosphere domain is shown as the outer boundary. Shaded areas represent the
topographic height for individual land model grid cells. The black contour defines the RVIC
drainage area over land, and the 1/12◦ inner ocean-ice domain over the ocean. (b) The
tundra and taiga biomes in the RASM domain. (c) The Mackenzie, Ob, Lena, and Yukon
River basins. (d) The location of R-ArcticNET streamflow gauges (dark blue crosses) and
AmeriFlux towers (red stars) used in this analysis.
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polar amplification (Serreze and Francis, 2006b). Finally, by most accounts, the runoff from

the Arctic land surface provides the largest freshwater flux into the Arctic Ocean (Serreze

et al., 2006). This flux lowers the salinity in the Arctic Ocean, which is important for sea

ice development and is a driver of coastal, regional, and global ocean currents originating in

the Arctic Ocean (Morison et al., 2012; Serreze et al., 2006).

The land surface hydroclimate in the pan-Arctic region has been extensively studied using

offline (uncoupled) hydrologic model simulations. For example, Slater et al. (2007) forced

five uncoupled land surface models with the ECMWF reanalysis called ERA-40 over the pan-

Arctic drainage area. They cited intermodel differences of up to 30% in the partitioning of

precipitation into evapotranspiration and runoff. They also noted that most models struggled

to capture the winter baseflow behavior, deficiencies that were partially corrected, in some of

the models, by adjusting the soil parameterizations. Adam et al. (2007) and Tan et al. (2011)

used uncoupled implementations of VIC to investigate twentieth-century changes in annual

and seasonal hydrologic fluxes in the Arctic. Frequently, uncoupled simulations are used to

develop new model physics and to improve land surface process representations (Bonan et al.,

2011; Bowling et al., 2004; Bowling and Lettenmaier, 2010; Cherkauer et al., 2003; Swenson

and Lawrence, 2012). These studies have been useful in evaluating the model representations

of hydrologic processes such as streamflow or evapotranspiration, but have not accounted for

coupled land-atmosphere feedbacks.

The development of coupled land-atmosphere and Earth system models has been an

important advance in our understanding of hydrometeorology. Regional and global coupled

land-atmosphere models offer a tool to understand how feedbacks between model components

propagate changes in individual elements. Notable examples of this can be found in numerous

studies at high and middle latitudes that have shown the importance of antecedent soil

moisture and surface albedo in seasonal climate forecasts (Beljaars et al., 1996; Betts, 2004;

Dominguez et al., 2006; Koster et al., 2004). Studies such as these highlight the importance

of developing and evaluating land surface processes within a coupled model framework.

In this paper we describe the land surface component coupled within RASM, and eval-
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uate the baseline behavior and performance of the RASM land surface scheme. Section

3.2 provides a brief overview of RASM and the land surface model VIC. Section 3.2.3 de-

scribes the model simulations and comparison data used in this analysis. Section 3.3 presents

the results from our analysis, comparing RASM simulated spatial fields to reanalysis and

observation-based data products. Section 3.4 presents a discussion of our results, using

streamflow observations to constrain the partitioning of the hydrologic fluxes. Section 3.4

also compares RASM surface fluxes directly to surface observations at selected flux towers,

assessing the model’s ability to simulate the observed surface energy balance and diurnal

cycle. Finally, section 3.5 states our conclusions and outlines the future applications and

development intended for the RASM model.

3.2 Model description

3.2.1 RASM

RASM is a high-resolution, regional, coupled Earth system model that has been developed to

improve the representation of critical Arctic process and feedbacks that affect multidecadal

simulations of climate in the pan-Arctic domain. RASM version 1.0 uses the Community

Earth System Model (CESM) coupling infrastructure (CPL7; Craig et al., 2012; Roberts

et al., 2015) and is composed of five component models:

1. The Weather Research and Forecasting (WRF) Model (Skamarock and Klemp, 2008)

is an atmospheric mesoscale meteorological model. DuVivier et al. (2016) and Cassano

et al. (in revision) provide a detailed description of the WRF model, version 3.2, as it

is applied in RASM. Temperature and winds in the top 20 levels of WRF are spectrally

nudged to scales larger than approximately 3400 km with nudging linearly ramped from

no nudging at level 20 to a nudging strength of 0.0003 s-1 (nudged toward boundary

conditions every 55 min) at level 40 (Glisan et al., 2013; Skamarock and Klemp, 2008).

2. The Parallel Ocean Program model (POP; Smith et al., 2010) is a general circulation
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ocean model. Roberts et al. (2015) provide a description of the application of POP,

version 2, within RASM.

3. The Los Alamos Sea Ice model (Hunke et al., 2015, CICE; ) is widely used in regional

and global climate simulations. Roberts et al. (2015) provide a description of the

application of CICE, version 5, within RASM.

4. The streamflow routing model used is an adapted version of a linear routing model

frequently used to route streamflows from VIC output (RVIC; Lohmann et al., 1996,

1998a). Hamman et al. (in review) provide a description of RVIC, version 1.0, as it is

applied in RASM.

5. The Variable Infiltration Capacity model (VIC; Liang et al., 1994, 1996) is a macroscale

hydrologic model. A more detailed description of VIC is provided in section 3.2.2.

In RASM version 1.0, the land, atmosphere, and runoff components are configured on

a 50-km near-equal-area North Pole stereographic grid. The ocean and sea ice models are

configured on a 1/12◦ rotated stereographic grid. Each model exchanges fluxes with the

coupler every 20 minutes (Roberts et al., 2015).

3.2.2 VIC

VIC is a semidistributed hydrologic model that solves the water and energy balance equations

at the land surface. VIC represents subgrid variability in vegetation and topography through

a mosaic-style statistical tiling scheme. Infiltration capacity is nonlinearly distributed (Zhao

et al., 1980) and flow from the upper layer is driven by gravity to the lower layers according to

(Campbell, 1974). Base flow is generated from the bottom soil layer and recedes nonlinearly

as a function of soil moisture (Dümenil and Todini, 1992; Todini, 1996). VIC does not

consider direct interactions between neighboring cells, instead assuming that surface and

subsurface runoff reach the channel before leaving the grid cell. In RASM, runoff fields are

passed to the flux coupler and are then routed to the Arctic Ocean using RVIC.
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When run in energy balance mode, as it is in RASM, VIC uses an iterative process

to determine the land surface temperature that minimizes the surface energy balance error

(Liang et al., 1999). Accumulation and ablation of the snowpack are modeled using a quasi-

two-layer snow model, consisting of a thin surface layer and a thicker pack layer (Andreadis

et al., 2009; Cherkauer and Lettenmaier, 1999). The full energy balance is computed for the

surface layer, which exchanges fluxes with the atmosphere, while the pack layer is treated

as a reservoir for mass and energy (cold content). Change in snow water equivalent is the

net result of snow, rain, throughfall, sublimation (or condensation), and melt. Intercepted

snow accumulates as a function of the leaf area index and canopy temperature (Storck et al.,

2002). Snow albedo decays as a function of time and season (Andreadis et al., 2009).

As an uncoupled hydrologic model, VIC has been applied at global and continental scales

(Maurer et al., 2001; Nijssen et al., 1997, 2001) including numerous pan-Arctic hydrologic

studies (Adam et al., 2007; Slater et al., 2007; Su et al., 2005; Tan et al., 2011). VIC has also

been coupled to prognostic atmospheric models, such MM5 (Zhu et al., 2009), to provide

lower boundary conditions over land.

RASM uses a modified implementation of VIC, version 4.0.4 (available at

https://github.com/UW-Hydro/VIC/releases/tag/VIC.4.0.4). Extensive structural changes

to the VIC source code were required to allow coupling with other RASM component models

via the flux coupler, but changes to the physical core of the model were limited. The VIC

physics used within RASM differs from the standard release version 4.0.4 in the following

four major ways:

1. Vegetation-dependent broadband albedo for snow: VIC typically treats snow-covered

vegetation as a completely covered snow surface with a broadband albedo for new snow

of 0.85. In early RASM simulations, this led to significant positive biases in surface

albedo and consequent negative biases in net shortwave radiation and surface air tem-

perature, especially in coniferous vegetation types with a canopy. In the RASM version

of VIC, we have added a vegetation-dependent broadband albedo parameter to address
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this issue. The updated broadband albedos are taken from Barlage et al. (2005), who

combined MODIS-derived snow cover and albedo products to define a maximum snow-

covered broadband albedo product at 0.05◦ resolution for each University of Maryland

land cover type (Hansen et al., 2000).

2. Bare-surface albedo: The vegetation cover dataset used in RASM contains only a small

amount of bare soil; however, most grid cells designated as bare soil are in actuality ice

sheets. Early RASM simulations showed positive biases in net shortwave radiation and

therefore surface air temperature in the Canadian archipelago and along the margins

of Greenland. These biases were largely corrected by changing the bare-surface albedo

from 0.2 to 0.55 to simulate bare ice at high latitudes.

3. Measurement height: Traditionally, offline versions of VIC assume a globally constant

measurement height. The RASM version of VIC uses the height of the lowest WRF

model level as the measurement height for atmospheric fields. This height is allowed

to vary between grid cells.

4. Emissivity: In the RASM version of VIC, we have changed the land surface emissivity

from 1.0, as is typically used in offline VIC simulations, to 0.97. This change is phys-

ically realistic and ensures that the land surface emissivity is (Prabhakara and Dalu,

1976) consistent with the formulations used by the sea ice and ocean. Jin and Liang

(2006) demonstrated that the land surface emissivity has a small, spatially heteroge-

neous impact on surface soil temperature, net longwave radiation, and the sensible

heat flux. Tests using the fully coupled RASM model showed little effect on the land

surface temperature.

As applied in RASM, VIC has been configured with a single canopy layer. The soil

parameters were taken from Sheffield et al. (2006) and were resampled to the 50-km near-

equal-area grid using a conservative area remapping technique (Jones, 1999). Land cover
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types, LAI, and albedo were resampled to the 50-km near-equal-area grid from the global 0.5◦

VIC input dataset distributed by the University of Washington (Su et al., 2005), originally

derived from Hansen et al. (2000). Table S1 in the supplemental material provides additional

details on the land surface parameters used by VIC in RASM.

Land surface coupling

In the RASM infrastructure, model components are coupled through the flux coupler CPL7

(Craig et al., 2012). Each model component passes all relevant fluxes and states to CPL7,

which then aggregates, regrids, and conservatively distributes fluxes to individual model

components. The land-atmosphere coupling is performed at a 20-min time step. At each

coupling time step, the land surface model (VIC) exchanges states and fluxes as detailed

in Table S2 of the supplemental material. RASM includes one-way coupling between the

land and ocean components through the freshwater flux. Runoff and baseflow from VIC are

passed via the coupler to the streamflow routing model RVIC, which routes the freshwater

flux to coastal ocean grid cells. Hamman et al. (in review) detail the coupling of the RVIC

and POP models.

3.2.3 Methodology and data

Model simulations

Uncoupled VIC simulations, run at an hourly time step, were forced with prescribed meteo-

rological inputs from Sheffield et al. (2006). These simulations were used for initialization of

the RASM land surface states and for isolated evaluation of changes to the scheme to repre-

sent snow-covered vegetation albedo (see section 2b). Uncoupled simulations were run within

the RASM infrastructure using a prescribed atmosphere to ensure that the VIC physics and

configurations were identical to the fully coupled simulations. Initial model states were based

on a 31-yr, uncoupled VIC simulation (January 1948 through August 1979). Using the model

state at the end of this period, VIC was run in uncoupled mode for an additional 29 years
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[September 1979 through December 2008, limited by the period covered by the Sheffield

et al. (2006) dataset; this dataset is referred to herein as S2006]. Results from the later

29-yr period will be referred to as V ICS2006.

Fully coupled RASM simulations were run for 34 years (September 1979 through Decem-

ber 2014). The land surface initial state was the same as for the V ICS2006 simulation. This

paper discusses the results of two fully coupled, baseline RASM simulations using different

atmospheric boundary conditions. The first was forced with ERA-Interim (Dee et al., 2011)

and the other with NCEP’s CFSR (Saha et al., 2010). These simulations will be referred to

hereafter as RASMERA and RASMCFSR, respectively, or collectively as RASM.

Comparison datasets

Much of the Arctic region is sparsely populated and has few in situ monitoring stations

compared to lower latitudes. The choice of comparison data products used in this paper

reflects the need to combine model-simulated reanalysis products with remote sensing and in

situ observations to assess the land surface climate of the region. Table S3 in the supplemental

material outlines each of these datasets along with their spatiotemporal characteristics. All

gridded datasets were regridded to the RASM land-atmosphere 50-km near-equal-area grid.

Reanalysis products offer model-simulated estimates of land and atmosphere states and

fluxes constrained by observations. In areas where assimilated observations are sparsely

distributed, reanalysis results are more dependent on the reanalysis model than on the as-

similated observations. We used ERA-Interim (also referred to hereafter as ERA; Dee

et al., 2011) and NASA’s Modern-Era Retrospective Analysis for Research and Applica-

tions (MERRA; Rienecker et al., 2011) reanalysis products for comparison with RASM

land surface fluxes and states. Lindsay et al. (2014) have shown that these are two of the

best performing reanalysis products in the Arctic region in terms of surface air temperature,

precipitation, and radiative fluxes.

Gridded observations of surface air temperature and precipitation suffer from similar

sampling problems as reanalysis products but provide a crucial benchmark for model eval-
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uation apart from results of other models. We use reanalysis datasets that have undergone

significant bias correction based on gridded surface observations (Adam et al., 2006; Sheffield

et al., 2006). We will refer to the Adam et al. (2006) dataset as A2006. For these datasets,

the reanalysis is solely used to construct the daily variability while the monthly-mean tem-

perature and precipitation are derived from observations. Both datasets have undergone

correction for solid precipitation gauge undercatch and the A2006 dataset has been further

adjusted for orographic effects. For the S2006 dataset, precipitation and surface air temper-

ature were bias corrected using the Climate Research Unit (CRU) Time Series (TS) version

2.0, Global Precipitation Climatology Project (GPCP), and Tropical Rainfall Measuring

Mission (TRMM) products, and shortwave and longwave radiation were bias corrected using

NASA’s monthly surface radiation budget (SRB) product. We use empirically upscaled flux

tower observations of sensible and latent heat from Jung et al. (2011), referred to herein as

J2011, to compare to the model simulated turbulent fluxes. The J2011 dataset uses ma-

chine learning to upscale site-level turbulent heat fluxes based on vegetation, climate, and

meteorological predictors.

In situ observations of streamflow offer a unique opportunity for assessing the aggregate

water balance over watersheds. We use the Regional, Electronic, Hydrographic Data Network

for the Arctic Region (R-ArcticNET) streamflow database (Lammers et al., 2001) to compare

to RASM simulated streamflow. We selected 379 streamflow gauge locations of the 5688 sites

available in the database (Fig. 3.1d). Sites were selected based on two criteria: first, only

sites with at least one complete year of streamflow observations between 1980 and 2014 were

chosen (with the year starting in September); second, basin masks were delineated using a

1/16◦ flow direction dataset (Wu et al., 2011) and only sites with a basin area within 10%

of the upstream area reported by R-ArcticNET were used.

Satellite observations of snow cover extent and albedo provide the ability to assess the

domain-wide behavior of surface processes. We use the National Snow and Ice Data Center

(NSIDC) Northern Hemisphere Equal-Area Scalable Earth Grid (EASE-Grid 2.0) weekly

snow cover extent, version 4 dataset (Brodzik and Armstrong, 2013) to compare to RASM
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simulated snow cover and the global surface albedo product (GlobAlbedo; Muller et al.,

2012) to evaluate surface albedo.

Approach to model comparison and validation

Coupled land-atmosphere models, like RASM or reanalyses, are merely “virtual realities”

and are useful as far as they allow us to explore the coupled processes in the physical

climate system (Betts, 2004). Our approach to assessing the performance of RASM in

simulating high-latitude land surface climate has been to select a wide range of comparison

datasets (see section 3.2.3 and Table S3) that provide insight into the underlying processes

and behavior of the climate system. Ultimately, we are interested in the processes that the

model simulates and not the exact replication of the climate in any of the chosen comparison

datasets. After all, the uncertainty in spatially distributed observed climatological variables,

such as precipitation, is poorly quantified and the spread among individual datasets can be

large. Furthermore, some of the variables of interest (Table S4 in the supplemental material)

are simply not measured at a sufficient number of locations to allow for the construction of

a spatially gridded dataset (e.g., sensible and latent heat). In these cases, we turn to point

observations (e.g., flux towers) or model predictions (e.g., reanalysis), even though we know

that these have their own challenges of representativeness. None of the datasets used here

provided explicit estimates of measurement error or model uncertainty. Lacking quantifiable

measurement error and uncertainty statistics, we have cited estimates published in existing

literature, with the goal of putting our comparisons with RASM simulated variables in

perspective.

We provide summarized analysis of the annual cycle using two sets of spatial masks. First,

we summarize variables related to the surface energy budget in RASM (see Fig. 3.3), distin-

guishing between the tundra and taiga biomes (Olson et al., 2001) (Fig. 3.1b). Observation-

based studies have identified the important and marked differences in land-atmosphere in-

teractions between these biomes (Beringer et al., 2005; III et al., 2000; Chapin et al., 2000)

and we have therefore used these masks to highlight RASM’s performance across different
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surface types. Second, we summarize variables related to the hydrologic cycle using masks

representing the Mackenzie, Ob, Lena, and Yukon River basins (see Fig. 3.7), delineated

using the Wu et al. (2011) flow direction raster dataset (Fig. 3.1c).

We exclude coastal grid cells from our analysis and discussion because the model datasets

tend to report mixed ocean-land states and fluxes, which are not directly comparable with

ground observations. We have also left out discussion of the land surface climate and model

performance over the Greenland ice sheet and surrounding polar ice caps for two reasons: 1)

there is a lack of distributed and reliable measurements of temperature and precipitation,

and 2) the version of RASM that we are using in this study did not include an explicit

representation of land ice. Last, the differences between RASMERA and RASMCFSR are

much smaller than the differences between RASM and the comparison datasets (e.g., see Fig.

3.2). For this reason, the remainder of the figures in this paper will exclude the RASMCFSR

simulation. All figures in the supplemental material include both RASM simulations.

3.3 Results and model evaluation

3.3.1 Surface air temperature

Surface air temperature is a function of the surface net radiation, turbulent heat exchange

with the atmosphere, and atmospheric dynamics. Figure 3.2 shows spatial maps of RASM-

simulated seasonal and annual averaged surface air temperatures across the model domain,

compared to the ERA, MERRA, and S2006 datasets. RASM exhibits a zonal gradient in

surface air temperatures that is steepest in the winter and in northern Eurasia. Summer

surface air temperatures are more homogeneous with nearly the entire domain experiencing

temperatures greater than 0◦C. Annual average temperatures are less than 0◦C in the tundra

and ice-covered regions and near or greater than 0◦C over the taiga and midlatitudes.

RASM’s annual surface air temperature biases, compared to all of the datasets in Fig. 3.2,

are relatively low across most of the domain, generally with absolute values of less than 2◦C.

The smallest biases occur in spring and summer. At the highest latitudes in North America
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Figure 3.2: Seasonal and annual surface air temperature statistics for September 1989-August
2014. (top) RASMERA averages (bottom-left color bar); (second row) RASMERA std dev
(bottom-center color bar); and (next four rows, from top to bottom) RASMERA biases
compared to RASMCFSR, S2006, ERA, and MERRA (bottom-right color bar).
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and eastern Siberia, the spring season positive temperature differences are between +2◦ and

+6◦C and are most likely related to early seasonal snowmelt, although they are smaller when

compared to ERA than to S2006. During fall and winter, RASM exhibits larger surface air

temperature biases compared to the other datasets. The extent and magnitude of these

biases suggest better agreement among the comparison datasets during fall and winter than

during spring and summer. In western Siberia, a strong cold bias of between -6◦ and -8◦C

is related to a negative bias in downward longwave radiation (discussed in section 4b). The

combination of moderate warm biases in the warm season and strong cold biases in the cool

season results in a seasonal cycle with a larger amplitude than reanalysis and observations,

accompanied by steeper transitions in the shoulder seasons, especially in fall (Fig. 3.3).

3.3.2 Radiative fluxes

The annual cycle of downward shortwave radiation has a large amplitude at high latitudes,

with some polar regions receiving less than 30 Wm−2 in the winter and more than 300 Wm−2

in the summer. While clear-sky downward shortwave radiation is only a function of season

and latitude, the downward shortwave radiation at the surface also depends on cloud amount

and details of the cloud microphysics, which depend on interactions between the atmospheric

model boundary layer, microphysics, and radiative transfer schemes. In RASM, midlatitudes

receive 30-50 Wm−2 more downward shortwave than in ERA, MERRA, and S2006, while

higher latitudes generally receive less, especially in summer (Fig. S1 in the supplemental

material). In general, the biases in downward radiation in RASM result from too few clouds

over midlatitude land areas throughout the year. The nature of these biases is discussed in

detail by Cassano et al. (in revision).

Reflected shortwave radiation is controlled by the surface albedo, which in the Arctic is

mainly determined by the presence or absence of snow. In the spring, when much of the

region is still snow covered, downward shortwave radiation increases rapidly. Much of this

radiation is reflected due to the high albedo of the snow-covered land surface. RASM captures

the difference in cold season albedos between the taiga and tundra, with typical values of
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0.4 and 0.6 respectively (Fig. 3.3). Compared to the GlobAlbedo product, model simulated

surface albedos from RASM, V ICS2006, and ERA each have cold season differences that can

be as large as +0.25. Furthermore, all models tend to simulate an early and exaggerated

increase in autumn albedo.

Downward longwave radiation is a function of cloud amount, cloud microphysics, and

atmospheric temperature and humidity. Downward longwave radiation is largest in the

summer and at midlatitudes (Fig. S3 in the supplemental material). In the fall and winter

seasons at high latitudes, RASM has less downward longwave radiation than ERA, MERRA,

and S2006, which is driven in part by the cold biases shown in Fig. 3.2, but also contributes

to these differences (Cassano et al., in revision). The negative downward longwave radiation

biases at lower latitudes are mainly due to RASM simulating too few clouds over land areas

despite the warm air temperature bias in this region in summer. Upward longwave radiation

is solely a function of the radiative temperature of the land surface, and follows a spatial

pattern that is similar to the surface air temperature (Fig. S4 in the supplemental material).

The negative bias in upward longwave in Siberia is reflective of the cold bias in this area.

The combination of downward shortwave and downward longwave radiation is referred

to as the total downward radiation and shown in Fig. 3.4. Total downward radiation

has a large seasonal amplitude and a strong zonal gradient, with winter minima at high

latitudes less than 150 Wm−2, and summer maxima at midlatitudes more than 700 Wm−2.

Compared to ERA and S2006, RASM has positive biases at midlatitudes and negative biases

at high latitudes, a combination of the previously discussed biases in downward shortwave

and longwave radiation.

Net radiation is the difference between total downward radiation and the sum of upward

longwave radiation and reflected shortwave radiation. At high latitudes, average annual net

radiation is negative (from -30 to -50 Wm−2) across most of the pan-Arctic region in the

winter (Fig. 3.5). Over most of the domain, the net radiation at the surface in RASM is

within 15 Wm−2 of V ICS2006, MERRA, and ERA.
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Figure 3.4: Seasonal and annual total downward radiation statistics for September 1989-
August 2014. (top) RASMERA averages (bottom-left color bar); (second row) RASMERA

std dev (bottom-center color bar); and (next three rows, from top to bottom) RASMERA

biases compared to S2006, ERA, and MERRA (bottom-right color bar).
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Figure 3.5: Seasonal and annual net radiation statistics for September 1989-August 2014.
(top) RASMERA averages (bottom-left color bar); (second row) RASMERA std dev (bottom-
center color bar); and (next three rows, from top to bottom) RASMERA biases compared to
V ICS2006, ERA, and MERRA (bottom-right color bar).
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3.3.3 Turbulent fluxes

Surface turbulent heat fluxes are perhaps the least constrained flux variables in coupled

land-atmosphere models. Estimates of sensible and latent heat flux from the MERRA and

ERA reanalysis products are computed entirely within the reanalysis land surface model and

are not directly constrained by data assimilation. Lindsay et al. (2014) highlight that point

in their intercomparison of seven reanalysis products over the pan-Arctic domain, citing

intermodel variations in the seasonal sensible and latent heat fluxes in some regions on the

order of 50 Wm−2. RASM and the reanalysis products simulate a regional maximum latent

heat flux across the taiga in the summer (Fig. 3.3). In RASM, the sensible heat flux in the

midlatitudes is from +10 to +40 Wm−2 greater than in ERA and MERRA during summer.

RASM latent heat fluxes tend to be lower than both ERA and MERRA but are closer to

the empirical estimates of J2011 (Fig. S5 in the supplemental material).

The annual cycle of the latent heat flux is largely driven by the seasonal cycle of net

shortwave radiation. In the winter season (DJF), the latent heat flux is nearly zero across

the entire RASM domain (Fig. S5). The latent heat flux is largest in the summer over the

taiga, with a seasonal averaged latent heat flux near 80 Wm−2. The spatial distribution

of the seasonally averaged latent heat flux varies substantially among models (e.g., RASM,

MERRA, and ERA). Local differences in the simulated latent heat flux can be as large as 50

Wm−2. Averaged over the taiga, the summer season (JJA) latent heat flux is more than +20

Wm−2 larger in MERRA than in the RASM, ERA, or J2011 datasets. As discussed below,

these differences in the latent heat flux are consistent with the differences in the partitioning

of evapotranspiration and runoff.

The sensible heat has a more distinct zonal gradient than the latent heat flux, with

the largest sensible heat fluxes in the southern portions of the domain (Fig. S6 in the

supplemental material). This gradient is stronger in RASM than in MERRA, ERA, or

J2011. The differences in the sensible heat flux when compared to MERRA and ERA

are closely related to the differences in total downward radiation. RASM simulated winter
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season sensible heat is negative over most of the domain, especially over the high latitudes.

A negative sensible heat flux represents an energy flux from the atmosphere to the land

surface or heating of the land by the atmosphere. The ERA, MERRA, and J2011 datasets

agree with this behavior although the spread among the models is as large as 30 Wm−2.

Intermodel differences in the sensible heat flux can be as large as the differences in the latent

heat flux. In the case of RASM, the biases have a zonal structure that is likely tied to biases

in downward radiation rather than vegetation.

In the tundra and taiga regions, the sensible heat flux characteristically peaks about a

month earlier than the latent heat flux. This process is primarily due to large amounts of

downward radiation over a mostly snow-covered land surface, which inhibits evapotranspi-

ration (Betts et al., 2001). Figure 3.3 demonstrates that RASM follows this asymmetry in

the turbulent fluxes.

3.3.4 Hydrologic fluxes

Figure 3.6 shows the spatial distribution of RASM precipitation. The spatial pattern of

precipitation in the Arctic is highly heterogeneous. Significant portions of the domain receive

less than 300 mmyr−1 (0.8 mmday−1), while some coastal and midlatitude regions receive

over 1500 mmyr−1 (4.1 mmday−1). Precipitation is largest in the summer across most of the

pan-Arctic region. In most cases, RASM simulates larger amounts of orographic precipitation

(e.g., west coast of North America) compared to MERRA and ERA, likely as a result of its

higher spatial resolution and therefore greater ability to resolve topography.

We compared the basin average precipitation for four basins (Fig. 3.1c) with four re-

analysis and observation based datasets (Fig. 3.7). RASM effectively captures the seasonal

cycle of precipitation, with the largest precipitation amounts in the summer season. While

most of the datasets show similar amounts of accumulated cold-season precipitation, S2006

stands out as being particularly dry, leading to less snow accumulation. The annual cy-

cle of runoff in the Arctic is driven by spring snowmelt and summer precipitation. RASM

captures this pulse in melt season runoff in each of the basins shown in Fig. 3.7. For
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Figure 3.6: Seasonal and annual precipitation statistics for September 1989-August 2014.
(top) RASMERA averages (bottom-left color bar); (second row) RASMERA std dev (bottom-
center color bar); and (next four rows, from top to bottom) RASMERA biases compared to
S2006, ERA, MERRA, and A2006 (bottom-right color bar).
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RASMERA, V ICS2006, ERA, and MERRA there are significant differences in seasonality of

basin-averaged runoff compared to R-ArcticNET with the spring freshet in most datasets

preceding the observations by 1-2 months.

3.3.5 Snow

Winter and spring snow cover influence the regional and global climate through increased

surface albedo, the latent heat required for melting and sublimation, and the freshwater flux

into the Arctic during late spring and summer. Basin-averaged snow water equivalent (SWE)
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in RASM shows seasonal accumulation and ablation patterns that are similar to MERRA and

ERA. Basin-averaged differences correspond largely to differences in cool season precipitation

(Fig. 3.7). The annual cycle of basin-averaged snow water equivalent in RASM is generally

closer to that of MERRA than ERA.

Figure 3.8 compares snow cover north of 50◦N (defined in RASM and the reanalysis

products as grid cells with average SWE ¿1 mm) to the National Snow and Ice Data Center

weekly snow cover data product. Note that the uncertainty in the satellite estimated snow

cover extent is on the order of 5%-10% in the spring (Brown and Robinson, 2011). Additional

uncertainty is introduced in our analysis through the comparison between model snow cover

derived using a grid cell average SWE threshold and remote sensing estimates of snow cover.

RASM simulated snow cover extent north of 50◦N reaches a maximum by the start of January

and a minimum by the end of June. RASM’s increase in snow-covered area in fall closely

follows the MERRA and NSIDC datasets and its onset of spring melt matches NSIDC.

However, RASM simulations show a shorter ablation period, especially at high latitudes in

North America and eastern Siberia between May and June, where the retreat of snow-covered

area in RASM precedes satellite observations by about 15 days. Accompanying this more

rapid retreat of high-latitude snow cover is a warm bias in May and June in those regions.

Increase in snow-covered area in the V ICS2006 simulation lags by more than 10 days, whereas

the decrease precedes that of the other dataset due to less precipitation in S2006 compared

to the other datasets (see also Figs. 3.7 and 3.8).

3.4 Discussion

In uncoupled land surface simulations, models are frequently evaluated on the basis of their

ability to capture key terms in the hydrologic cycle, such as snow water equivalent, stream-

flow, soil moisture, and evapotranspiration. These models are often calibrated using objective

functions that target only one or two of these variables. In many cases, these calibrations, or

parameter selection techniques, achieve good statistical representation of the target variables

without additional assessment of the remaining fluxes and states in the model. In the process
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of developing the VIC-WRF coupling in RASM, we have found it necessary to take a holistic

approach to assess model performance. Our focus has been on improving the representation

of individual processes and understanding how individual processes contribute to the climate

system rather than achieving an optimal calibration.

The land surface is coupled to the atmosphere via three primary mechanisms: surface

radiation exchange, turbulent heat flux exchange, and the partitioning of precipitation into

evapotranspiration and runoff. Our analysis of the surface energy budget in the RASM

domain indicates that differences in the downward radiation forcings (50 Wm−2), compared

to reanalysis and S2006, may be large enough to affect the land surface model performance.

An example of this is in western Siberia during the winter and fall when RASM shows

less downward longwave radiation than the reanalysis products, leading to local surface air

temperature biases between -4◦ and -8◦C as compared to ERA.

The largest control on the terrestrial surface energy budget is the surface albedo. During

winter and spring, the tundra is snow-covered and its albedo can be 6 times higher than

in the adjacent taiga (Chapin et al., 2000) where vegetation with much lower albedo pro-

trudes through the snow. Early RASM simulations did not include a vegetation-dependent

maximum snow albedo, resulting in cool season albedos in vegetated areas that were much

higher than observations. These high values in surface albedo were accompanied by negative

surface air temperature biases over much of the tundra and taiga that were as large as -10◦C.

Applying a vegetation-dependent maximum snow albedo resulted in a lower surface albedo

(Fig. 3.9) and reduced the surface air temperature bias throughout the cool season. These

results extend the findings of Viterbo and Betts (1999), who reduced the snow-covered veg-

etation albedo from 0.8 over the taiga to 0.2 in ECMWF’s global forecast model resulting in

a reduction of surface air temperature bias from more than -8◦C to less than -2◦C.

Observational studies, such as Beringer et al. (2005), have shown that the tundra and

taiga biomes partition the warm season turbulent heat fluxes differently. Across the taiga

regions, we expect Bowen ratios to be much greater than one in the spring and near one

in the summer (Fig. 3.10). In the tundra regions, we expect growing season (JJA) Bowen



35

Figure 3.9: Surface albedos for (top) March and (bottom) September for (left) the original
VIC albedo schemes, (center) the albedo schemes used in RASM (e.g., VICNEW), and (right)
the GlobAlbedo remote sensing product. Time period is 1998-2007.

ratios of less than one. In the taiga, RASM captures the spring peak in the Bowen ratio

with an average value of 1.13 and the decline in summer with an average value of 0.76 (see

Table S5 in the supplemental material). In the tundra during the summer, RASM tends to

have a higher than expected Bowen ratio of 1.55. During the fall, turbulent fluxes tend to

be small and RASM, ERA, and MERRA register negative Bowen ratios, resulting from a

negative sensible heat flux. Comparing RASM, ERA, and MERRA to the spatial patterns

found in the empirical estimates of J2011, we find that ERA and MERRA tend to have much

lower Bowen ratios across much of the domain during all three seasons. This is particularly

apparent during the spring and summer months in the high latitude tundra portions of the

domain, where RASM and J2011 both show Bowen ratios near or above 1.0 while ERA and

MERRA are consistently below 1.0.

The turbulent heat fluxes, along with heat storage, balance net radiation at the surface.

The partitioning of the turbulent heat fluxes between latent heat and sensible heat is a
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Figure 3.10: Spring, summer, and fall Bowen ratios for RASMERA, V ICS2006, ERA,
MERRA, and J2011 for the time period of September 1989-August 2014.
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function of the stability of the boundary layer and the availability of mobile liquid water

at or below the surface. In the pan-Arctic region, the seasonal and diurnal cycles of the

sensible and latent heat fluxes vary considerably by land cover types. To highlight RASM’s

ability to simulate the turbulent heat fluxes, we compared the diurnal cycles at two flux

tower locations to the nearest RASM grid cells. This analysis serves to demonstrate that

RASM simulates the diurnal cycle with close resemblance to point observations, particularly

with respect to the magnitude and timing of the diurnal cycle and the relative importance of

the individual fluxes. Figure 3.11 shows the observed July-averaged (1994 and 1995) diurnal

cycle at the Boreal Ecosystem Atmosphere Study (BOREAS; Sellers et al., 1997) Old Black

Spruce (Barr et al., 2006) and the Happy Valley, Alaska (Eugster et al., 2000), flux tower

locations (Fig. 3.1d) compared to the RASM-simulated diurnal cycle at the nearest grid cell

location. The BOREAS and Happy Valley sites are representative of the taiga and tundra

locations, respectively. RASM’s diurnal temperature range (DTR) at the BOREAS site

is similar to the observed DTR (about 10◦C) despite being about 2◦C colder on average.

At the tundra site, however, the RASM-simulated DTR (about 5◦C) is much smaller than

the observed 9◦C. At both locations, net radiation is similar to the observations in terms

of magnitude and diurnal timing and is mostly determined by the atmospheric forcing of

downward radiation. The timing of the diurnal cycle of the latent heat and the sensible

heat fluxes in RASM is similar at both the taiga and tundra sites, and the differences in the

magnitude are typically less than 40 Wm−2. Averaged over the month of July, RASM and

observed Bowen ratios at the BOREAS site were 0.89 and 1.27, respectively, and were 0.88

and 0.69 at the Happy Valley site.

On annual time scales, surface and subsurface runoff from the land surface can be thought

of as the difference between precipitation and evapotranspiration, assuming no change in stor-

age. Since we lack the ability to effectively measure evapotranspiration across large areas, in

situ observations of streamflow and gridded observations of precipitation enable us to evalu-

ate the overall water balance. Figure 3.12 shows climatological, basin-averaged precipitation,

runoff, and runoff ratios from the A2006 precipitation and R-ArcticNET (Fig. 3.1d) runoff
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datasets and compares these to the same quantities based on RASMERA, V ICS2006, MERRA,

and ERA. Compared to A2006 precipitation, RASMERA has the lowest root-mean-square er-

ror (RMSE) and bias of all the models, +0.3 and +0.0072 mmday−1 respectively. V ICS2006,

which is forced using S2006, has a negative bias (-0.34 mmday−1) compared to A2006, es-

pecially in wetter basins (those with precipitation greater than 1.75 mmday−1). All of the

datasets are biased low with respect to runoff compared to R-ArcticNET. RASMERA and

ERA have the smallest biases, -0.12 and -0.021 mmday−1, respectively, while the V ICS2006

and MERRA datasets have biases of -0.3 and -0.4 mmday−1, respectively. Although the

differences in precipitation between MERRA and A2006 are not large, annual runoff from

MERRA is substantially lower than observed at nearly all gauge locations, indicating sys-

temic overestimation of evapotranspiration (and thus the latent heat flux) in MERRA. This

finding aligns with the results shown in Figs. 3.8 and 3.10, in which MERRA is shown to

have larger evapotranspiration and latent heat fluxes and smaller Bowen ratios than RASM

or ERA. Shiklomanov et al. (2006) estimated annual runoff measurement errors in the largest

six Eurasian rivers between 1.5% and 3.5%. If we apply these error estimates across the en-

tire R-ArcticNET dataset, we find that measurement errors are about an order of magnitude

smaller than the biases shown in Fig. 3.12. Compared with the combination of A2006 and

R-ArcticNET runoff, all models have considerably more scatter in their runoff ratio than they

do for runoff or precipitation alone (Fig. 3.12). RASM, ERA, and V ICS2006 overpredict low

runoff ratios and underpredict high runoff ratios while MERRA is consistently biased low.

The energy and water cycles are linked through the latent heat flux. The partitioning of

precipitation into runoff and evapotranspiration is also directly related to the latent heat flux.

We have shown large intermodel differences in the runoff ratio, especially between RASM

and MERRA. RASM and ERA tend to have similar runoff generation behavior on annual

time scales and also tend to match the global J2011 dataset well. Conversely, MERRA tends

to have very low runoff ratios and considerably higher latent heat fluxes in the spring and

summer compared to J2011. ERA’s annually averaged runoff tends to match observations

reasonably well, despite having slightly greater precipitation in the spring and summer (see
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Figure 3.12: Comparison of observed P from A2006 and Q from R-ArcticNET to RASMERA,
RASMCFSR, V ICS2006, MERRA, and ERA at 379 individual basins. The blue line is a locally
weighted scatterplot smoothing (LOWESS) best-fit model. The RMSE (mmday−1) and bias
(mmday−1) statistics are shown in the top-left corner of each panel. Climatological mean of
coincident records between September 1980 and August 2014.
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Fig. 3.12 herein; Lindsay et al., 2014). While considering the evapotranspiration flux from

MERRA and ERA, it is worth remembering that both models assimilate observations of

humidity in the troposphere and thus, by design, eliminate most of the feedback mecha-

nisms between evapotranspiration and precipitation. This explains in part why MERRA’s

precipitation is reasonable despite more evapotranspiration than ERA or RASM.

The need to evaluate land surface model performance in a coupled environment is demon-

strated by the substantial differences in model results between the coupled and uncoupled

VIC simulations (RASMERA and V ICS2006), distinctions that warrant further investigation.

For example, in the coupled environment, biases in atmospheric forcings, such as the cold sea-

son negative bias in downward longwave radiation in RASMERA, result in biases at the land

surface and feedbacks to the atmosphere through the surface energy budget. In the uncou-

pled environment, the atmospheric forcing is prescribed so that most of the land-atmosphere

feedback processes are ignored.

3.5 Conclusions

The development of RASM has been motivated by the need to improve multidecadal cli-

mate simulations in the pan-Arctic region and to improve understanding of the coupled

climate system. We coupled the VIC land surface model within the CESM infrastructure

and compared land surface fluxes and states to uncoupled simulations, reanalysis datasets

and observation-based products to provide a baseline evaluation of the land surface climate

in RASM version 1.0. Based on these comparisons, we have shown that RASM reproduces

many important aspects of the Arctic land surface climate, such as the amount and regional

distribution of precipitation and its partitioning between runoff and evapotranspiration, the

effects of snow on the water and energy balance, and the differences between the main tundra

and taiga biomes in simulated turbulent fluxes. We also compared RASM to the reanalyses

ERA and MERRA. In comparisons with assimilated variables, such as surface air tempera-

ture, we found that RASM reproduces the spatial patterns and seasonal cycle well, although

there are large local differences and RASM has a larger seasonal amplitude overall. With
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respect to derived variables, such as latent heat or runoff, we found that RASM, in com-

parison to observation-based datasets, performs as well as or better than ERA or MERRA.

We have also shown that there are specific aspects in the land surface component that can

be improved. For example, while the annual cycle of snow-covered area in RASM compares

well to satellite observations, the melt progresses faster in the late spring at high latitudes.

The partitioning of the hydrologic fluxes varies among RASMERA, ERA, and MERRA.

For example, RASMERA and ERA tend to agree on the annual runoff ratio, but demonstrate

substantially different seasonal runoff behavior, with RASM simulating a well-defined runoff

peak in April or May and ERA simulating a smaller spring runoff peak with more runoff

throughout the summer and autumn. Conversely, MERRA has very low runoff ratios and

the largest amount of evapotranspiration. We have found that these relationships can also

be applied to the surface energy budget. Among RASMERA, ERA, and MERRA, we have

found a wide range in the sensible and latent heat fluxes. MERRA tends to have a larger

latent heat flux and a smaller Bowen ratio than RASMERA and ERA, which is consistent

with MERRA’s low runoff ratio.

Ongoing development of the RASM land surface and land-atmosphere coupling includes

improved treatment of ground heat flux and canopy processes, increased spatial resolution,

and coupling of new submodel components including a subgrid glacier model and a dynamic

vegetation model.
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Chapter 4

THE COASTAL STREAMFLOW FLUX IN THE REGIONAL
ARCTIC SYSTEM MODEL

This chapter has been submitted in its current form and is currently in review with the

Journal of Geophysical Research: Oceans as

Hamman, J., Nijssen, B., Roberts, A., Craig, A., Maslowski, W., and Osinski, R. The coastal

streamflow flux in the Regional Arctic System Model. Journal of Geophysical Research:

Oceans, in review.

Abstract

The coastal streamflow flux from the Arctic drainage basin is an important driver of dynamics

in the coupled ice-ocean system. Comprising more than one-third of the total freshwater flux

into the Arctic Ocean, streamflow is a key component of the regional and global freshwater

cycle. To better represent the coupling of the streamflow flux to the ocean, we have de-

veloped and applied the RVIC streamflow routing model within the Regional Arctic System

Model (RASM). The RASM is a high-resolution regional Earth System Model whose domain

includes all of the Arctic drainage basin. In this paper, we introduce the RVIC streamflow

routing model, detailing its application within RASM and its advancements in terms of

representing high-resolution streamflow processes. We evaluate model simulated streamflow

relative to in-situ observations and demonstrate a method for improving model performance

using a simple optimization procedure. We also present a new, spatially and temporally con-

sistent, high-resolution dataset of coastal freshwater fluxes for the Arctic drainage basin and

surrounding areas that is based on a fully-coupled RASM simulation and intended for use

in Arctic Ocean modeling applications. This dataset is evaluated relative to other coastal



44

streamflow datasets commonly used by the ocean modeling community. We demonstrate

that the RASM-simulated streamflow flux better represents the annual cycle than existing

datasets, especially in ungauged areas. Finally, we assess the impact that streamflow has on

the coupled ice-ocean system, finding that the presence of streamflow leads to reduced sea

surface salinity, increased sea surface temperatures, and decreased sea ice thickness.

4.1 Introduction

Approximately 11% of global terrestrial runoff drains into the Arctic Ocean, which holds

only 1.4% of the Earth’s salt water (Lewis and Jones, 2000; Lammers et al., 2001). As

a result, the Arctic Ocean has the lowest salinity among the Earth’s oceans (e.g. Steele

et al., 2001). Streamflow is the largest contributor of fresh water to the Arctic Ocean as

it comprises approximately 38% of the total freshwater flux entering the Arctic Ocean; the

remainder of which consists of direct precipitation (24%) over the Arctic Ocean, inflow from

the Pacific Ocean (30%), and inflow from the Atlantic Ocean (8%) (Serreze et al., 2006).

The streamflow flux to the Arctic Ocean also has a distinct seasonal cycle. Across the Arctic

region, the annual runoff hydrograph is characterized by a prominent spring freshet, with

about two-thirds of the annual runoff volume occurring between April and July (Lammers

et al., 2001). During the spring and summer months, the fractional contribution of fresh

water to the Arctic Ocean from streamflow may be as high as 60% (uncertainty in this figure

is largely the result of uncertainty in the seasonal cycle of the Bering Strait inflow) (Serreze

et al., 2006).

Streamflow to the Arctic Ocean plays an important role in coastal ocean dynamics and

hydrography, as well as in sea ice formation and melt (Weatherly, 1996; Rabe et al., 2011;

Fichot et al., 2013). Runoff from Arctic river basins is the primary source of buoyancy-driven

currents such as the Alaska, Siberian, Norwegian, and East Greenland coastal currents (e.g.

Morison et al., 2000; Boyd et al., 2002; Maslowski and Walczowski, 2002; McGeehan and

Maslowski, 2012; Myers, 2005). Coastal currents play important roles in shelf dynamics

and shelf-basin interactions, redistributing both fresh water and heat through mixing (e.g.
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Carmack et al., 1989; Rudels et al., 1999; Ekwurzel et al., 2001; Maslowski et al., 2014).

Buoyancy delivered by rivers lowers sea surface salinity (SSS), which increases the freezing

(and melting) temperature of sea water, therefore affecting the onset of sea ice formation

in winter and melt in spring and summer (e.g. Weatherly, 1996). Thus, for a warming

and freshening Arctic Ocean, increases in the freezing temperature and resulting changes

in the onset of freezing may partially buffer regional warming in areas highly influenced

by streamflow. However, the earlier sea ice freeze-up enabled by lower SSS also reduces the

amount of heat the upper ocean can lose during the fall, potentially counteracting the impact

of freshening on sea ice development (Weatherly, 1996; Morison et al., 2012). Streamflow is

also important for maintaining the stratification of the Arctic Ocean (Nummelin et al., 2015).

Although warmer water exists at depth in the Arctic Ocean, stratification is maintained by

the density gradient between the cold, fresh, mixed layer above and the more saline halocline

and Atlantic water layers below (Serreze et al., 2006). This relatively strong pycnocline limits

the heat flux into the surface mixed layer from below.

The coastal streamflow flux has also been shown to be an important driver of dynam-

ics in coupled ice-ocean models (e.g. Newton et al., 2008; Large and Yeager, 2009; Lique

et al., 2015). Newton et al. (2008) applied observed climatological runoff from nine of the

largest rivers within the Arctic basin in the Naval Postgraduate School (NPS) Arctic coupled

ice-ocean Model (NAME) and used passive numerical flow tracers to track the spatial dis-

tribution of runoff. They found the highest concentration of river runoff along the Siberian

coast and identified that freshwater plumes originating as coastal streamflow entered the

central Arctic Ocean along topographic boundaries on the ocean floor. However, they went

on to conclude that the relatively coarse spatial resolution of their model (18 km) was a

limiting factor in in resolving coastal ocean dynamics and that future studies evaluating the

interaction of streamflow in the Arctic Ocean would benefit from higher spatial resolution

and improved forcing datasets. Despite our understanding of the importance of river runoff

in Arctic Ocean dynamics, Nummelin et al. (2015) show that global climate models (GCMs)

poorly represent the vertical structure of the Arctic Ocean, with many models failing to
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accurately reproduce the observed profiles of temperature and salinity in the upper 500 m of

the central Arctic Ocean. They conclude that an accurate representation of the streamflow

flux is a key step toward improving the performance of ocean models in GCMs.

Numerous observational and modeling studies have explored the seasonal and inter-annual

behavior of Arctic runoff. Lammers et al. (2001) compiled the R-ArcticNET database, a

regional hydrographic record of mean monthly streamflow observations that included over

3,700 streamflow gauges in the Pan-Arctic region. The collection of observations in R-

ArcticNET was later used by Shiklomanov and Lammers (2009) in their investigation of

increasing river discharge in the largest Eurasian rivers and by Tan et al. (2011) in their

study of changes in spring snowmelt timing. Dai et al. (2009) extended a coastal subset

of the R-ArcticNET database through 2007 as part of their study estimating the global

streamflow flux. Several studies (Su et al., 2005; Adam et al., 2007; Slater et al., 2007; Adam

and Lettenmaier, 2008; Dai et al., 2009) have used uncoupled land surface models (LSMs)

in conjunction with routing schemes to simulate streamflow across the pan-Arctic region.

These studies have led to an improved understanding of the terrestrial hydroclimate in the

Arctic and of the response of seasonal streamflow dynamics to changes in climate and water

management activities in the Arctic basin.

The Coordinated Ocean-ice Reference Experiments (CORE) Corrected Inter-Annual Forc-

ing (CIAF) Version 2.0, hereafter referred to as CORE.v2, is a widely used ocean model

forcing dataset that includes coastal streamflow estimates from Dai et al. (2009) (see section

4.3). A strength of the CORE.v2 dataset is that it includes observed monthly mean stream-

flow on a global 1◦ x 1◦ grid, blended with model results that are used to fill temporal gaps

and to provide streamflow estimates in ungauged areas. However, this blending approach

may also be viewed as a weakness of the dataset insofar as it introduces spatial and temporal

discontinuities where and when observations are unavailable. As we will show in section 4.4,

these discontinuities are particularly severe in large ungauged areas such as Greenland and

the Canadian Archipelago.

In this paper, we describe the RVIC streamflow routing scheme implemented within the
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recently developed Regional Arctic System Model (RASM) (Roberts et al., 2015; DuVivier

et al., 2016; Hamman et al., 2016b) to simulate the streamflow flux between the land and

ocean model components. RVIC is named after the routing model that has typically been

used with the Variable Infiltration Capacity [VIC] hydrologic model (Liang et al., 1996).

We introduce the new RVIC streamflow routing model in section 4.2, where we describe its

parameterization of high-resolution streamflow routing as well as its coupling within RASM.

Model simulations, and input and comparison data sets are defined in section 4.3. In section

4.4, we evaluate RVIC-simulated streamflow relative to in-situ observations and compare

the regionally aggregated coastal streamflow flux to observation and model-based datasets

commonly used by the Arctic ocean and climate modeling communities. In section 4.5 we

compare two RASM simulations, with and without coastal runoff, to highlight the role and

importance of an accurately representation of streamflow in coupled climate simulations

in the Arctic region. In the same section we present a new, spatially- and temporally-

consistent, high-resolution dataset of coastal freshwater fluxes for the Arctic drainage basin

and surrounding areas that is based on a fully-coupled RASM simulation and intended for use

in Arctic Ocean modeling applications. Finally, in section 4.6, we provide our conclusions and

highlight the advancements offered by the RVIC model and the associated coastal streamflow

flux dataset.

4.2 Models

4.2.1 RASM

The Regional Arctic System Model is a fully-coupled, high spatial and temporal resolution,

regional Earth system model (ESM) applied over the pan-Arctic domain (Figure 4.2). The

principal goals for the development of RASM are 1) to better understand the interaction

between physical systems in the Arctic drainage basin; 2) to advance understanding of past

and present states of Arctic climate; and 3) to improve seasonal to multi-decadal prediction

capabilities of key climate change indicators in the Arctic. Model components are coupled
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Figure 4.1: Coupling schematic for the Regional Arctic System Model. Circles represent
model components (e.g. RVIC) and arrows between circles represent flux and state variables
shared between components (e.g. streamflow). The colors of the arrows reflect the source of
the fluxes and state variables.

using the Community Earth System Model (CESM; Hurrell et al., 2013) coupled model

framework and the CPL7 flux coupler (Craig et al., 2012). Below, we provide a brief de-

scription of the five component models in RASM version 1.0 (Figure 4.1). For the purposes

of this paper, we are principally concerned with the representation of the coastal streamflow

flux and its role in the Arctic Ocean system. Therefore, our RASM description focuses on

the streamflow and ocean model components. The reader will find additional information re-

garding the implementation of individual component models in the RASM-specific references

cited below.

• CICE: Roberts et al. (2015) described the coupling of the Los Alamos Sea Ice Model
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(CICE) version 4 in RASM. For this paper, we have upgraded CICE in RASM to

version 5 (Hunke et al., 2015) and incorporated the high-frequency sea ice coupling

configuration described by Roberts et al. (2015) as part of the developmental version

of RASM. With this upgrade, we have configured the new version of CICE to use

anisotropic sea ice mechanics (Tsamados et al., 2013), level ice melt ponds (Hunke

et al., 2013), and perhaps most importantly, a mushy-layer thermodynamics column

model of Turner and Hunke (2015) with a prognostic salinity profile through the sea

ice.

• POP: The Parallel Ocean Program model is a general circulation ocean model (Smith

et al., 2010). Maslowski et al. (2012), Roberts et al. (2015), and Osinski et al.

(Manuscript in Preparation) provide descriptions of the application of POP version

2, within RASM. Of particular relevance to this study, POP uses a virtual salinity

flux (V SF ) to represent changes in ocean salinity due to surface fluxes of fresh water

(runoff, ice melt, precipitation, and evaporation). The V SF is the equivalent amount

of salt that would have to be added or removed from a model grid cell to obtain the

same change in salinity as results from a given freshwater flux. The virtual salinity

flux is calculated as

V SF = −FwS (4.1)

where Fw is the sum of the freshwater fluxes from streamflow, precipitation, evapo-

ration, and sea ice melting and freezing, and S is the reference salinity, which is the

surface salinity of the grid cell receiving the freshwater flux.

• VIC: The Variable Infiltration Capacity model (Liang et al., 1994) is a macroscale

land surface hydrology model. Hamman et al. (2016b) provide a description of the

application of VIC within RASM.

• WRF: The Weather Research and Forecasting atmospheric model (Skamarock and
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Klemp, 2007) is a mesoscale meteorological model. Cassano et al. (in revision) provide

a detailed description of the WRF model, version 3.2, as it is applied in RASM.

• RVIC: The RVIC streamflow routing model is an adapted version of the Lohmann

et al. (1996) linear, source-to-sink routing model frequently used to route the runoff

flux from the VIC model. A complete description of the RVIC model is provided in

section 4.2.2.

In RASM Version 1.0, the land, atmosphere, and runoff components share a 50-km near-

equal-area North Pole stereographic grid mesh. The ocean and sea ice models share a 1/12◦

rotated sphere mesh (Figure 4.2). All model components are coupled at 20-minute intervals.

This high-frequency coupling configuration is described by Roberts et al. (2015), where

the sub-daily coupling frequency is shown to be important in reproducing observed inertial

frequencies in the atmosphere-ice-ocean coupling cycle. For this study, we have also improved

the simulation of ice-ocean freshwater exchanges, made possible by using mushy-layer sea

ice thermodynamics. In this latest version of RASM, both the sea ice and ocean models use

a variable freezing temperature set by a liquidus relation (Turner and Hunke, 2015), rather

than a fixed basal ice temperature of -1.8◦C as is often assumed in fully coupled GCMs

(e.g., Jahn et al., 2012). As a result, the freezing temperature of sea water is a function of

the ocean salinity at the ice-water interface rather than a constant value, thus significantly

improving model physics associated with the ice-ocean salinity flux.

4.2.2 RVIC

Most land surface components in ESMs, including the VIC model, do not represent exchanges

of moisture between neighboring grid cells, but rely instead on a separate scheme to transport

streamflow across the land surface; this process is referred to as streamflow routing. There

are two fundamental approaches to streamflow routing: cell-to-cell (CTC) and source-to-sink

(STS). CTC routing models simulate streamflow by parameterizing the mass flux between

neighboring grid cells, explicitly tracking the volume of streamflow between grid cells across
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Figure 4.2: The Regional Arctic System Model domain, showing the 50-km near equal
area domain shared by the land, atmosphere, and streamflow routing components (outer
rectangle), and the 1/12◦ ocean-sea ice domain (blue shading). The RVIC drainage area is
highlighted with gray shading and the central Arctic Ocean basin is outlined in gray (Ca).
The seven largest river basins in the RASM domain are outlined in green: Amur (Am),
Ob’ (Ob), Yenisey (Ye), Lena (Le), Mackenzie (Ma), Nelson (Ne), and Yukon (Yu). The
coastal streamflow flux masks used in section 4.4 are outlined in blue: Canadian Coast (Ca),
Siberian Coast (Si), Kara and Barents Coast (KB), and Greenland (Gl). The location of the
streamflow observations from D2009 are shown with red circles.
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the land surface. CTC routing methods, such as CESM’s River Transport Model (RTM)

(Branstetter and Erickson, 2003) have been applied globally in a number of GCMs. Although

CTC models are often more physically based than STS models, they have been shown to be

difficult to parameterize across a range of spatial scales (Sushama et al., 2004), limiting their

applicability. STS routing methods (e.g. Lohmann et al., 1996; Naden, 1992), akin to the

RVIC model used in this study, do not explicitly track streamflow between grid cells; instead,

they parameterize the distribution and travel time of runoff between source and outlet grid

points. In previous applications of STS routing models within coupled GCMs (e.g. Olivera

et al., 2000), the streamflow routing has been applied at coarse spatial resolutions (greater

than 200 km) and low-frequency coupling (e.g. daily).

New approaches to streamflow routing continue to be developed, adding new routing pa-

rameterizations and additional process representations. Recent examples include MOSART

(Li et al., 2013), CaMa-Flood (Yamazaki et al., 2009, 2014), and mizuRoute (Clark et al.,

2016). While a number of routing schemes have been coupled to ESMs (e.g. Sushama et al.,

2004; Olivera et al., 2000; Li et al., 2013), they have rarely been specifically evaluated in

terms of coupled land-ocean interactions. Furthermore, coupled streamflow routing and

ocean models have generally not been implemented at a spatial resolution that is sufficient

to resolve the coastal currents and streamflow-shelf-basin exchange processes (e.g. eddies)

that are particularly important in the Arctic. In their recent synthesis of the Coupled Model

Intercomparison Project (CMIP5; Taylor et al., 2012) runoff dynamics, Bring et al. (2015)

conclude that a significant community effort is required to improve the understanding and

modeling of basin scale freshwater fluxes in coupled climate modeling. This argument is

echoed by Lique et al. (2015) and Bring et al. (2016) in their recent review papers on the

representation of the Arctic hydrologic cycle in present-day hydrologic and climate models.

The RVIC streamflow routing model is a modified version of the routing model typi-

cally used to post-process VIC model output (Lohmann et al., 1996, 1998b). The original

Lohmann et al. (1996) model has been used in many offline modeling studies from regional

to global spatial scales at horizontal resolutions from 1/16◦ to 2◦ (e.g. Nijssen et al., 1997;
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Lohmann et al., 1998a; Su et al., 2005; Hamlet et al., 2013). RVIC is a source-to-sink routing

model that solves a linearized version of the Saint-Venant equations (Fread, 1992; Mesa and

Mifflin, 1986). The linearized Saint-Venant equations (see Eq. 4.2) are a one-dimensional

model describing unsteady flow in terms of two time-invariant parameters, flow velocity and

diffusivity. The velocity and diffusivity parameters can be estimated from observed stream-

flow or through numeric optimization. RVIC uses flow direction rasters (FDRs), typically

derived from topographic information (e.g. Wu et al., 2011), to specify the flow path and

distance for each source-sink pair. The flow along the travel path is parameterized as a linear,

time-invariant, unit impulse response function (IRF) to runoff generated at individual grid

cells by the LSM. Within hydrology, the IRF is often referred to as a unit hydrograph (UH)

(e.g. Sherman, 1932; Nash, 1957). The application of the RVIC model has two distinct steps,

a preprocessing step in which IRFs are developed for each source-to-sink pair (see sections

4.2.2 and 4.2.2), and a computationally efficient convolution step in which distributed runoff

from the LSM is routed to downstream points (see section 4.2.2).

The RVIC model differs from the original Lohmann et al. (1996) model in four main

ways:

• RVIC completely separates the development of the IRFs from the flow convolution

step,

• RVIC allows the development of the IRFs to be based on FDR grids that do not match

the grid elements used for the LSM (see section 4.2.2),

• The RVIC convolution scheme operates in a space-before-time pattern, facilitating

direct coupling with distributed LSMs (see section 4.2.2),

• RVIC includes numerous infrastructure software improvements, including parallel pro-

cessing, the ability to store the exact model state, and to read and write netCDF

files.
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Figure 4.3: Top: High-resolution (A) and remapped (B) IRFs for the Mackenzie River
upstream of the Arctic Red River observation location for timestep 25. Bottom: IRFs from
the high-resolution (blue) and remapped (green) grids at the example location (61.62◦N,
121.16◦W) shown in A and B. The offset between the two IRFs shown in C is the result of
spatial averaging during the remapping step.

The stand-alone version of the RVIC model, complete with documentation and example

input data, is available via a publicly accessible source code repository (Hamman and Nijssen,

2015).

Impulse response function development

A UH describes the streamflow response of an area (e.g. basin or grid cell) to a unit input of

runoff QF in terms of timing and volume (see Figure 4.3-C). The IRF for every source-to-sink
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pair is a combination of an IRF that accounts for flow processes within a grid cell and an

IRF that accounts for the horizontal advection-diffusion between the edge of the grid cell

and a downstream location. The horizontal travel path and distance are computed using a

flow direction raster (e.g. Wu et al., 2011). The Saint-Venant equation is given by

∂Q

∂t
= D

∂2Q

∂x
+ C

∂Q

∂x
(4.2)

where Q represents the flow at time t at a downstream point x as a function of the wave

velocity C and the diffusivity D; both of which may be estimated from geographical data.

Eq. (4.2) can be linearized and solved with convolution integrals

Q(x, t) =

∫ t

0

UH◦(t− s)h(x, s)ds (4.3)

where

h(x, t) =
x

2t
√
πtD

exp

(
−(Ct− x)2

4Dt

)
(4.4)

is a Green’s impulse response function, and UH◦ is the IRF (or unit hydrograph) that

accounts for flow processes within each source grid cell. Equations 4.3 and 4.4 are solved to

determine the flow response for each source-to-sink pair.

Upscaling and basin aggregation

The original implementation of the Lohmann et al. (1996) model required an exact match

between the FDR grid and the LSM grid. This limited the applicability of the model and

required either for the LSM to be implemented on the same grid as an existing FDR or the

custom generation of an FDR for each LSM grid. The RVIC implementation allows for the

derivation of the IRFs on an arbitrary grid and a subsequent remapping of the IRFs unto

the LSM grid. As a consequence, IRFs can be calculated once based on a high-resolution

FDR grid and subsequently upscaled and aggregated to different LSM grids (Figure 4.3).

The upscaling process spatially remaps the IRFs from the high-resolution FDR grid to the
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LSM grid using the first-order conservative remapping technique developed by Jones (1999).

Because the remapping scheme is conservative, each of the resulting IRFs on the LSM grid is

an area-weighted average of the IRFs on the high-resolution FDR grid. Finally, in the event

there are multiple sink points on the FDR grid within a single LSM grid cell, the upscaled

IRFs are combined to include all source points flowing into a single outlet grid cell.

Convolution

The convolution step combines the IRFs with the discharge fluxes from the LSM. The stream-

flow Q for each outlet grid cell x and time step t is given by

Q(x, t) =

∫ S(x)

0

∫ ∞
0

IRF (s, t)QF (s, t− τ) dτ ds (4.5)

where S(x) is the number of source grid cells upstream of each outlet (x), and τ is the

position in the IRF vector. RVIC’s application of the convolution is practically equivalent

to the one described by Lohmann et al. (1996). The key difference is in the implementation,

where the time integral has been moved to the outer loop in RVIC, allowing for stepwise

evaluation of the convolution over the entire spatial model domain.

RVIC in RASM

The IRFs used in RASM were developed using the 1/16◦ FDRs from Wu et al. (2011).

RVIC in RASM uses a spatially constant flow velocity and diffusivity of 0.6 m/s and 3,000

m2/s, respectively. These parameters were chosen using the calibration methods described

in section 4.2.3. Hourly IRFs were developed for each of the 95,001 coastal 1/16◦ grid cells

bordering the ocean model and were upscaled and aggregated to the 4,841 coastal grid cells

on the 50-km near equal area land surface grid that is used by RASM version 1.0.

In nature, turbulent mixing and other diffusive processes combine to gradually spread

fresh water along the coast and into the open ocean. In a coupled modeling environment,

however, these processes are difficult to represent at the spatial scales at which the runoff,
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ocean, and sea ice models are configured. To simulate the dispersion of fresh water through-

out each ocean grid cell within RASM, a diffusion scheme is applied within the coupler

(CPL7) to avoid unrealistic salinity gradients that could occur where a river’s entire out-

flow is applied to a single ocean grid cell. The mapping from the runoff grid to the ocean

grid is generated as a preprocessing step using the masks and geometries of the runoff and

ocean grids. Each runoff grid cell is mapped to the nearest ocean grid cell. The flux is

then smoothed over all grid cells in a 300 km radius rmax with a distance r weighted loga-

rithmically decreasing e-folding scale rfold of 1000 km such that the total runoff flux to the

ocean is conserved. These parameters were chosen to minimize smoothing while ensuring

that negative salinities were not encountered along the coast.

The mapping weights w(r) are given by

w(r) =

e
(−r/rfold)0 ≤ r ≤ rmax

0r > rmax

(4.6)

4.2.3 Parameter Selection

The commonly used “default” velocity and diffusivity parameters for the Lohmann et al.

(1996) and RVIC models are 2.0 m/s and 2,000 m2/s, respectively. Early RASM simulations,

however, indicated that there was a large timing bias in the RVIC model, indicating that

the default parameter values were not adequately describing the routing behavior in the

Arctic. To correct this timing bias, we applied a simple, brute force parameter evaluation

procedure to select the velocity and diffusivity parameters that best described the routing

behavior in the Arctic drainage basin. For this procedure, RVIC was run offline (i.e. not

coupled to RASM) at a daily timestep and was forced using daily runoff fluxes from the

fully-coupled RASM simulation described as RASMERA in Hamman et al. (2016b). These

runoff fluxes include both the fast-response and slow-response runoff components generated

by the LSM. The velocity and diffusivity parameters were varied between 0.2-1.5 m/s and

500-4,000 m2/s respectively; ranges consistent with the the plausible values discussed in the
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relevant literature (e.g. Decharme et al., 2010; Lohmann et al., 1996). Individual pairs of

parameters were evaluated using a modified version of the overlap statistic (Perkins et al.,

2007) as the objective function. The overlap statistic, which was originally introduced as a

measure of likeness for probability density functions, is applied here to the normalized mean

monthly hydrographs of the six largest river basins in the RASM model domain (Figure 4.2).

The overlap statistic based on normalized flows is perhaps the most appropriate performance

measure of the routing model because it focuses entirely on the shape of the hydrograph and

does not take the bias in the annual flow volume into account (Figure 4.4). This is desirable

since the volume bias is determined by the LSM (and the other components in the coupled

model) and is not affected by the routing model, which is mass-conserving. The final velocity

and diffusivity parameters, 0.6 m/s and 3,000 m2/s, respectively, were chosen to maximize

the composite overlap statistic for the six largest rivers in the RASM domain, where the

composite was formed by weighting each basin’s overlap statistic by that basin’s annual

runoff volume.

4.3 Model Simulations and Data

We present results from two fully-coupled RASM simulations, the baseline (RASMCONTROL)

and a modified simulation (without the streamflow flux; RASMNOROF ), using RASM version

1.0, each using ERA-Interim boundary conditions (Table 4.1). In addition, to highlight the

impact of the calibration procedure we include results from an offline RVIC simulation,

RV ICFAST , forced with VIC discharge from RASMCONTROL. All three simulations were

run from September 1, 1979 through December 31, 2014. For the RASM simulations, we

focus our analysis on the period January 1, 1990 through December 31, 2009, allowing for a

10-year model spin-up of the coupled system. Both RASM simulations began with the same

initial state (see Hamman et al., 2016b) and use identical land, atmosphere, ocean, and sea

ice model configurations. POP was initialized from a no-motion state with climatological

temperature and salinity fields derived from the University of Washington Polar Science

Center Hydrographic Climatology version 3.0 (Steele et al., 2001). The 75-year ice-ocean
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Figure 4.4: Normalized annual hydrographs for largest six river basins in the RASM domain.
Each trace (grey) represents an individual calibration ensemble member. The hydrographs
using the optimized parameters are shown with blue lines. The normalized observed hydro-
graph from D2009 for each basin is shown with the dashed black line and the hydrograph
using the RV ICFAST (default) parameters is shown with the red line.
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Table 4.1: Summary of model simulations.

Simulation Description

RASMCONTROL Baseline simulation, uses the calibrated RVIC parameters

described in section 4.2.3.

RASMNOROF Same as RASMCONTROL except does not include the

runoff flux from the land to the ocean.

RV ICFAST Stand-alone RVIC simulation forced with distributed

runoff fields from RASMCONTROL. This simulation uses

RVIC’s default velocity and diffusivity parameters of 2.0

m/s and 2,000 m{2}/s, respectively.

spin-up consisted of an initial integration starting from 1948 through 1992 followed by a

second integration from 1948 through 1979, both forced with CORE.v2 (see below).

We compare our model simulated streamflow to in-situ streamflow observations in the Dai

et al. (2009) dataset, hereafter referred to as D2009. This dataset provides mean monthly

streamflow observations at the most downstream gauging location for more than 50 individual

river basins within the RASM domain and analysis period. Temporal gaps in the observed

data record were filled by Dai et al. (2009) using a combination of linear regression and model

derived streamflow fluxes (from the Community Land Model, version 3), forced with observed

meteorology. In section 4.5, we also compare the RASM coastal streamflow flux to CORE.v2

(Large and Yeager, 2009) and the combined Greenland freshwater discharge estimates from

BamberGR (Bamber et al., 2012). The CORE.v2 runoff data was also constructed by Dai

et al. (2009) using the same observations as in D2009. CORE.v2 was further blended

with model estimates to fill in ungauged areas and was adjusted to close the global water

budget and is frequently used as a forcing dataset for global and regional ocean modeling.

CORE.v2 is available at a monthly timestep and a 1◦ grid resolution. We also use data

from the high-resolution (11 km) regional atmospheric climate model (RACMO2) applied
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over Greenland, hereafter referred to as BamberGR. This dataset provides the best-known

freshwater discharge estimates for Greenland and is comprised of monthly means for the

runoff and solid ice flux for the period 1958-2010.

4.4 Results

4.4.1 Modeled vs. Observed Streamflow

Our analysis of the RASM streamflow flux extends the results of Hamman et al. (2016b)

from the annual to the monthly timestep. Figure 4.5 compares the monthly hydrographs

for RV ICFAST and RASMCONTROL simulations at seven of the streamflow gauge locations

shown in Figure 4.2. These hydrographs are compared to D2009 for the period 1990 to 2006.

The annual overlap and monthly RMSE statistics for these seven basins are shown in Table

4.2. The peak spring freshet in RV ICFAST occurs one to two months earlier than D2009 and

typically one month earlier than in RASMCONTROL. On average, this leads to normalized

overlap statistics in RV ICFAST that are about 15% lower than for the RASMCONTROL simu-

lation. The differences in the routing parameters used in theRV ICFAST andRASMCONTROL

simulations can be clearly identified in the annual cycle column of Figure 4.5. The earlier

spring freshet in RV ICFAST compared to RASMCONTROL is mostly due to the difference

in streamflow velocity (2.0 vs. 0.6 m/s), whereas the shape of the hydrograph is largely

determined by the diffusivity parameter (2,000 vs. 6,000 m2/s).

The improved performance of RVIC inRASMCONTROL, relative toRV ICFAST , highlights

the impact of parameter selection and demonstrates the improvement that can be achieved

through a relatively simple parameter optimization. It also shows the limits of the RVIC

model, which is mass-conserving. Compared to the normalized hydrographs in Figure 4.4,

most of the disagreement in Figure 4.5 is due to the bias in the total annual runoff flux.

Hamman et al. (2016b) provided a more detailed, intermodel comparison of the annual

runoff biases in the Arctic and found that the performance of VIC in RASM is as good or

better than a number of other coupled land-atmosphere models.
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Table 4.2: RVIC model performance statistics for the seven rivers shown in Figure 4.2. The
overlap statistic is calculated using normalized hydrographs whereas the bias and RMSE are
calculated using the unadjusted hydrographs.

Bias (%) Overlap (-) RMSE (100 m3/s)

River RASMCONTROL RV ICFAST RASMCONTROL RV ICFAST RASMCONTROL

Ob’ at Salekhard -3.9 0.65 0.73 148.7 120.9

Yenisey at Igarka -25.8 0.64 0.75 201.1 137.9

Amur at Komsomolsk 26.9 0.93 0.90 67.1 68.3

Lena at Kusur -28.0 0.64 0.80 207.3 137.1

Yukon at Pilot 13.2 0.66 0.79 73.6 50.9

Mackenzie at Arctic Red -4.0 0.67 0.75 82.2 62.2

Nelson at Bladder 61.3 0.70 0.71 29.2 28.8

The RASMCONTROL hydrographs in the Amur, Lena, and Yukon Rivers match D2009

best, with normalized overlap statistics between 0.79 and 0.9. In the Ob, Yenisey, and

Mackenzie River basins, the RASMCONTROL streamflow shows positive biases in the winter

and spring and negative biases in the summer. Consequently, the overlap statistic for these

rivers is lower (< 0.75). VIC underestimates the baseflow flux in these basins, particularly

during the winter. Biases in the winter baseflow flux have previously been identified in VIC

and other LSMs applied in the Arctic (Slater et al., 2007). For most of the basins shown

in Figure 4.5, the timing of the spring freshet in the RASMCONTROL simulation occurs

one month before D2009. This timing bias likely results from a spring and summer warm

bias in the RASMCONTROL simulation (Hamman et al., 2016b; Cassano et al., in revision),

resulting in premature snowmelt and runoff. Evidence for this can be found by comparing the

timing of the peak streamflow in Figures 4.4 and 4.5. Whereas the RASM simulations used

for the calibration procedure had relatively small spring season temperature and snowmelt

timing biases (Hamman et al., 2016b), the RASM simulations used here include a premature

snowmelt leading to timing biases in the spring freshet. The one exception to this explanation

is the Ob’ River basin, where the spring peak occurs a month early in both the calibrated and
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RASMCONTROL (May vs. June). We attribute these timing biases in the Ob’ River basin

to the influence of the extensive wetlands and permafrost, processes that affect streamflow

behavior which RVIC is not accurately capturing. Note that for the RVIC setups used in this

paper, the velocity and diffusivity parameters were kept constant over the entire domain.

Basin-specific parameters may improve the representation of regional variations in streamflow

dynamics, such as the timing of the spring peak in the Ob’ basin.

Figure 4.6 shows a Taylor diagram comparing the RASM simulated monthly hydrographs

at 51 observation locations within the RASM domain. The Taylor diagram shows the cor-

relation along the arc and the normalized standard deviation ratio along the radius. The

contours denote lines of equal root-mean-square error (RMSE) where a correlation of 1.0 and

a standard deviation ratio of 1.0 reflects an RMSE of zero. In general, moving down on the

Taylor diagram indicates improved model skill. The largest basins in RASMCONTROL tend

to perform better with correlation coefficients typically increasing by about 0.3, relative to

RV ICFAST . This comes by design, since the performance for those basins was optimized

during calibration. While the correlations are shown to improve in nearly all of the basins in

Figure 4.6, the standard deviations are not significantly impacted by the calibration. This

indicates that the variability in the monthly time series is not significantly controlled by the

routing model and is more a function of the runoff flux coming from the LSM.

4.4.2 Comparison with other Arctic Streamflow Datasets

At most, only 70% of the Arctic drainage basin is represented by in-situ streamflow gauges

(Shiklomanov et al., 2000). This figure is at least 10% lower than the global average (∼ 80%)

(Dai et al., 2009). Given this data gap and the importance of streamflow in the Arctic

basin, models have often been used to estimate streamflow in ungauged regions. Figure

4.7 compares the annual cycle of the RASM simulated coastal streamflow flux (boundaries

shown in Figure 4.2) to the CORE.v2 and D2009 datasets. In this figure, the D2009 data

represents the total “observed” streamflow flux and has not been adjusted for the ungauged

area. Conversely, the RASMCONTROL and CORE.v2 datasets include fluxes from gauged
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Figure 4.5: Streamflow hydrographs from RASMCONTROL (blue) and RV ICFAST (red) for
the largest seven river basins compared to values from D2009 (gray). The left column
includes the monthly streamflow timeseries and the right column includes the monthly mean
annual hydrograph where the standard deviation of the interannual variability is represented
by the shading.
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Figure 4.6: Taylor diagram showing performance of the RVIC model RASMCONTROL (blue)
and RV ICFAST (red) for 51 of the largest rivers in the RASM domain. The reference dataset
used as the comparison is D2009. Contours, shown in gray denote constant centered root-
mean-squared-differences. The lines connecting points (only shown for rivers with an annual
mean flow greater than 1000 m3/s) represent the change in performance from RV ICFAST

to RASMCONTROL.
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and ungauged areas. The D2009 dataset is included as a lower limit on the total coastal

streamflow flux and provides a reference for the shape of the annual hydrograph. The spring

freshet in RASMCONTROL has similar timing as the CORE.v2 and D2009 datasets, with

the largest difference in the Siberian Shelf Coast in May. This timing difference is largely

driven by the biases in the Lena River shown in Figure 4.5. Here again, the winter season

bias from VIC is apparent, especially in the areas covered by the NW Canada and Alaska

coast and the Kara and Barents Sea coast masks.

Runoff from Greenland (bottom of Figure 4.7) is a large contributor to the total coastal

freshwater flux in the Arctic region, consisting of approximately 10% of the total Arctic

drainage area. However, there are no long-term observations of the coastal freshwater flux

(liquid streamflow or glacier calving) and global observation datasets (e.g. D2009) often ig-

nore this drainage area. In Figure 4.7, we compare the coastal freshwater flux from Greenland

to the CORE.v2 and D2009 datasets, as well as to the model estimates from BamberGR.

Because there are no observations over Greenland, the streamflow flux in D2009 is zero for

all months. Because CORE.v2 relies heavily on observations, their freshwater flux from

Greenland is also near zero in all months. Compared to BamberGR, RASMCONTROL has a

similar annual average freshwater flux (see adjacent box and whisker plots) although RASM

tends to have more runoff in the spring and less during the winter months. The solid ice calv-

ing flux in BamberGR is uniformly applied throughout the year, even though observational

evidence indicates the existence of a seasonal cycle in this flux as well (e.g. Joughin et al.,

2008). Applying a seasonal cycle to the solid ice calving flux in BamberGR fluxes may bring

it closer into alignment to RASMCONTROL in both the winter and spring seasons. In terms

of both the annual cycle and mean, the freshwater flux from RASMCONTROL represents a

significant improvement, relative to CORE.v2 over Greenland.
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Figure 4.7: Left: Annual cycle of coastal streamflow fluxes for the four masks shown in
Figure 4.2 comparing RASMCONTROL (dark blue), D2009 (gray), CORE.v2 (green), and
BamberGR (light blue, Greenland only). Solid lines represent the 1991-1999 mean and the
shading denotes the interannual variability. Right: Box and whisker from the monthly
timeseries. Whiskers represent the full data range, circles represent the mean, horizontal
lines represent the median, and the box represents the first and third quartiles.
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4.5 Discussion

4.5.1 Impacts on the Arctic Climate System

Figure 4.8 shows the monthly time series of the streamflow flux to the ocean for the entire

domain (left) and the Central Arctic (right) for the RASMCONTROL simulation. In the

Central Arctic basin, the streamflow flux can be greater than 500 km3/month during the

melt season and nearly zero during the winter. As was discussed in section 4.4.1, the winter

streamflow minimum is likely underestimated by VIC due to cold season biases in the baseflow

flux. Figure 4.8 also shows the time series of SSS and sea surface temperature (SST). The

SSS in RASMNOROF is in a transient state until about the year 2000 and it represents

the adjustment of the Arctic Ocean to having no runoff. The RASMCONTROL simulation

reaches a steady state about 10 years earlier (c. 1990). The adjustment period in the

RASMCONTROL simulation is a result of the change in the atmospheric and streamflow

forcings, from CORE.v2 (used for the spinup of the ocean model component to provide initial

boundary conditions) to coupled within RASM. The change in salinity during the first ten

years of the RASMCONTROL simulation is mainly driven by a change in the streamflow flux

(note the difference between RASMCONTROL and RASMNOROF ) but cannot be completely

separated from the change in atmospheric forcings. By 2010, the SSS differs between the

two simulations by about 0.6 ppt (parts per thousand) for the full ocean domain and by 1.5

ppt for the central Arctic basin. These differences are approximately equal to the annual

amplitude of surface salinities in the RASM simulations. The differences in the SSTs between

the two simulations are relatively small when averaged over the full ocean domain, however,

the RASMCONTROL simulation is found to be about 0.25 ◦C warmer than the RASMNOROF

simulation in the central Arctic basin.

Within the Arctic Ocean, the largest and most direct impact of the streamflow flux is

on near coastal SSS. This impact on SSS is expected to translate to changes in the ocean

temperature as well as the distribution of sea ice. Spatial maps of seasonally averaged SSS,

SST, and sea ice thickness differences are shown in Figure 4.9 for the years 2000-2009. This
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Figure 4.8: Monthly time series (1980-2009) of domain-wide (left) and central arctic (right)
streamflow (top; RASMCONTROL only), mean SSS (middle), and SST (bottom) for the
RASMCONTROL (blue) and RASMNOROF (green). The dashed lines show a 12-month run-
ning mean.
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period corresponds to a stable and relatively flat domain-wide SSS and SST signal for the

RASMCONTROL case, after adjustment of the model following the 1979 initialization, as

indicated in Figure 4.8.

In Figure 4.9, statistical significance for the difference between the two RASM simulations

is calculated with Welc‘s two-sided t-test using lag-1 autocorrelation to estimate effective

sample size following von Storch and Zwiers (1999) and Wilks (2006) and stippled at the 95%

confidence interval. For reference, the observed ice edge (15% sea ice concentration contour)

has been overlayed from the NOAA/NSIDC passive microwave sea-ice concentration climate

record of (Meier, 2013). While regions outside of the Central Arctic are not significantly

different between the two RASM simulations, the Central Arctic basin is shown to be between

1 and 6 ppt fresher in RASMCONTROL than in RASMNOROF . The differences between the

two simulations are largest in closed ocean basins (e.g. Hudson Bay) and along shallow

shelves that are adjacent to the outlets of large rivers (e.g. Siberian Shelf and Beaufort Shelf).

Outside the Central Arctic, particularly around the margins of Greenland and in Baffin Bay,

there are also large areas where the SSS in RASMCONTROL is considerably lower than in

RASMNOROF . The differences in SSS between these two RASM simulations in these areas

highlight the local and regional importance of streamflow as a driver of ocean dynamics, and

are coherent with the observed impact of increased runoff in the Arctic Ocean (e.g. Morison

et al., 2012). In the Central Arctic, sea ice thickness for the RASMNOROF simulation is

higher in all seasons by up to ∼0.5 m. These differences are largest in the Laptev Sea

and along the Kara Shelf, which receive streamflow from the three largest Eurasian rivers.

The differences in sea ice thickness can be partially attributed to an earlier freeze-up in

the RASMCONTROL simulation. The freeze-up timing differences are closely related to the

differences in SST, where RASMNOROF is colder in all seasons throughout the central Arctic.

As we discussed in section 4.1, the earlier freeze-up reduces the amount of heat that can be

lost by the ocean in the fall and, over the long-term, leads to reductions in sea ice volume.

This result partially corroborates the findings of (Morison et al., 2012) insofar as they also

indicated, from an observational perspective, that a fresher Arctic Ocean would have less sea
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Figure 4.9: Seasonal difference (RASMNOROF - RASMCONTROL) in mean sea surface salin-
ity (top), sea surface temperature (middle), and sea ice thickness (bottom) (2000-2009).
Stippling denotes differences that are statistically significant at the 95% confidence interval.
The magenta contour represents the observed 15% sea ice concentration contour.

ice.

4.5.2 Routing Processes

We have shown that RVIC simulates the primary characteristics of the seasonal hydrograph

across the Arctic region by capturing the differences in cold and warm season streamflow

behavior. The RVIC model, coupled within RASM, effectively delivers streamflow to all

coastal grid points draining to the POP model domain. We have also demonstrated that the

IRFs are relatively easy to parameterize in RVIC through the use of a simple optimization

procedure.

While we have shown that RVIC, coupled within RASM, is able to capture the first

order behavior of streamflow processes affecting the timing and shape of the annual hydro-
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graph, we recognize it may not be well suited to capture many of the second order processes

unique to the Arctic. For example, there is no mechanism in the RVIC model to account for

non-linear routing processes such as overbank flow, wetlands, ice jams, reservoir operations,

and industrial or agricultural withdrawals. Adam et al. (2007) highlight the importance of

representing the reservoir influences to capture the annual hydrograph in the Lena, Yenisei,

and Ob’ Rivers. Errors caused by not explicitly representing these processes are apparent,

for example, in the Nelson River (bottom of Figure 4.5), where RVIC produces a naturalized

hydrograph that bears little resemblance to the observed hydrograph which is highly influ-

enced by reservoir operations. Ice dam dynamics during the spring melt affect many of the

high-latitude rivers and are also not well represented using a linear routing model. However,

due to the timestep of the analysis here, we do not believe these processes contribute sig-

nificantly to the errors in streamflow timing, nor are they likely to significantly impact the

coupling with the ocean model.

While the initial implementation of the RVIC model coupled within RASM completes

the freshwater cycle, it does not provide explicit mechanisms to deterministically route other

runoff properties, such as heat, nutrients, or sediments. Previous studies (e.g. van Vliet et al.,

2011, 2012), using the original Lohmann et al. (1996) model, have included representations

of water quality and temperature in uncoupled simulations. Lammers et al. (2007) used

observations to provide an estimate of the heat flux derived from streamflow from the Russian

portion of the Arctic basin (0.2 W/m2). While this heat flux into the Arctic ocean is unlikely

to significantly impact the regional ocean energy budget, it may play an important role in

the spring melt of sea ice near the outlet of large rivers.

4.5.3 Coastal Streamflow Flux Dataset

Beyond introducing the RVIC streamflow routing model, this paper also describes the associ-

ated coastal streamflow flux dataset which has been made publically available. This dataset

includes daily streamflow at all 50-km coastal grid cells in the RASM domain. Relative

to existing coastal streamflow flux datasets used by the ocean modeling community (e.g.
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D2009, and CORE.v2), this dataset includes the following improvements:

• Spatial resolution: the dataset is provided on a 50-km near equal area stereographic

grid which is a finer resolution than existing datasets.

• Temporal resolution: the dataset includes mean daily streamflow fluxes between Septem-

ber 1, 1979 and December 31, 2014. Limited by the monthly availability of the observa-

tions in D2009, CORE.v2 only included mean monthly streamflow fluxes. The higher

temporal frequency of this dataset will better represent hydrologic extremes such as

floods and low flows, and may enable improved mesoscale process representation in

ocean models (e.g. eddies, freshwater plumes).

• Self-consistent: Blended forcing datasets that combine model results with observa-

tions often include spatial and temporal inconsistencies as well as non-uniform biases.

We have shown that the RVIC model in RASM adequately reproduces the observed

streamflow hydrograph. Because the streamflow routing in gauged and ungauged re-

gions is done identically within RASM, this dataset should be expected to have similar

performance in ungauged areas.

• Greenland fluxes: In section 4.4.2, we highlighted the improved representation of the

freshwater flux from Greenland. Although RASM does not include a dynamic ice-sheet

model like the one used in the development of BamberGR, the snowmelt and streamflow

routing behavior is a significant improvement, relative to CORE.v2.

4.6 Conclusions

The RVIC streamflow routing model is a sink-to-source river routing scheme that has been

coupled within the Regional Arctic System Model, completing the hydrologic cycle between

the land and ocean model components. In this paper, we have introduced the RVIC model,

demonstrated its ability to simulate the first-order routing processes in the Arctic, shown the
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importance of the runoff flux in a coupled ocean modeling application, and provided a new

dataset of spatially consistent high-resolution coastal streamflow fluxes for ocean modeling.

In doing so, we conclude the following:

• Linear routing models, such as RVIC, can be applied within coupled model frameworks

to provide high temporal and spatial frequency runoff to ocean models. RVIC is com-

putationally inexpensive and is relatively easy to parameterize, two features that add

to its applicability in a wide range of coupled climate modeling applications.

• Using the remapping and upscaling approach of IRFs described in section 4.2.2, we in-

troduced a new method for developing IRFs using dissimilar flow direction and routing

grids. From an implementation perspective, this flexibility greatly expands RVIC’s uti-

ity for a range of modeling applications using arbitrarily shaped LSM grids, including

irregularly shaped polygons (e.g. sub-basin scale hydrologic response units). Although

not specifically discussed in this paper, we hypothesize that this method preserves the

small-scale routing behavior while facilitating routing to be done on a coarser land

surface grid. This point may warrant additional evaluation in follow-up studies.

• A relatively simple optimization procedure can provide significantly better routing

model performance. Of course, a more thorough parameter selection procedure could

be envisioned in which watersheds would be calibrated individually using spatially-

distributed velocity and diffusivity parameters derived directly from original sources

(e.g. digital elevation models). However, the spatial and temporal scales of interest in

this study did not warrant this level of optimization.

• More complex routing schemes are likely required to adequately capture additional

fluxes related to streamflow routing. In our discussion, we have highlighted the fact that

RVIC is not particularly well suited to handle the routing of additional quantities such

as stream temperature, nutrients, or sediments. We recognize that the representation
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of these quantities may be important to a range of biogeophysical processes in the near-

surface ocean in coupled models. New, more complex, and physically based routing

models, such as the recently developed MOSART model (Li et al., 2013), offer some

potential to provide additional process representation. The obvious challenge with

these models is developing and tuning the required input parameters across large,

data-spare regions.

• The presence of runoff in the RASM ocean and sea ice system has led to decreased

SSS, increased SSTs, and decreased sea ice thickness in the Central Arctic basin. This

result aligns with the findings of observational studies (e.g. Morison et al., 2012).

• We have produced a self-consistent high-resolution (spatial and temporal) coastal

streamflow dataset for the Pan-Arctic region. Ungauged areas show particularly large

improvements relative to CORE.v2. The dataset is provided at a daily timestep in

netCDF file format for the dates between September 1, 1979, and December 31, 2014.
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Chapter 5

ON THE RELATIONSHIP BETWEEN ARCTIC FALL SEASON
PRECIPITATION AND MINIMUM SEA ICE EXTENT

This chapter is to be submitted to Journal of Geophysical Research - Atmospheres as

Hamman, J., Nijssen, B., Roberts, A., and Cassano, J. On the relationship between Arctic

fall season precipitation and minimum sea ice extent. Journal of Geophysical Research -

Atmospheres, Manuscript in Preparation.

Abstract

Over the past three decades, the Arctic has experienced large declines in summer sea ice cover,

permafrost extent and spring snow cover, as well as increases in fall precipitation. This study

explores the relationship between declining Arctic sea ice extent and fall season precipitation

across the high-latitude Arctic land masses. The first part of this paper presents the observed

relationship between sea ice extent and fall precipitation. Using satellite estimates of sea

ice extent and precipitation data based on in-situ observations, we show that fall season

precipitation across the Pan Arctic drainage basin is broadly negatively correlated with

summer sea ice extent. We hypothesize that the observed correlation between sea ice extent

and high-latitude precipitation is related to anomalous patterns in ocean evaporation and sea

ice extent in the fall. To better understand the physical mechanisms driving the observed

changes in the Arctic climate system and the sensitivity of the Arctic climate system to

declining sea ice, we have used the fully-coupled Regional Arctic System Model (RASM) to

simulate three distinct sea ice climates. The first climate represents normal sea ice extent,

while the second and third represent reduced summer sea ice extent. The second part of

this paper analyzes these three RASM simulations, in conjunction with our observation-
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based analysis, to understand the relationship between poleward moisture transport, sea

ice extent, evaporation from the Arctic Ocean, and precipitation. We present the RASM-

simulated Arctic water budget and demonstrate the role of sea ice extent in driving fall

precipitation anomalies. Finally, we use the Self-Organizing Map (SOM) machine learning

technique to identify characteristic patterns of ocean evaporation and sea ice extent that

contribute to anomalies in fall season precipitation.

5.1 Introduction

During the last thirty-five years, the Arctic region has experienced unprecedented changes in

key cryospheric processes. Rapid declines in sea ice cover have been accompanied by reduc-

tions in permafrost extent and spring snow cover, as well as increases in seasonal precipitation

and winter snow accumulations (Kohler, 2006; Callaghan et al., 2011; Bulygina et al., 2009;

Screen and Simmonds, 2012). These combined changes have had a marked impact on the

regional and global climate systems. Driving much of these changes has been a regional

warming trend that is nearly twice as large as the global mean (Serreze and Francis, 2006b;

Screen and Simmonds, 2010). This disparity in temperature increases is often referred to as

Arctic Amplification and is largely explained by the ice-albedo feedback (Curry et al., 1995).

While this is likely the primary mechanism that has led to the rapid warming in the Arc-

tic, other, secondary feedback processes are also at play. One such feedback process relates

the state and fluxes of the Arctic Ocean (sea surface temperatures or SSTs, sea ice cover,

evaporation) to precipitation over land, which modulates winter snow cover and permafrost

health.

Observational evidence of an amplified hydrologic cycle (Stocker and Raible, 2005) has

been found in the form of increasing precipitation (Rawlins et al., 2006), runoff (Peter-

son, 2002), and winter snow accumulations (Kohler, 2006; Bulygina et al., 2009; Screen and

Simmonds, 2012). While global average precipitation is expected to increase following a

response to warming via the Clausius-Clapeyron relationship (e.g. Held and Soden, 2006;

Stephens and Ellis, 2008; Byrne and O’Gorman, 2015), precipitation increases in the Arc-
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tic are expected to exceed the global average (Stocker and Raible, 2005). Analysis of the

collection of Earth system models (ESMs) in the Coupled Model Intercomparison Project

Phase 5 (CMIP5; Taylor et al., 2012) by Bintanja and Selten (2014) indicates that annual

precipitation changes in the Arctic may exceed 50%, with the largest relative increases in

the early winter (October-January) over the Arctic Ocean when precipitation has typically

been low. Bintanja and Selten (2014) also identify that most of these changes are due to

precipitation sourced from enhanced local evaporation related to retreating sea ice. This

somewhat contradicts previous work that suggested increased poleward moisture transport

as the main driver of Arctic precipitation increases (Bengtsson et al., 2011). Combined with

the large intermodel spread of precipitation changes in their study, this contradiction brings

into question the sensitivity of the response of Arctic precipitation to reduced sea ice in

modern ESMs. ESMs, along with statistical models, tend to poorly represent the observed

decline in summer sea ice extent. This is evidenced by the intermodel spread among the

39 ESMs analyzed by Bintanja and Selten (2014). In their study, changes in sea ice extent

between the beginning and end of the twenty-first century ranged between 31-66%, while

changes in precipitation varied by a factor of three to four.

Conceptually, a warmer Arctic Ocean with less sea ice will lead to increased surface

evaporation and may lead to enhanced divergence of moisture onto land in the form of

precipitation. Because high-latitude land areas are predominantly below freezing in the fall,

increases in precipitation during this season are expected to produce deeper snow packs. This

process would then act to insulate the underlying ground during winter and suppress cold

season cooling of high-latitude permafrost (Osterkamp and Romanovsky, 1999; Zhang, 2005;

Lawrence and Slater, 2010). Further permafrost degradation may be attributed to earlier

spring snow melt driven by regional warming and possibly by increased surface infiltration

of warm meltwater (Lawrence and Slater, 2010).

How the Arctic climate will respond to such large temperature and sea ice changes has

been at the forefront of recent studies (e.g. Sato et al., 2014; Simmonds and Govekar, 2014;

Wegmann et al., 2015; Vihma, 2014). Here, we investigate the relationship between Arctic
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fall precipitation, ocean evaporation, and sea ice extent to better understand the terrestrial

precipitation response to the ongoing sea ice decline. Our a priori hypothesis is that the

reductions in sea ice extent lead to increases in evaporation from the central portions of the

Arctic Ocean and precipitation over land during the fall season. We explore this hypothesis

using three simulations spanning a range of sea ice climates from a fully-coupled regional

ESM described in Section 5.2. In Section 5.3 we present our analysis of these simulations,

first computing the regional freshwater budget following Serreze et al. (2006), then using

the Self-Organizing Map (SOM) machine learning technique for dimension reduction and

pattern evaluation (Kohonen and Somervuo, 1998; Hewitson and Crane, 2002).

5.2 Data and Methods

5.2.1 Model Simulations and Observations

We use three simulations from the Regional Arctic System Model (RASM; Hamman et al.,

2016b; Roberts et al., 2015). RASM is a high-resolution, fully-coupled regional ESM that has

been recently developed to improve the representation of coupled Arctic processes. RASM

is comprised of individual land (see Hamman et al., 2016b), atmosphere (see Cassano et al.,

in revision), ocean (see Roberts et al., 2015), sea ice (see Roberts et al., 2015), and runoff

(see Hamman et al., in review) components, coupled via the Community Earth System

Model (CESM) flux coupler (Craig et al., 2012). In RASM, the atmosphere is forced at its

lateral boundaries with the ERA-Interim Reanalysis (Dee et al., 2011) and the ocean’s closed

boundaries are relaxed to the climatology from Steele et al. (2001). It is important to note

that spectral nudging is applied to temperature and winds in RASM above 500 hPa. From

a practical perspective, the impact of this nudging means that the synoptic scale circulation

patterns in all three RASM simulations closely match those of ERA-Interim (Glisan et al.,

2013). The land, atmosphere, and runoff components in RASM are applied on a 50 km near

equal area polar stereographic grid while the ocean and sea ice are applied on a 1/12◦ rotated

pole mesh.
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Table 5.1: Summary of RASM simulations used in this chapter.

Dataset Sea Ice / Ocean Configuration

RASMCONTROL Default RASM [see Hamman et al. (in review)]

RASMRSI

Ocean: No changes

Sea Ice: Snow grain diameter -0.5 std. dev. of observed.

RASMRSH

Ocean: No changes

Sea Ice: No sea ice initial condition, reduced snow

grain diameter and ice/pond albedo -2.0 std. dev.

Each of the three RASM simulations used here were run from September 1, 1979 through

December 31, 2014, although our analysis begins after a 5-year spinnup to allow for the

stabilization of the ocean and sea ice components under coupled forcings. Hamman et al.

(in review) provide a complete description of the configuration of RASM for the baseline

RASMCONTROL simulation. Two sensitivity simulations, RASMRSI and RASMRSH , repre-

senting intermediate and high reductions in sea ice extent are also analyzed. The configu-

ration of these simulations is identical to RASMCONTROL except in the parameterization of

sea ice albedos, which is summarized in Table 5.1. Sea ice albedo is reduced in both simula-

tions to promote accelerated spring sea ice melt and reduced sea ice extent in the spring and

summer. This method of altering the radiative properties of sea ice allows for fully-coupled,

physically-consistent simulations in RASM and avoids the need for prescribed surface con-

ditions that are not physically-realistic or that lead to inconsistencies in the coupling fields.

Observations of sea ice extent are taken from the National Snow and Ice Data Center

(NSIDC) Weekly Sea Ice Extent product (Brodzik and Armstrong, 2013). Gridded precip-

itation observations between 1979 and 2014 are taken from CRU TS v.3.23 (Harris et al.,

2014).
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5.2.2 Self-Organizing Maps

In Section 5.3.2, we present results using the Self-Organizing Maps algorithm (SOMs; Ko-

honen and Somervuo, 1998; Hewitson and Crane, 2002), which is a technique for dimension

reduction that allows for the identification of unique climatological patterns. SOMs are a

technique that uses unsupervised machine learning, utilizing artificial neural networks to

create a lower-dimensional representation of high-dimensional datasets. They have been

applied previously in studies of polar climatology to study synoptic scale atmospheric circu-

lation (e.g. Cassano et al., 2007), extreme weather events (e.g. Cassano et al., 2015; Glisan

et al., 2016), and coupled ocean-atmosphere processes (e.g. DuVivier et al., 2016).

In our analysis, we trained a 2x4 SOM, using standardized ocean evaporation anomalies

north of 55◦ N from the three RASM simulations described in Section 5.2 for individual fall

months (August-October) between 1985 and 2014. In total, the training dataset combines

the three simulations, resulting in 270 months of evaporation anomalies. By combining the

three RASM simulations, we effectively increase the training dataset space and allow for

the determination of changes in pattern occurrence between the simulations. Standardized

anomalies were calculated relative to the mean climatology for the entire analysis period. We

used an evaluation metric of Euclidean distance, a learning rate of 0.001, and a maximum

number of iterations of 2000. The shape of the 2x4 SOM was chosen to provide a sufficient

number of unique patterns while maximizing the average number of samples in each pattern.

The SOM was initialized with spatially independent random fields from a standard normal

distribution. Further details on the SOM algorithm can be found in Reusch et al. (2005) or

Cassano et al. (2015).

5.3 Results and Discussion

5.3.1 Observational evidence

Our hypothesized relationship between precipitation and sea ice extent builds on the ob-

served interannual covariation of precipitation and minimum sea ice extent across the Arctic
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Figure 5.1: Spearman rank-order correlation coefficients between observed minimum annual
sea ice extent and gridded August-October precipitation from CRU. Time period 1979-2015.

drainage basin. Here we define the Arctic drainage basin as the land areas draining to the

ocean model within the RASM model. Figure 5.1 shows the Spearman rank-order correlation

coefficients between minimum annual sea ice extent and total precipitation between August-

October from the CRU dataset at each grid point within the Arctic drainage basin. Across

most of the Siberian portion of the domain, correlations are consistently negative with val-

ues as low as -0.55. Conversely, correlations across North America and northern Europe are

predominantly near zero or positive. Generally, a moderately consistent relationship exists

between sea ice extent and precipitation, especially in the high-latitude regions of the study

domain. In the following sections, we will explore this relationship further with the goal of

understanding the observed spatial patterns and driving mechanisms.

5.3.2 RASM simulations

Figure 5.2 shows box-and-whisker plots of sea ice extent from the three RASM simula-

tions, described in Section 5.2, and the NSIDC observation-based estimates. Compared to
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Figure 5.2: Distribution of fall (August-October) sea ice extent in RASM and the NSIDC
sea ice index. Time period 1985-2015. Each dot represents a monthly mean value for a single
year for August (red), September (black) and October (blue).

RASMCONTROL, RASMRSI and RASMRSH have reductions in September sea ice extents

of 16% and 49% respectively. In the fall, these simulations include smaller reductions in

mean sea ice cover of 3% and 11% respectively (see also supplemental Figures B.1-B.4).

However, compared to the RASM simulations, the NSIDC observations of sea ice extent

demonstrate substantially more interannual variability. Individual months can be clearly

seen in Figure 5.2 with the lowest values in each simulation corresponding to August (gray)

and September (red) and the highest values corresponding to October (blue). The RASM

simulations have interannual standard deviations for each of these months that are 1.7 to 3.3

times smaller than the observations. The dampened interannual variability of the individual

RASM simulations is attributable to the lack a long term trend in sea ice extent (Fig. B.2 in

the supplemental material) related to a persistent radiation bias in RASM over the central

Arctic in the winter (Cassano et al., in revision).
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Figure 5.3 presents the freshwater budget for the Arctic Ocean and its terrestrial drainage

area, summarized for the fall months (August-October) for the three RASM simulations.

The moisture convergence for the three simulations varies by less than 27 km3 per sea-

son (or 1.5% of RASMCONTROL), with RASMRSH having less moisture convergence than

RASMCONTROL. Consequently, increases in the distribution of evaporation and precipita-

tion shown in Figure 5.3 are sourced from within the central Arctic. The reductions in sea

ice extent in RASMRSI and RASMRSH are coincident with increases in ocean evaporation

of 38 km3 and 121 km3 per season (15% and 48%), respectively. These changes in evapora-

tion from the ocean coincide with increases in precipitation over the ocean of 27 km3 and

62 km3 per season (3% and 11%) and reductions in convergence over the ocean mask of 11

km3 and 60 km3 (1.5% and 8%), respectively. Convergence is defined here as P-E between

August and October. Finally, the precipitation over land is found to increase relative to

the baseline case for both RASMRSI and RASMRSH by 26 km3 and 61 km3 per season (or

1% and 2%), respectively. Also contributing to the increase in precipitation over land is an

increase in seasonal evaporation from the land that comes in response to the reduced sea ice

and associated warming of 1− 3◦C across the high-latitude land areas.

Summarizing the water budget analysis, we find that the forced decreases in albedo in

RASMRSI and RASMRSH lead to increases in divergence from the Arctic Ocean. Because

small increases in evapotranspiration over land are balanced by small changes in convergence,

the net change in precipitation over land almost entirely results from increased evaporation

over the Arctic Ocean. Changes in the spatial patterns of precipitation between the three

RASM simulations (not shown) are mostly confined to the Arctic Ocean with less distinct

spatial patters over land. While this muted response may be partially explained by the

limited interannual variability in the RASM sea ice extent, it also indicates that changes in

evaporation from the Arctic Ocean must be accompanied with changes in circulation patterns

if increases in precipitation are to be attributed to sea ice loss.

We have applied the SOM technique on standardized evaporation anomalies across the

Arctic Ocean to better understand the coupling between ocean-sourced evaporation and
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Figure 5.3: Mean Arctic freshwater budget from RASM for the August-October period from
1985-2014 (adapted from Serreze et al., 2006).

anomalies in precipitation over land during the fall season. As shown by the water budget

analysis, fairly large relative increases in ocean evaporation led to small, but positive, relative

changes in precipitation over land, although the increases in the reduced sea ice simulations

can be attributed almost entirely to increased ocean evaporation. In applying SOMs, we will

be able to connect regional patterns of ocean evaporation, sea ice extent, and atmospheric

circulation to precipitation patterns over land.

The full, trained Kohonen Layer (or Master SOM) is shown in Figure 5.4. Our analysis

focuses on four SOM nodes that exhibit the largest hit rate (number of months that fall

into a particular pattern) and patterns of evaporation anomalies of interest: (0,1), (1,1),

(0,3), and (1,3) where the first coordinate is labeled as som y and the second as som x.

We will show that the first two SOMs represent generally dry patterns (low precipitation

over land) while the second two represent generally wet patterns (high precipitation over

land) by mapping these patterns to their coincident patterns of precipitation. In each of

these patterns, the combined position, sign, and magnitude of evaporation anomalies in the

central Arctic, Kara/Barents Seas, and North Atlantic Ocean are characteristically different.

Figure 5.5 presents the mapped fields for the four SOM nodes discussed above. Each

of the mapped fields represents the composite mean anomalies of all months assigned to



86

Figure 5.4: Master SOM. The hit rate, shown as the percentage of all the months (270) in
the training dataset that are part of each pattern, is shown in the top left corner. Positive
evaporation anomalies are shown in blues, while negative evaporation anomalies are shown
in red.

each SOM node. Here we focus on ocean evaporation, sea level pressure (SLP), sea ice

concentration, and precipitation over land. For node (0,1), anomalously low evaporation

rates from the Kara and Barents Seas are accompanied by anomalously high pressure over the

Siberian Shelf. This combination leads to negative precipitation anomalies across northern

Siberia. Node (1,1) exhibits positive evaporation anomalies in the central Arctic and negative

evaporation anomalies in the Kara and Barents Seas. SLPs for this node are anomalously low

over Greenland and high over Northern Europe. Corresponding precipitation anomalies for

node (1,1) are negative over Northern Europe and near normal across Siberia. Interestingly,

this SOM node shows the strongest pattern of negative sea ice anomalies, located near the

eastern Siberian Shelf. However, adjacent land regions only show relatively small positive

anomalies over Siberia and negative anomalies over Alaska.

Node (0,3) exhibits positive evaporation anomalies across the European side of the Arctic

Ocean, accompanied by lower than normal SLP over Northern Europe. Node (1,3) shows
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Figure 5.5: SOM nodes (0,1), (1,1), (0,3), and (1,3) mapped to ocean evaporation, sea level
pressure (SLP), sea ice concentration, and precipitation over land. Values plotted are the
average anomalies across all the members of each node.
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positive ocean evaporation anomalies near Siberia and lower than normal SLP over Northern

Siberia (1,3). These patterns lead to positive anomalies in precipitation over land, partic-

ularly when the SLP patterns would encourage onshore flow from regions with positive

anomalies in evaporation. The lack of strong correspondence between sea ice and evapora-

tion anomalies indicates that variability in the fall evaporation flux in RASM is largely being

driven by patterns in the ocean and atmosphere rather than changes in sea ice.

The trained SOM can be used to identify the frequency of occurrence of each pattern as a

function of month (August, September, or October) and RASM simulation (RASMCONTROL,

RASMRSI , or RASMRSH). Figure 5.6 plots the pattern frequency, by month and simulation,

for each node in the 2x4 SOM. Nodes (0,1) and (1,1), which have a large region of positive

evaporation anomalies across the Kara and Barents Seas, occur less frequently in RASMRSH

as in RASMCONTROL. The opposite is found in node (1,3), where the pattern frequency

is found to increase under reduced sea ice conditions. On the whole, the SOM analysis

indicates that decreasing sea ice extent and the associated evaporation changes are most

likely to contribute to wetting trends over land when these changes are accompanied by a

shift in atmospheric circulation [e.g. node (1,3)]. Global climate models tend to suggest

that future Arctic climate will be stormier (Vavrus et al., 2012) and that fall and winter

circulation patters may trend toward a more variable pattern. However, the patterns with

large shifts in frequency [nodes (0,1) and (1,1)] change in ways that limit the impact of sea

ice loss, which indicates that the precipitation response may be dampened.

5.4 Conclusions

We have investigated the relationship between sea ice extent and fall precipitation over the

Pan Arctic land areas. We have demonstrated an interannual covariation between observa-

tions of sea ice extent and precipitation over land. Our initial hypothesis was that variations

in sea ice extent were a driving factor in precipitation over land in the fall. A freshwater

budget analysis highlighted that relatively large changes in fall evaporation from the Arctic

Ocean are expected (about 50% in our simulation with the lowest sea ice concentration), but
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Figure 5.6: SOM pattern frequency by month and RASM simulation for the entire 2x4 SOM.
The red shaded cells represent combinations that occur more frequently. The total number
of occurrences for each combination is shown as an integer in each cell.

that these changes only lead to relatively small changes in the precipitation flux over land.

However, our analysis also attributed almost all of the increases in precipitation to increases

in ocean evaporation. Furthermore, the modest increases in terrestrial fall season precipita-

tion simulated by RASM under reduced sea ice conditions indicate that there will have to be

significant circulation changes in the future if ocean sourced evaporation is to significantly

impact precipitation over land. Our SOM analysis has also pointed us in this direction,

which is that the ties between evaporation and precipitation are only robust under certain

atmospheric circulations. Across Eurasia, the dominant coupling between precipitation and

Arctic Ocean evaporation requires low pressure anomalies over the central Arctic, similar to

the negative phase of the Arctic Oscillation (Thompson and Wallace, 1998). Previous work

by Cassano et al. (2014), using partially coupled global simulations with prescribed sea ice,

has also indicated that reductions in sea ice extent during the fall season may contribute to

negative sea level pressure anomalies over the Arctic Ocean.
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Of particular interest is the sea ice state of the Kara and Barents Seas. As sea ice

declines, we expect that this coupling will become stronger, especially if the Arctic is to

become stormier. We have found that sea ice retreat along the Siberian shelf and north

Alaskan coast exerts less influence on precipitation regional patterns. In these areas, the

circulation patterns related to the Aleutian Low (low pressure in North Pacific) tend to limit

the influence of enhanced evaporation along the retreating ice edge.
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Chapter 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The primary goal of this dissertation was to develop and apply the Regional Arctic System

Model (RASM) to better represent and understand key hydroclimatological processes in the

Arctic. This work was motivated by four main research needs: 1) the need to better under-

stand land surface process behavior specific to the Arctic, 2) the need to better understand

the coupled interactions between the high-latitude land surface and the other core physical

climate components, 3) the need to better understand how changes in the global climate

system will manifest in the Arctic, and 4) the need to improve model capacity for process

representation and prediction.

The development of RASM attempts to address these gaps. As a regional model, RASM

inherently includes fewer degrees of freedom than a global model would (e.g. Deser et al.,

2016), as it is limited by its specified horizontal boundary conditions. While this fact limits

RASM’s applicability in studies of global scale, it uniquely positions RASM as a tool for ad-

dressing questions regarding regional processes. RASM is also computationally less expensive

than global models would be if run at the same temporal and spatial resolutions. This has

proven to be immensely useful in the development of RASM as it has allowed for numerous

iterations of model versions. The combination of these two points supports RASM’s use as

a testbed for high-resolution coupled model development.

This dissertation was made up of three core chapters. The first two focused on the

development and evaluation of the land surface (Chapter 3) and streamflow routing (Chapter

4) model components within RASM. In Chapter 5, RASM was used to evaluate how changes

in sea ice cover in the Arctic Ocean impacted precipitation patterns over land.
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In Chapter 3, we introduced a novel coupling of the Variable Infiltration Capacity (VIC)

model within RASM. We evaluated how RASM compared to a range of observations, includ-

ing in situ measurements of turbulent fluxes and streamflow, gridded climatological datasets

of precipitation and temperature, and remote sensing estimates of snow and surface albedo.

We also compared the performance of RASM’s land surface model with the ERA-Interim

and MERRA global reanalysis models, identifying the largest differences in the partitioning

of turbulent heat fluxes. Our comparisons identified areas where VIC was performing bet-

ter than these reanalyses, such as in the partitioning of precipitation into streamflow and

evapotranspiration. We also identified areas where the representation of the land surface in

VIC and RASM could be improved, such as the representation of soil thermal and canopy

processes, motivating ongoing development on the land, atmosphere, and streamflow routing

model components.

We introduced a new river routing scheme (RVIC) for coupled climate models in Chapter

4. In this chapter, we evaluated streamflow simulated by RVIC in RASM against in situ

observations and other model based datasets, characterizing the sources of biases in the

RASM streamflow flux. We illustrated the impact streamflow has on the coupled ice-ocean

system using two coupled RASM simulations, one with the streamflow flux delivered to the

ocean, the other without. Associated with this chapter is a new coastal streamflow dataset

for ocean modeling applications. This dataset is of higher spatial and temporal resolution

than existing datasets used by the ocean modeling community, and provides substantial

improvement in the representation of coastal streamflow in ungauged areas such as Greenland

and the Canadian Archipelago.

Chapter 5 applied RASM to better understand how fall precipitation may change as

a result of reductions in sea ice cover. Motivating this chapter was an observation-based

correlation analysis that indicated that minimum annual sea ice extent and fall season pre-

cipitation (August-October) were inversely correlated across large parts of the pan-Arctic

land areas. In this chapter, we evaluated three RASM simulations, with varying levels of sea

ice extent, testing the hypothesis that the observed correlation between sea ice extent and
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high latitude precipitation is related to anomalous patterns in ocean evaporation and sea ice

extent in the fall season. A water budget analysis for the central Arctic Ocean and surround-

ing land mass indicated that relatively small decreases in RASM-simulated fall season sea

ice extent (3% and 11%) can lead to increases in evaporation from the Ocean as high 50%.

However, we show that changes in precipitation are much smaller (1-3%). Finally, using

a machine learning technique for pattern recognition, we show that the strongest coupling

between sea ice and terrestrial precipitation patterns occurs when there is anomalously high

ocean sourced evaporation in the Kara and Barents Sea accompanied by a northeastward

shift of the Icelandic Low.

Chapters 3 and 4 were principally model development chapters. While working on this

dissertation, I developed the RVIC streamflow routing model (see also C.4 ; Hamman and

Nijssen, 2015; Hamman et al., in review) and participated as a core development member of

the VIC model (Hamman et al., 2016a, In preparation, see also C.2). While the majority of

this work extended existing models or reapplied existing algorithms, my contribution focused

on implementing new features as well as improving model extensibility and reproducibility.

While the majority of the ideas that made up the models in chapter 3 and 4 were not new,

their application in RASM required extensive effort, both in terms of software infrastructure

and model tuning and enabled new model experiments. Furthermore, the evaluation of

these models required the development of unique methods for comparing datasets derived

from observations and models with the underlying objective of understanding and improving

the model.

6.2 Recommendations

The development of RASM version 1.0 has enabled many new scientific opportunities. Each

of the three core chapters in this dissertation exemplify ways that RASM can be used in the

future. Chapter 3 is an example of how RASM can be used as a testbed for improved model

performance of individual component couplings. This chapter discusses specific examples

of how, during the development of RASM version 1.0, we implemented new approaches to
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improve the representation of the land surface in RASM. Chapter 4 is an example of how

RASM can be used to evaluate the impact that an additional process representation (e.g.

streamflow) can have in a coupled model. Chapter 4 demonstrates how RASM may be used

for dataset development, providing improved forcing data for uncoupled model applications.

Finally, Chapter 5 provides an example of how RASM can be used to test the sensitivity of

coupled processes at a regional scale, apart from global feedbacks.

Both RASM and VIC continue to be actively developed. Further development of the

VIC land surface scheme has been enabled by the recent release of VIC version 5.0 (see

also C.2 Hamman et al., 2016a, In preparation). The incorporation of this updated ver-

sion of VIC within RASM will allow for improved representation of soil thermal processes

(e.g. permafrost), canopy-atmosphere interactions, and blowing snow. The application and

evaluation of RASM at higher spatial resolutions is also an important next step in the de-

velopment of the project. Eight years ago, when the RASM project began, 50 km spatial

resolution was relatively high for a regional climate model and about 2-4 times higher reso-

lution than typical global models. In the years since, global models have steadily increased

their resolution with many CMIP5 models using 1 degree spatial resolution (111 km at the

equator, less in the Arctic). Future development should focus on making RASM truly stand

out as a high-resolution regional model by increasing spatial resolution to 10-25 km.
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Muller, J.-P., López, G., Watson, G., Shane, N., Kennedy, T., Yuen, P., Lewis, P., Fischer,

J., Guanter, L., Domench, C., et al. The esa globalbedo project for mapping the earths

land surface albedo for 15 years from european sensors. In Geophysical Research Abstracts,

volume 13, page 10969, 2012.



112

Myers, P. G. Impact of freshwater from the Canadian Arctic Archipelago on Labrador

Sea Water formation. Geophysical Research Letters, 32(6), 2005. ISSN 1944-8007. doi:

10.1029/2004GL022082. L06605.

Naden, P. S. Spatial variability in flood estimation for large catchments: the exploita-

tion of channel network structure. Hydrological Sciences Journal, 37(1):53–71, 1992. doi:

10.1080/02626669209492561.

Nash, J. The form of the instantaneous unit hydrograph. International Association of

Scientific Hydrology, Publ, 3:114–121, 1957.

Newton, R., Schlosser, P., Martinson, D. G., and Maslowski, W. Freshwater distribution

in the Arctic Ocean: Simulation with a high-resolution model and model-data com-

parison. Journal of Geophysical Research: Oceans (1978–2012), 113(C5), 2008. doi:

10.1029/2007JC004111.

Nijssen, B., Lettenmaier, D. P., Liang, X., Wetzel, S. W., and Wood, E. F. Streamflow

simulation for continental-scale river basins. Water Resources Research, 33(4):711–724,

1997. ISSN 00431397. doi: 10.1029/96wr03517.

Nijssen, B., O’Donnell, G. M., Lettenmaier, D. P., Lohmann, D., and Wood, E. F. Pre-

dicting the discharge of global rivers. Journal of Climate, 14(15):3307–3323, 2001. doi:

10.1175/1520-0442(2001)014¡3307:PTDOGR¿2.0.CO;2.

Nummelin, A., Li, C., and Smedsrud, L. H. Response of Arctic Ocean stratification to

changing river runoff in a column model. Journal of Geophysical Research: Oceans, 120

(4):2655–2675, 2015. ISSN 2169-9291. doi: 10.1002/2014JC010571.

Olivera, F., Famiglietti, J., and Asante, K. Global-scale flow routing using a source-to-sink al-

gorithm. Water Resources Research, 36(8):2197–2207, 2000. doi: 10.1029/2000WR900113.

Olson, D. M., Dinerstein, E., Wikramanayake, E. D., Burgess, N. D., Powell, G. V. N.,

Underwood, E. C., D’amico, J. A., Itoua, I., Strand, H. E., Morrison, J. C., Loucks,



113

C. J., Allnutt, T. F., Ricketts, T. H., Kura, Y., Lamoreux, J. F., Wettengel, W. W.,

Hedao, P., and Kassem, K. R. Terrestrial ecoregions of the world: A new map of

life on earth: A new global map of terrestrial ecoregions provides an innovative tool

for conserving biodiversity. BioScience, 51(11):933–938, 2001. doi: 10.1641/0006-

3568(2001)051[0933:TEOTWA]2.0.CO;2.

Osinski, R., Roberts, A., Maslowski, W., Cassano, J., Zeng, X., and Nijssen, B. The ocean

component of the Regional Arctic System Model. Manuscript in Preparation.

Osterkamp, T. E. and Romanovsky, V. E. Evidence for warming and thawing of discontinuous

permafrost in Alaska. Permafrost and Periglacial Processes, 10(1):17–37, 1999. ISSN 1099-

1530. doi: 10.1002/(SICI)1099-1530(199901/03)10:1¡17::AID-PPP303¿3.0.CO;2-4.

Perkins, S., Pitman, A., Holbrook, N., and J, M. Evaluation of the AR4 climate models’

simulated daily maximum temperature, minimum temperature, and precipitation over

australia using probability density functions. Journal of climate, 20(17):4356–4376, 2007.

doi: 10.1175/JCLI4253.1.

Peterson, B. J. Increasing River Discharge to the Arctic Ocean. Science, 298(5601):2171–

2173, dec 2002. doi: 10.1126/science.1077445.

Prabhakara, C. and Dalu, G. Remote sensing of the surface emissivity at 9 m over the

globe. Journal of Geophysical Research, 81(21):3719–3724, 1976. ISSN 2156-2202. doi:

10.1029/JC081i021p03719.

Rabe, B., Karcher, M., Schauer, U., Toole, J. M., Krishfield, R. A., Pisarev, S., Kauker, F.,

Gerdes, R., and Kikuchi, T. An assessment of Arctic Ocean freshwater content changes

from the 1990s to the 2006–2008 period. Deep Sea Research Part I: Oceanographic Research

Papers, 58(2):173–185, 2011. doi: 10.1016/j.dsr.2010.12.002.

Rawlins, M. A., Willmott, C. J., Shiklomanov, A., Linder, E., Frolking, S., Lammers, R. B.,

and Vrsmarty, C. J. Evaluation of trends in derived snowfall and rainfall across eurasia



114

and linkages with discharge to the Arctic Ocean. Geophysical Research Letters, 33(7),

2006. ISSN 1944-8007. doi: 10.1029/2005GL025231. L07403.

Reusch, D. B., Alley, R. B., and Hewitson, B. C. Relative performance of self-organizing

maps and principal component analysis in pattern extraction from synthetic climatological

data. Polar Geography, 29(3):188–212, 2005. doi: 10.1080/789610199.

Rew, R. and Davis, G. NetCDF: an interface for scientific data access. IEEE Comput. Grap.

Appl., 10(4):76–82, jul 1990. doi: 10.1109/38.56302.

Rienecker, M. M., Suarez, M. J., Gelaro, R., Todling, R., Bacmeister, J., Liu, E., Bosilovich,

M. G., Schubert, S. D., Takacs, L., Kim, G.-K., Bloom, S., Chen, J., Collins, D., Conaty,

A., da Silva, A., Gu, W., Joiner, J., Koster, R. D., Lucchesi, R., Molod, A., Owens, T.,

Pawson, S., Pegion, P., Redder, C. R., Reichle, R., Robertson, F. R., Ruddick, A. G.,

Sienkiewicz, M., and Woollen, J. Merra: Nasas modern-era retrospective analysis for

research and applications. Journal of Climate, 24(14):3624–3648, 2011. doi: 10.1175/JCLI-

D-11-00015.1.

Rignot, E. and Kanagaratnam, P. Changes in the velocity structure of the Greenland Ice

Sheet. Science, 311(5763):986–990, 2006. doi: 10.1126/science.1121381.

Rigor, I. G., Colony, R. L., and Martin, S. Variations in Surface Air Temperature Ob-

servations in the Arctic 1979–97. Journal of Climate, 13(5):896–914, mar 2000. doi:

10.1175/1520-0442(2000)013¡0896:visato¿2.0.co;2.
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Appendix A

THE LAND SURFACE CLIMATE IN THE REGIONAL
ARCTIC SYSTEM MODEL - SUPPLEMENTAL MATERIALS

This appendix includes the supplemental materials from chapter 3. This material has

been published in its current form in the Journal of Climate. ©American Meteorological

Society. Used with permission.
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A.1 Figures
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Figure A.1: Seasonal and annual average downward shortwave radiation (SWin). Time
period: Sep. 1989 Aug. 2014.
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Figure A.2: Seasonal and annual average upward (reflected) shortwave radiation (SWup).
Time period: Sep. 1989 Aug. 2014.
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Figure A.3: Seasonal and annual average downward longwave radiation (LWin). Time period:
Sep. 1989 Aug. 2014.



128

Figure A.4: Seasonal and annual average upward longwave radiation (LWup). Time period:
Sep. 1989 Aug. 2014.
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Figure A.5: Seasonal and annual average latent heat flux (LE). Time period: Sep. 1989
Aug. 2014.
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Figure A.6: Seasonal and annual average sensible heat flux (H). Time period: Sep. 1989
Aug. 2014.
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Figure A.7: Seasonal and annual runoff (Q). Time period: Sep. 1989 Aug. 2014.
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Figure A.8: Difference (RASM X) in average seasonal cycles of surface air temperature
(Tair), albedo, net shortwave radiation (SWnet), net longwave radiation (LWnet), latent
heat flux (LE), and sensible heat flux (H) for tundra, taiga, RVIC drainage, and full model
domain. Time period: 1990-2014.
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Figure A.9: Difference (RASM X) in average seasonal cycles of surface air temperature
(Tair), precipitation (P), accumulated precipitation (Pa), runoff (Q), evapotranspiration
(ET) and snow water equivalent (SWQ) for four of the largest river basins in the RASM
domain. Time period: 1990-2014.
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Table A.1: Summary of land surface parameters used by the VIC model.

Parameters Values or Source

Physical parameters (soil density, saturated hydraulic conductivity, etc.) Sheffield et al. (2006)

Calibratable parameters (baseflow, infiltration, etc.) Sheffield et al. (2006),

Inside Permafrost Region: Dsmax 0

Soil depths 0.1 m / 0.9 m / 2.5 m

Vegetation resistance parameters Nijssen et al. (1997)

Canopy Layers 1

Land Surface Emissivity 0.97

Bare Surface Albedo 0.55

Fresh Snow Albedo 0.85

Maximum Snow Covered Vegetation Albedo Barlage et al. (2005)

A.2 Tables
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Table A.2: Summary of land-atmosphere coupled variables in RASM.

Coupled Fields Coupler to Land (units) Coupled Fields Land to Coupler (units)

Height of atmosphere lowest model level (m) Liquid runoff flux (kg m-1 s-1)

Zonal wind at atmosphere lowest model level (m/s) Surface temperature (K)

Meridional wind at atmosphere lowest model level (m/s) 2-m reference air temperature (K)

Potential temperate at atmosphere lowest model level (K) 2-m reference specific humidity (-)

Specific humidity at atmosphere lowest model level (-) Direct, visible surface albedo (-)

Atmospheric pressure at atmosphere lowest model level (Pa) Direct, near-infrared surface albedo (-)

Temperature at atmosphere lowest model level (K) Diffuse, visible surface albedo (-)

Downwelling longwave radiation flux (W m-2) Diffuse, near-infrared surface albedo (-)

Direct near-infrared shortwave radiation flux (W m-2) Snow height (m)

Direct visible shortwave radiation flux (W m-2) Log Z0 (-)

Diffuse near-infrared shortwave radiation flux (W m-2) Zonal wind stress (Pa)

Diffuse visible shortwave radiation flux (W m-2) Meridional wind stress (Pa)

Convective liquid precipitation flux (kg m-1 s-1) Latent heat flux (W m-2)

Large scale liquid precipitation flux (kg m-1 s-1) Sensible heat flux (W m-2)

Convective frozen precipitation flux (kg m-1 s-1) Upwelling longwave radiation flux (W m-2)

Large scale frozen precipitation flux (kg m-1 s-1) Evaporation flux (kg m-1 s-1)

Net shortwave radiation flux at the surface (W m-2)
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Table A.3: Summary of comparison datasets used to compare to RASM land surface output.

Dataset Label Data Type Spatial Coverage Temporal Coverage Reference

ECMWFs ERA-interim Reanalysis ERA Reanalysis Global - T255 (approx. 80 km) 1979-present Dee et al. (2011)

3-hourly

NASAs Modern-Era Retrospective Analy-

sis for Research and Applications

MERRA Reanalysis Global 1/2◦ 2/3 ◦ 1979-present Rienecker et al. (2011)

3-hourly

Global Meteorological Forcing Dataset for

land surface modeling

S2006 Bias Corrected Reanalysis Global - 1◦ 1948-2010, 3-hourly Sheffield et al. (2006)

Global 1/2◦ Gridded Meteorological VIC

Forcing Data Set

A2006 Bias Corrected Reanalysis Global Land 0.5◦ 1948-2007, daily Adam et al. (2006)

Northern Hemisphere EASE-Grid 2.0

Weekly Snow Cover Extent, Version 4

NSIDC Remote Sensing Northern Hemisphere Land - 25 km 1966-2014, weekly Brodzik and Armstrong (2013)

ESA High Resolution Global Albedo Data

Set

GlobAlbedo Remote Sensing Global Land 1km 1998-2011, monthly Muller et al. (2012)

Empirically Upscaled Gridded FLUXNET

Data Set

J2011 Reanalysis / Observations Global Land 0.5◦ 1982-2011 Jung et al. (2011)

Regional, Electronic, Hydrographic Data

Network For the Arctic Region, Version 4

R-ArcticNET In-situ Streamflow Observations Pan-arctic, 3754 gauges 1960-2001, Lammers et al. (2001)

monthly

AmeriFlux: Regional flux tower network

database

AmeriFlux In-situ Flux Tower Observations Global, 2 stations used 1994-1995 (used)



137

Table A.4: Variables analyzed and datasets each variable is compared to.

Variable Abbreviation Compared to:

2m Air Temperature Tair ERA, MERRA, S2006, AmeriFlux

Surface Albedo Albedo ERA, MERRA, GlobAlbedo

Shortwave Radiation SW{in,up,net} ERA, MERRA, S2006

Longwave Radiation LW{in,up,net} ERA, MERRA, S2006

Latent Heat LH ERA, MERRA, J2011, AmeriFlux

Sensible Heat H ERA, MERRA, J2011, AmeriFlux

Total Precipitation P ERA, MERRA, S2006, A2006

Total Runoff Q ERA, MERRA, R-ArcticNET

Evapotranspiration ET ERA, MERRA

Snow Water Equivalent SWQ ERA, MERRA

Snow Cover Extent SCE ERA, MERRA, NSIDC
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Table A.5: Seasonal and annual averages for selected variables for the tundra and taiga
bioregions. Time period 1990-2014.

Taiga Tundra

DJF MAM JJA SON Annual DJF MAM JJA SON Annual

Albedo (-)

ERA 0.3 0.26 0.15 0.19 0.2 0.53 0.54 0.29 0.33 0.4

MERRA 0.47 0.3 0.12 0.16 0.2 0.55 0.51 0.2 0.27 0.33

RASMCFSR 0.44 0.32 0.18 0.3 0.27 0.62 0.57 0.31 0.54 0.45

RASMERA 0.44 0.32 0.18 0.3 0.26 0.62 0.57 0.3 0.54 0.44

Bowen Ratio, B (-)

2.82 1.2 0.52 -0.22 0.42 2.98 1.52 0.28 -1.57 -0.17 2.82

-48.06 0.6 0.51 -0.06 0.37 54.5 0.46 0.67 -1.33 0.36 -48.06

-9 1.14 0.76 -1 0.53 108.32 -0.08 1.44 14.62 -1.59 -9

14.27 1.13 0.76 -0.44 0.54 18.6 -1.15 1.55 1.81 -0.94 14.27

Evapotranspiration, ET (mm/day)

ERA 0.06 0.82 2.35 0.59 0.95 0.07 0.33 1.33 0.3 0.51

MERRA 0.08 1.14 3.09 0.69 1.25 0 0.48 2.15 0.27 0.72

RASMCFSR 0.01 0.82 2.32 0.32 0.86 -0.02 0.29 1.01 0.08 0.34

RASMERA 0.01 0.84 2.32 0.32 0.88 -0.02 0.29 1.02 0.08 0.35

Latent Heat Flux, LE (W/m2)

ERA 2.08 24.72 67.81 17.41 27.95 2.01 10.42 38.49 8.81 14.9

MERRA 2.46 33.94 87.85 19.74 35.92 0.05 14.86 61.26 7.82 20.92

RASMCFSR 0.44 24.41 66.11 9.31 24.95 -0.76 9.04 29.07 2.27 9.85

RASMERA 0.47 24.91 66.13 9.41 25.41 -0.76 9.1 29.3 2.37 10.08

Net Longwave Radiation Flux, LWnet (W/m2)

ERA -32.74 -56.8 -58.39 -40.51 -47.07 -31.08 -43.81 -45.65 -35.25 -38.92

MERRA -28.91 -54.3 -65.93 -44.15 -48.32 -21.81 -42.68 -60.67 -33.28 -39.59

RASMCFSR -39.52 -53.29 -55.62 -38.71 -46.72 -38.18 -47.65 -48.93 -33.59 -42.01

RASMERA -39.57 -53.89 -55.72 -38.55 -46.99 -38.21 -48.03 -48.86 -33.45 -42.18

P-E (mm/day)

ERA 0.9 0.49 0.26 1.25 0.73 0.73 0.58 0.52 1.13 0.74

MERRA 0.86 0.18 -0.73 1.06 0.35 0.77 0.43 -0.39 1.1 0.48

RASMCFSR 0.97 0.62 0.04 1.31 0.74 0.84 0.74 0.7 1.33 0.91

RASMERA 0.96 0.6 0.07 1.32 0.73 0.83 0.73 0.73 1.36 0.91

Precipitation, P (mm/day)

ERA 0.96 1.31 2.61 1.85 1.68 0.8 0.91 1.85 1.43 1.25

MERRA 0.94 1.33 2.36 1.74 1.59 0.83 0.94 1.8 1.42 1.25

RASMCFSR 0.98 1.44 2.36 1.63 1.6 0.82 1.02 1.72 1.41 1.24

RASMERA 0.97 1.44 2.39 1.64 1.61 0.81 1.02 1.75 1.44 1.26

Total Runoff, Q (mm/day)

ERA 0.55 1.18 0.92 1.07 0.93 0.21 0.87 1.38 0.9 0.84

MERRA 0.1 0.76 0.31 0.18 0.34 0.09 0.72 0.83 0.22 0.46

RASMCFSR 0.13 1.51 0.8 0.47 0.72 0.09 1.49 1.55 0.43 0.89

RASMERA 0.13 1.51 0.8 0.47 0.73 0.09 1.52 1.54 0.45 0.91

Runoff Ratio, Q/P (-)

ERA 0.52 0.93 0.33 0.58 0.53 0.18 0.95 0.88 0.62 0.68

MERRA 0.06 0.49 0.11 0.07 0.17 0.04 0.59 0.42 0.1 0.29

RASMCFSR 0.06 0.98 0.31 0.22 0.4 0.03 1.38 0.93 0.23 0.69

RASMERA 0.07 0.98 0.31 0.22 0.4 0.03 1.42 0.91 0.23 0.7

Sensible Heat Flux, H (W/m2)

ERA -13.76 29.02 34.23 -2.46 11.67 -10.3 5.79 21.67 -1.26 3.95

MERRA -11.78 20.58 40.64 -1.28 11.97 -12.27 7.06 36.81 -4.92 6.61

RASMCFSR -17.72 28.49 45.2 -0.82 13.68 -29.25 2.65 41.17 -15.93 -0.45

RASMERA -17.5 28.76 45.39 -0.84 14.16 -29.2 2.92 41.05 -15.93 -0.09

Downward Shortwave Radiation Flux, SWin (W/m2)

ERA 25.37 175.49 209.65 57.52 116.63 8.99 159.39 198.4 34.99 100.02

MERRA 26.22 172.98 231.39 67.5 124.22 8.89 150.52 214.45 40.59 103.25

RASMCFSR 33.22 169.3 206.52 65.92 118.34 11.57 158.58 186.52 39.69 98.62

RASMERA 33.63 170.28 206.83 65.7 119.72 11.71 159.17 185.69 39.36 99.62

Net Shortwave Radiation Flux, SWnet (W/m2)

ERA 18.05 129.79 178.98 46.96 93.15 4.73 74.21 138.21 24.08 60.08

MERRA 14.13 121.24 204.8 56.8 99.03 3.92 71.68 174.74 30.3 69.94

RASMCFSR 19.12 114.79 169.92 46.63 87.31 4.74 67.21 128.81 19.1 54.68

RASMERA 19.38 116.15 170.2 46.59 88.57 4.8 68.12 128.74 19.14 55.57

Upward Shortwave Radiation Flux, SWup (W/m2)

ERA 7.32 45.7 30.67 10.56 23.48 4.26 85.18 60.19 10.92 39.94

MERRA 11.71 50.68 26.62 10.64 24.82 4.79 75.79 44.91 10.25 33.79

RASMCFSR 14.11 54.5 36.61 19.29 31.03 6.83 91.37 57.7 20.59 43.94

RASMERA 14.25 54.13 36.63 19.1 31.15 6.91 91.05 56.95 20.22 44.05

Surface Air Temperature, Tair (C)

ERA -20.36 -2.88 14.07 -2.36 -2.86 -25.58 -12.62 7.6 -8.17 -9.66

MERRA -21.59 -4 14.55 -3.36 -3.58 -24.8 -11.2 8.36 -8.76 -9.08

RASMCFSR -23.28 -4.46 13.12 -7.15 -5.44 -28.49 -12.08 7.21 -12.84 -11.54

RASMERA -23.39 -4.28 13.3 -6.9 -5.21 -28.39 -11.9 7.38 -12.45 -11.24
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Appendix B

ON THE RELATIONSHIP BETWEEN ARCTIC FALL SEASON
PRECIPITATION AND MINIMUM SEA ICE EXTENT

This chapter is to be submitted to Journal of Geophysical Research - Atmospheres as

Hamman, J., Nijssen, B., Roberts, A., and Cassano, J. On the relationship between Arctic

fall season precipitation and minimum sea ice extent. Journal of Geophysical Research -

Atmospheres, Manuscript in Preparation.

B.1 Figures
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Figure B.1: Timeseries of RASM simulated sea ice extent, area, volume, and snow volume.
Time period: 1979 2014.
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Figure B.2: Timeseries of RASM simulated minimum annual sea ice extent. Time period:
1979 2014.
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Figure B.3: RASM simulated fall season sea ice heights. Time period: 1985 2014.
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Figure B.4: Changes in RASM simulated fall season sea ice concentrations relative to
RASMCONTROL. Time period: 1985 - 2014.
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Figure B.5: Percent change in fall season water budget fluxes and states relative to
RASMCONTROL. Time period: 1990 - 2010.
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B.2 Tables
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Table B.1: Freshwater budget fluxes and standard deviations for the fall season (August -
October).

Mask Variable Simulation Mean (km3) Stdev. (km3)

Land P RASMCONTROL 2503.59243 101.8094554

Land P RASMRSI 2530.002202 103.9974336

Land P RASMRSH 2565.073088 117.3909119

Land E RASMCONTROL 1293.485951 45.1122144

Land E RASMRSI 1303.650851 49.70436952

Land E RASMRSH 1321.819028 49.20729849

Land P-E RASMCONTROL 1210.106479 82.0241419

Land P-E RASMRSI 1226.351351 93.98460921

Land P-E RASMRSH 1243.254059 95.9960839

Land Q RASMCONTROL 559.7241573 43.36381917

Land Q RASMRSI 565.5626557 40.40825329

Land Q RASMRSH 584.0855527 49.72393735

Land P-E-Q RASMCONTROL 650.3823216 60.51184041

Land P-E-Q RASMRSI 660.7886949 71.67533007

Land P-E-Q RASMRSH 659.1685068 64.44975729

Ocean P RASMCONTROL 989.9575978 78.69062911

Ocean P RASMRSI 1017.003843 83.61356705

Ocean P RASMRSH 1052.348524 71.5315201

Ocean E RASMCONTROL 252.6109753 29.83292286

Ocean E RASMRSI 291.0537803 34.42014409

Ocean E RASMRSH 374.7583967 39.50685547

Ocean P-E RASMCONTROL 737.3466225 86.55638039

Ocean P-E RASMRSI 725.9500632 90.2994341

Ocean P-E RASMRSH 677.5901273 87.56230672

Land + Ocean P RASMCONTROL 3493.432614 137.5820565

Land + Ocean P RASMRSI 3546.885602 132.816372

Land + Ocean P RASMRSH 3617.29704 137.8388675

Land + Ocean E RASMCONTROL 1546.054889 57.0214646

Land + Ocean E RASMRSI 1594.658888 70.17793891

Land + Ocean E RASMRSH 1696.525605 69.88332959

Land + Ocean P-E RASMCONTROL 1947.377725 125.1580229

Land + Ocean P-E RASMRSI 1952.226714 117.7513781

Land + Ocean P-E RASMRSH 1920.771434 125.8264945
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Appendix C

SOFTWARE

C.1 Introduction

In conjunction with the preparation of this dissertation, I have had the opportunity to

contribute to a variety of open source software projects. In this section, I briefly introduce

the main projects that I have contributed to and that have been used in this dissertation.

Some of these tools were developed specifically for the scientific research included in this

chapter (e.g. RASM and RVIC) while others were tools used for processing and analysis of

scientific data (e.g. Xarray). VIC version 5.0.0 was a major development project that took

nearly three years to complete.

Nearly all of the software I have written and used during my time working on this dis-

sertation is publicly available under open-source. With the exception of the RASM model

source code, the other packages described in this section were developed entirely in the open.

Transparent scientific software development facilitates reuse and extension and review by the

broader scientific community (Ince et al., 2012).

C.2 The Variable Infiltration Capacity Model

The Variable Infiltration Capacity (VIC) model is a macro-scale semi-distributed hydrologic

model. VIC development began in the early 1990s and it has been used extensively for

hydrological studies from basin to global scales. VIC has been applied in a many use cases,

including the construction of hydrologic data sets, trend analysis, data evaluation and assim-

ilation, forecasting, coupled climate modeling, and climate change impact analysis. Ongoing

operational applications of the VIC model include the University of Washington’s drought

monitor and forecast systems, and NASA’s land data assimilation systems. The development



148

of VIC version 5 focused on reconfiguring the legacy VIC source code to support a wider

range of modern modeling applications. The VIC source code has been moved to a public

Github repository to encourage participation by the broader user and developer communi-

ties. The reconfiguration has separated the physical core of the model from the driver, which

is responsible for memory allocation, pre- and post-processing and I/O. VIC 5 includes four

drivers that use the same physical model core: classic, image, CESM, and Python. The clas-

sic driver supports legacy VIC configurations and runs in the traditional time-before-space

configuration. The image driver includes a space-before-time configuration, NetCDF I/O

(Rew and Davis, 1990), and uses MPI for parallel processing. This configuration will facil-

itate the direct coupling of streamflow routing, reservoir operation, and irrigation processes

within VIC. The image driver is the foundation of the CESM driver; which couples VIC to

CESM’s CPL7 (Craig et al., 2012) and a prognostic atmosphere. The Python driver pro-

vides interactive access to the functions and datatypes of VIC’s physical core from a Python

interface. Finally, VIC 5.0 is distributed with a robust test infrastructure, components of

which routinely run during development using the Travis CI continuous integration service.

VIC 5.0 is publicly available in the following source code repository:

Hamman, J., Nijssen, B., Bohn, T., Franssen, W., Mao, Y., and Gergel, D. VIC: VIC.5.0.0,

September 2016a.

A manuscript describing the development of VIC 5.0 is to be submitted to Journal of

Geophysical Research - Atmospheres as:

Hamman, J. J., Nijssen, B., Bohn, T., Gergel, D., and Mao, Y. The Variable Infiltration

Capacity (VIC) Model, Version 5.0 - Improvements and New Applications. Geoscientific

Model Development, In preparation.

C.3 The Regional Arctic System Model

RASM has been described in detail in Chapters 2, 3, and 4. The source code

that makes up RASM is scheduled to be released upon publication of Maslowski
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Table C.1: Versions and primary citations for core RASM component models.

Component Primary Citation RASM Citation Model Version Source Code

VIC Liang et al. (1994) Hamman et al. (2016b) 4.0.4 https://github.com/UW-Hydro/VIC/releases/tag/VIC.4.0.4

RVIC Hamman et al. (in review) Hamman et al. (in review) 1.1.0 http://doi.org/10.5281/zenodo.32620

WRF Skamarock and Klemp (2008) Cassano et al. (in revision) 3.2 http://www2.mmm.ucar.edu/wrf/users/wrfv3.2/updates-3.2.html

CPL7 Craig et al. (2012) Roberts et al. (2015) 7 http://www.cesm.ucar.edu/models/cesm1.0/cpl7/

CICE Hunke et al. (2015) Roberts et al. (2015) 5 http://oceans11.lanl.gov/trac/CICE

POP Smith et al. (2010) Roberts et al. (2015) 2 http://www.cesm.ucar.edu/models/cesm1.0/pop2/

et al (Manuscript in preparation). RASM is built using the core infrastructure

from the Community Earth System Model (CESM), which itself is publicly available

(http://www.cesm.ucar.edu/models/cesm1.0/). Table C.1 summarizes the model versions

and locations of the source code for each component model in RASM.

C.4 The RVIC Streamflow Routing Model

RVIC is a source-to-sink linear routing model used to route streamflows from runoff produced

in macro-scale hydrologic models such as VIC. RVIC is written in a combination Python

and C and is publicly available in Hamman and Nijssen (2015) RVIC’s convolution routine

included in RASM has been written in Fortran and will be distributed with the rest of the

RASM source code.

RVIC 1.1 is publicly available in the following source code repository:

Hamman, J. and Nijssen, B. RVIC: RVIC 1.1.0, 10 2015.

C.5 xarray

Xarray is a community-built open source project and Python package that provides a toolkit

and data structures for N-dimensional labeled arrays (Hoyer and Hamman, in review). I

have been contributing to the Xarray project since May 2014 and the package has been

a core tool in this dissertation. Xarray includes an API inspired by pandas (McKinney,

2010) and the Common Data Model for self-described scientific data (Rew and Davis, 1990;

Brown et al., 1993). Key features of the Xarray package include label-based indexing and
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arithmetic, interoperability with the core scientific Python packages (e.g., pandas, NumPy

(Jones et al., 2001–), Matplotlib (van der Walt et al., 2011)), out-of-core computation on

datasets that do not fit into memory, a wide range of serialization and input/output options

(e.g. netCDF, HDF, GRIB1/2), and advanced multi-dimensional data manipulation tools

such as group-by and resampling. It has been widely adopted in the geoscience community

(e.g. xgc; Dawson et al., 2016; Dawson, 2016), but has also been used in physics (e.g. pyc),

time series analytics (Cesium development team, 2016), and finance. On Xarray is licensed

as an open source package using the Apache, v2.0 license.

A complete description of Xarray is available as

Hoyer, S. and Hamman, J. J. xarray: N-D labeled arrays and datasets in Python. J. Open

Res. Software, in review.
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